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Abstract

Synchronization of parallel discrete-event simulations (PDES) idiauttiforob-
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 irregujadynamic and unpredictable. The thesis developed here is
that an adaptive approach based on the useatperfect state informatioiNPSI) 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 sugsitical, and proof that inde-
pendence among events is not necessary for-suipieal 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 nearperfect state information to adaptively control the optimism of processes in a PDES.
We propose a design framework for NPSI protocols and descrilidasic Tme Algo-
rithm (ETA) based on this framework. An extensive performance study shows that ET
consistently outperforms Time Warp — the protocol favored by many researchers — over
a wide range of workloads. The success oA Biibstantiates 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 AA’s) and show thatifhe Warp and AAVP’s can arbi-
trarily outperform each othefhis 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 filtult application to parallelize despite significant amounts of
potential parallelism. fditional 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 — @érs significant promise for providing consistently good perfor-
mance.

In this chapterwe describe the synchronization problem that is at the core of par-
allel discrete-event simulation (PDES)eWtroduce and explain important terminology in
PDES. Taditionally, two opposite approaches have been pursued, namely conservative and
optimistic — we describe each briefife 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 systenfs; trafworks 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 chasgmgsdeter-

mined by the nature of the system being simulated (commonly referred topdwy $ial

system The notion of time in the physical system is translated into simulatiedioal

timein a simulation. Each event is assumed to occur at a discrete point in logical time and
is therefore associated witHagical timestamgor 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 evéattafs past (which is impossible in

the physical system).



A sequential simulator typically has three data structures: (@wvibts 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 ¢laneh(ily)
the state 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 suggestzsarallel discrete-event simulatiqi?DES) 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 unaccep@blprtaounts 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 ¢ddiesical pocesses
(PP5S). The PR interact with each other using messages. In the parallel discrete event sim-
ulator, each PP is simulated byagjical procesgLP) 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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Figure 2 - Synchronization problem in PDES

describe the PP it simulates. The interactions amorgyd?®'captured via the exchange of
timestamped messages betweersld¥er logicathannels— 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 theiflRilly result in some activity at
the receiving PR receipt of a timestamped message at an LP usually schedules one or
more events or &dcts 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 even(tgj LP
has a timestamp 100 and the next scheduled event gt(H) has a timestamp = 40. There
are two possibilities regarding the next state: either executigresits in a timestamped
message that schedules an event a(EEP with timestamp < 100 (Figure 2b), or it does
not. The problem that LPaces is to decide whether it is safe to execut®ithe one hand
assume LPexecutes Fand laterE; schedules Eat LR such that E affects the state of
LP; on which E executes. In this situationcausality erroris said to have occurred since
LP; has violated a causal dependence;afirEg". Physically a causality error is equivalent
to the future décting the past. On the other hand; bfay execute Eand the execution of
E; may not schedulejEor E; may schedule Esuch that E doesnot affect the state on
which B executes. In this case, there is no causality error since there is no causal depen-
dence from Eto E. In general, @ausal dependends said to exist from eveetto event

€ if the execution oé affects the state on whi@h executes. The synchronization problem



in PDES is to determinefefiently when an LP can process events such that at the end of
the simulationjt appears as ithere were no causality errorét a high level, this is the
problem we are attempting to solve.

PDES is hard because the cause-afetefelationships 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 irregotaplex 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, wayrequire a general charac-
terization ofcausality Note, ife” is causally dependent @nthe timestamp oé mustbe
less than the timestamp &f (cause and &fct). Based on this observation, causality may
be characterized in general using timestampes.défer a formal definition to Chapter 3.
Timestamp-based causality is captured inldeal causality constrainfFuji90] 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 eror can be defined generally as a violation of the local causality con-
straint. Note, howevethis definition is stronger than actually required: in the example of
Figure 2, as mentioned aboventay schedule;E but §” may not diect the state on which
E; executes. In this case, executindp&ore executing;Edoes 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 gatieatolsin the
literature and in this document) have been proposed [Fu;ji90] that enforce the local causality

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

*Note, it is norequiredthat 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.



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

vative or optimisticbased 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 eveafeis- 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 Figura8safety
of an event is determined (line 2) generally by exchange of information among the LP’
LP’s may sengbrotocol messagggs opposed to simulation messages) that carry informa-
tion that allows other LB’to proceed. Since L$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 luiné} 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 messagefitaffo 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.
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While simulation is not complete
Set logical clock equal to timestamp of first event on events
list
Remove first event from events list and execute it
Schedule future events and send messages  as required
Roll back if necessary
Save state
Collect fossils
Endwhile

N

© N o ok~

Figure 4 - Event execution loop for an optimistic parallel discrete-event simulator

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 unbyckitP’
mechanism can result in a deadlock if the simulation contains a cyclesosli¢h 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 evemighoutthe guarantee of freedom from causal-

ity errors — i.e. they allow the possibility of causality errors. In the event a causality error
does occyrthe common approach is to recover from the error using a rollback mechanism.
Figure 4 shows a typical event execution loop fanel Warp [JeB5], an optimistic proto-

col. Inforward executionan LP executes events unconditionally as they arrive. Messages
sent during forward execution are call@ositive message®eriodically an LP saves its
state. If a message arrives in and.Rgical past (i.e. with a timestamp smaller than the
LP’s logical clock) — @&traggler— a causality error is detected (by the local causality con-
straint). The LP then performgallback: (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-



back time, and (ii) it sends oahtimessaget annihilateany positive messages sent dur-

ing the forward processing just rolled back. Rollbacksceagadesince antimessages can
cause rollbacks at other LPif 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 calledmimary rollbackwhile one initiated by the arrival of an antimessage is
called asecondary rollbackSince logical clocks of LP’s can move forward as well as roll
back, we require a measure of the progress of the simul&iobal 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 longerfakct the simulation and can therefore be relinquished. Since state
saving can consume enormous amounts of memuagagement of memory is crucial in
optimistic protocols. Appendix Il describes the detailsiaidWarp 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. Howevgprocesses may block due to irfgtént 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 sevekalymber 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). Howevgeperformance is usually dependent on the characteristics of the



application being simulated (sometimes even the particular instance of it) and the architec-
ture of the multiprocessoA consistently dicient protocol that performs well across a
wide range of applications still eludes the commuritye 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, Fu;ji90]. To thisadag;

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 afearperfect state informatio(NPSI) to adaptively control optimism.
NPSI protocols operate by computingearor 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 cogieréect state information has
significant potential to yield a consistently efficient synchronization algorithm.

We describe the Elastigriie 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. W call this thanicroadaptiveapproach, as opposed to the typicah¢roadap-
tive) approach where adaptiveness occurs in the form of relatively infrequent changes to
system parameters based on system monitoring. A performance studi sh&ws it to
be highly eficient 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.



1.5 Thesis Outline
In chapter 2we survey previous PDES synchronization algorithmesawalyze 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
PDESS, resulting from our research into the optimality of NPSI adaptive protocols. The
first contribution is a sfitient 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 nditeuft. The second contribution is to dis-
prove the claim that superitical 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.métivate 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. Specificallyve describeapGVT an algorithm to compute accurate GVT
in an optimistic PDES and prove its correctness. Also, we describe an implementation of
the reduction model and oipGVT over this implementation and prove its correctness.
These algorithms provide a base for implementing NPSI adaptive protocols.

In chapter 6we present the Elastigriie Algorithm (ETR), our NPSI adaptive pro-
tocol of choice. W describe a performance study ofAEThcluding a description of the
suite of test workloads and the workload generator developed to realize them. The demon-
strated success of Blover 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 ZETfor two reasons: (i) ZEA is an intuitive choice for
an NPSI protocol, and (ii) our study of its weaknesses led to the design of thefromnet ef
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 (call&®Aixcludes



10

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 thedris possible for ime 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. ®/classify tunable parameters, identify metrics to tune them and
present an algorithm that uses one of these metrics to tune the value of a paraméter in ET
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.



Chapter 2

Related Work

The synchronization problem remains the central challenge in PDES [Fuji93b,
FuNi92, Fuji90]. V¢ 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 consistentlyfefient protocol. V& discuss several recent protocols that limit

optimism.

2.1 Analysis of Traditional PDES Protocols
A systematic study of protocol design [Reyn88] revealed dasgn variables

whose bindings can be varied to deviséedént protocols. The variables are: partitioning,
adaptability aggressiveness, accuraggk, synchronyknowledge embedding, knowledge
dissemination and knowledge acquisition. A brief description of each of these variables is
provided in Appendix I. Reynolds points out that despite tlyee laumber 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, accrskcgnd synchrony
since these are the main factors that control event processing.

* Accuracyguarantees that the output of a PDES appears as if no causality errors

occurred.

» Aggressivenessillows an LP to execute events without the guarantee of

freedom from causality errors.

* Riskallows an LP to propagate the results of aggressive execution of events to
other LP’s.

» Synchronydescribes the amount of synchronization among.LUR’the PDES
context, LPS that synchronize with each other only through the exchange of

timestamped messages (as we have described them thus far) are said to be

11
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asynchronousLP’s may also simulate in phases where periods of simulation
are separated by periods of global synchronization — callgghehronous

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 observaldkcebf this approach is that

LP’s always execute events in timestamp or@lbus, 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 simulatiors i@y be idle for
significant amounts of time, unnecessarily waiting for information from othes. OMRis
phenomenon is calleattificial 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 Qf) time withn LP’s. The reason for artificial blocking is the inherently static
nature of non-aggressive protocols. SincesLiiust detect th&ack of dependence on
events at other LB, the communication topology of the kRhust 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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Figure 5 - Sensitivity to lookahead

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 eficiency of non-aggressive protocols is very sensitive to a parameter
of the simulated system calléabkahead 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 s, the lger the
lookahead, the better the performance. A good summary offdotsadf 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, thell message in transit with timestamp 16 must circulate in the
system, its timestamp increasing by 2 logical time units (the lookahead) at eactilLiP
equals or exceeds 100. Thus, the message must circulate 14 times before the external event
may be executed.

In summaryconservative 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 aggressivelythey 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 protcasdsimehe lack of dependence,
detect theexistenceof dependence through detection of causality errors and recover from

these errors. By definition, these protocols are aggressive. Since the results of aggressive
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execution of events are propagated to othes LtRese 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 eventspptimismalso 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. Howevdhe 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 estimatiagiadfal virtual time,which is a
non-trivial operation. Due to aggressive processing, the future events list ofcaP’
become very lgre and cause them to block due to ifisi#nt memory In these cases,
memory must be reclaimed from the future events list by rolling back soreeNMé&mnory
management schemes introduce time overheads such as computation of global values, free-
ing up memorysending 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-foldlirector local rollback costs - incurred while performing roll-
back operations local to the LP andirect or cascadingollback 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 backhWuch 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. Fanatynbi-
nation of these two costs can lead to a phenomenon knoechasg[LuwWS91] 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 sfrhBy 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 summarythe main problem with optimistic protocols is thizy ae 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 lowfanerguhem-

ory is available.

2.1.3 Synchronous Protocols
These protocols take the iterative or synchronous approgpitally, the simula-

tion occurs in alternating phases of computation (during which &iRiulate events) and
synchronization (during which L®’exchange information to enable future evemish-
dowingprotocols constitute a Ige class of synchronous protocols in whichd §/nchro-

nize periodically to determinewindowin 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 windowhe synchronization phase is usually a barrier syn-
chronization such that all L®'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 [Luba®®a9%®], 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 lage. Furtherthese protocols sigfr 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 gmaaty allow the error

to persist if the overall &fct 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 stitient variance to hide thefetts of the inaccuracy; for example, in
Monte Carlo simulations. These protocols have not been thoroughly explored as yet
[Mowv93, Theo84] and some issues such as tleetadf inaccuracies on the computed out-

put measures are yet to be investigated.

2.1.5 Critical Path Analysis
With the lack of a consistentlyfefient 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 eventie@endence graptan be constructed for any sim-
ulation run. This is a weighted acyclic directed graph over whictitiaal 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). InitiaNyas
thought that this lower bound appliesaib simulations. Howeveit was shown later that
certain aggressive protocols are capableeating 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 consequeantiye 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 optimismimelWarp. We categorize these pre-
vious approaches broaglyased 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,d €ecute those events that have times-
tamps within the agreed-upon windoihis ensures that all Ltemain in the same region
of logical time and advance through the simulation toge8iace the difference between
the logical clocks of any two LBis boundedgchoing(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: MaxedNin-
dows [SoBW88], Filtered Rollback [LuWS89],imdow based throttling [ReJe89], Unified
Distributed Simulation System [McAf90], BoundedmE Warp [TuXu92], Aggressive
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Global Wndowing Algorithm [Dick93], and Breathingifie Warp [Stei93]. Most of these
algorithms follow the same basic principle described above. Theratites are in the
methods used to determine the time windNatable among these are UDS and Breathing
Time Warp. The former uses independent windows for eaciih€latter uses a fixed size
window based on theumberof 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 dactgberfor-
mance significantlyThe window must be small enough to limit the propagation of incor-
rect computation but lge enough to not limit the propagationcofrrect computation. A
common window for all L could unnecessarily restrict somed.F'he 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 LB 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 ottsters 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 siNalier
these protocols employ thartitioning design variable [Reyn88] in that the set of4. R’
partitioned and the interaction of IRWvithin a partition is dférent from the interaction of
LP’s across partitions. Examples of this general technique are Hierarchical Rollback
[Gima89] and the Localiine Warp [RaA 93] approach. A variation on this technique is
used in Composite ELSA [ArSm92] where ERare 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 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], Breathingifhe Buckets [Stei91] and Risk-fre@ee Warp [Bell93].

The main problem with this approach is that since risk is zero for ea¢hd_Benefits of
aggressive processing are limited only to individuakLFhus, this approach tends to be
too conservative.

In summarywhile 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, andafjgressive 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 Loptimism is controlled by its recent behavidased

(usually) on rollback behavipsome LPs 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 behaves 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 consequeiililype among those that are far-

thest behind in logical time. Adaptivenie Warp [BaH090] also penalizes an LP that has
been rolling back very often in the recent past. Howdherpenalty is incurred when the

LP is processing forward rather than soon after a rollback. Predidtadiher and Jéfrson

report very poor performance while Ball and Hoyt have reported (slightly) better perfor-
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mance than Time ¥Wp. A third protocol is Randomized Self-synchronization [Madi93] in
which each LRestimateghe logical clock values of the other kPBased on the didrence
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 ISR2an be time-expensive and hencesLP’
use a randomized algorithm to estimate other clocks. Obvijotimyeficacy 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 loRist 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 anfef suprimary roll-

back, any aggressive processing it has propagated to otrersLpotentially incorrect.
Therefore, it broadcasts a message to all affected LP’s indicating the potentially erroneous
nature of their execution. These ERhen 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 categomyif fWiaWwMa88], which takes a conser-
vative approach and stogh 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 efective, this scheme requires afi@ént broadcast mechanism with the broadcast
messages having higher priority than normal messages. Fitnalgfectiveness 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] incorporaf@®babilistic synchroniza-

tion. Here, a special process calledemieis responsible for the synchronization. Periodi-
cally, it sends a synchronization message to alé [ppobabilistically, which cause them to
synchronize to the timestamp of the message. In other words, thestné&fare ahead of

this timestamp are rolled back. By keeping the timestamp of the synchronization message
close to GVT, all L can be kept temporally close to each ottiners reducing the risk of
cascading rollbacks. The main problem with this approach is that it does not restrict only
incorrect computations. Also, it requires aficgént, 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, L$do not become too aggressive on the offt@s estimation

requires user expertise.

2.2.6 Discussion
Several of the approaches described above have demonstrated better performance

than Time Vérp 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 categorstatashased

protocols. They dfér from those listed above in two significant ways: first, they are adap-
tive in that the L continually adjust their optimism, and second, adaptive decisions are
based on state information which, although available |qclldirectly afected by the
actions of other L. These protocols are similar to NPSI protocols. The first two protocols
[HaTr94, FeT94] are similar to each other in that they both utilize information about chan-
nels to decide when and for how long £Bhould wait. Intuitivelyit may be agued that

our approach has an advantage over these becasse MNPSI 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. Mptie®ver
protocols in [HaTr94, Fa®4] 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 earliéFhe 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 consequendjso limits their optimism. It is based on a mem-

ory management protocol such as Cancelback or Artificial Rollback [LinY9Zalaké

the opposite approach in that NPSI adaptive protocols limit the optimism tlrBttly

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. Howawszontrolled optimism can degrade
performance severely due to high rollback and memory management costs. Consequently,
controlled optimism is a desirable featuree WAve 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 consistentlyfiefent 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 phenomenonsiper-critical speedhere is no consensus on optimality of pro-
tocols, and second, some published results on-uieal speed are flawed. This chapter
describes the contributions we have made to the understanding otstiparspeed and
lower-bounds for PDES'. Specifically (i) we present a correct $igfent condition for a
protocol to be supeeritical and show that a similar condition proposed previously is nec-
essary but not sfitient, and (ii) we disprove the claim that supstical 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 PDESS [Livn85]. Berry and Jéérson [BeJe85] applied critical path analysis to PDES
and agued 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 lper-critical speed/Me say a protocol is superitical 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 ofite Warp protocol
[Jeff85] are super-critical. In particular, [JeRe91] presented a criterion for super-criticality
and used it to show that four protocols were sapiécal. These results showed that the
critical path time is not a lower bound for all PDES’in and Lazowska [LiLa91] proposed

a lower bound that applies to all PDESHoweverthis lower bound is a very loose one

since it requires that each LP guess all of its computation corrébtge early analyses
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defined interevent 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 dependencgaed subsequently
that independence is necessary for sgpécality. 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 sfifient condition for a protocol to be supmitical. We show the

condition presented in [JeRe91] to be necessary but nfitienf for super

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

without formal support [Gunt94b]. In a result developed independewty

establish the truth of the sufficient condition.

i) We show by example, that Gunter enhanced definition of dependence is not
sufficient to capture all forms of superiticality. 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 supiécality requires independence is
invalidated. V& study the impact of this result on lower bounds derived using

critical path analysis.

Critical path analysis is an active area of research in PD&t#s hased on such analysis
[Lin93] are helpful in estimating whether fiafent parallelism exists in a simulation to
justify the efort 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 processe}, @PP, ... B, and

each LP executes on its own proce%slﬁach Prepresents a sequence of simulated events.
In the case of aggressive protocols, critical path analysis applies only to committed events.

The timestamp of an eveats denoted by \&). Each LP may send messages to othes LP’

1. The lower bound may change if multiple £ Bxecute on a processor since more than one LP may
have an executable event at the same time. The issue of optimal scheduling when muitigle LP’
assigned to a single processor is addressed in [LinY92Db].
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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 theessage-initiatingnodel. Wth this model, we define the fol-
lowing relations on events:

i) Eventeis thepredecessoof evente’ (or e’ is thesuccessoof e) if: (i) eande’ are

executed by the same Hi) V(e) < V(e’), and (iii) there is no other eveat in P,

such that V) <V(e”)<V(e’). We denote the predecessor of an everds
prede).
i) Eventeis theantecedenof evente’ if the execution oé sends a message which

schedules’. Note e ande’ may be executed by the same. M& denote the

antecedent of an eveatsantge).

If defined,prede) andantge) are unique for a given eveatAlso, an event can be the
predecessor of at most one event but the antecedent of more than one edeiin&\the
relation - ase - e’ (eimmediately affect®’) if eithere = pred€’) or e = antge’). The
transitive closurél of — induces a partial orderingn the events in the simulation as
follows: e LI e’ if there exists a sequence of eveats eg), 4), ... §n) = €' such that
& — €j+1) for all 0 <i < n. Thus, in the general case, the relationdefines the
dependence among eventseifl e’, then the execution of e’ deperaisthe execution of
e. Itis important to note this definition of dependence is based on the timestamps of events
and not on application-specific relationships. If events semantically dependent on
evente, then we must have ¥ < V(e’). On the other hand, it is possible to have two
semantically unrelated evergsande’ such that V) < V(e’). Thus thel relation is a
pessimistic definition of dependence since it assumes dependences that may not exist.

A particular parallel discrete event simulatiam (an execution of a simulation
program with a given set of input values) may be represented uspage-timaliagram
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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Figure 6 - Space-time diagram

used to represent the relation among events. For exampg; ois the predecessor ef 51
and the antecedentef ;5 Events that have no predecessors are daill events. These
are the first events to be executed at anyHulRher initial events that have no antecedents
(e.g.,e; 1pandes o) are calledstartevents.

With each eveng, we associate an amount of real time required to execute that
event, T€). For the sake of simplicityve ignore all overheads associated with thter
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 @isrstarted,
thencomplete(e¥ start(e)+ T(e) is the time at which the execution of everbmpletes.
Thecritical time, crit (€), of each evengis defined as follows:

crit (€)=MAX {crit (ante (€)), crit (pred (€))} + T(€)
where the simulation is assumed to start at real time zerocién¢nte (e)) and
crit (pred (€)) are defined to be zeroahte (€) andpred (€) are not defined respectively
crit (€) is the earliest time the evemtan complete execution under the assumption that no
dependences are violated (i.eglifl e’, eis executed before). Consequent/ythe lagest
value ofcrit () 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 callefthal events. An example of the computation of critical
times is shown in Figure 7. The first number beside each everii(e) and the second
number iscrit (€).

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

i) Every final event is on a separate critical path;
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i) If eis on a critical path anctit (ante (€)) < crit (pred (€)) then ifpred (e) exists, it

is on the critical path;

iii) If eis on a critical path anctit (pred (€)) < crit (ante (€)) then ifante (€) exists, it

is on the critical path.

We have highlighted the two critical paths in Figure 7. The maximum valoeét(ej is

called thecritical path time

Self-Initiating Model
Another commonly adopted model for PDE the self-initiating model [Nico91]

wherein each LP schedules its own next event — a message does not schedule an event.
However a message doedetdt the state of the receiving LPhus messages may cause
rollbacks. It is easy to see that the definitions above apply to this model as well if we rede-
fine theantecedenobf an event as follows:

Evente is theantecedenof evente” if the execution oé sends a message

msuch thag” is the event that is executed immediately after the arrival of

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 [0 . However it is only required that the overalffe€t of the simulation be the same as

if the events were executed in that orddrerefore, if an LP guesses corredtiynay 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 cakeger-critical speed-up [JeRe91] but we refer to

it assupercritical speedsince the critical path time is an absolute quarfiity a simulation

run to be supeeritical, the act of “guessing correctly” must occur on every critical path of
the simulation.

It is important to note the distinction between a swpiical simulation run and a
supercritical protocol. A supecritical run is a particular execution of a simulation that
completes in suparitical time. A protocol is said to be supmitical if it is possible for a
simulation run (at least one) using that protocol to be a sujeal run. By its very nature,

a general PDES protocol cannot guarantee that\WwH’guess correctly; it can ongnable

them to do so. Even so, it is desirable to be able to determine whether a protocol has this
capability or not. ® do so, we require a $igient condition for supecriticality, SC such

that if a protocol allowSCto 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 superitical by showing that they allo®Cto be true in at least one simulation

run. In [JeRe91], the authors present one such conditiershéw that their condition is
merely necessary (i.e. sugeitical 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 evem the following are defined:

» start (€): the real time at which the executioneadfommences.
» complete (e): the real time at which the executioneafompletes.
» crit (e): is the earliest time at which can complete if no dependences are

violated and is given by:
crit (€)=MAX {crit (ante (€)), crit (pred (€))} + T(€)

The super-criticality condition of [JeRe91], which we &llis stated below:
C: There must be at least one pair of eveaside’ on every critical path such
thate — e’ andcomplete (€) > start (e”)
We show by construction that the fact t@a true for a simulation run does not imply the

run can complete in super-critical time.



29

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 8bC is satisfied because the executioregf;) commenced on time (at
crit (eg;))) but the execution af;) completed late (afterit (e;)). Notee;) may have com-
pleted late due to several reasons. For instance, it may be that just prior to this execution of
&) the LP executing;y may have guessed incorrectly and consequently rolled back, caus-
ing the delay of;). We have depicted this by a single delay (gap in the shading) at some
point earlier than the executiongyf). The LP executing;1) guessed correctly so that the
execution of,1)was not rolled back whegyy completed afteerit (e;)). By only observ-
ing g;) ande;j+1), the two events that satis®; we cannot conclude that the simulation can
complete in supecritical time. In Figure 8cC is satisfied because the executiorpf)
commenced early (beforeit (g;))) while the execution oy was on time (completing at

crit (€;))- This occurs because the LP execugg;) guessed correctly so thatist not

T(e()) T(ew) | T(egirn) T(em)
0 crit(e(g)) crit(eg))  crit(e(jsg)) crit(e(y)
(a) Critical path Realtime
T(eg)
T(e) T(€(j+1)) (&)
| | |
| _ ) .
0 crit(e(g)) crit(eg) | crit(eg.ry) crit(e(y))
(b) Execution satisfying but notSC Real time
complete(eg)
T(e(+1)
T(e()) T(egy) T(ep)
] | |
) I | 1
0 crit(e(o)) crit(eg) | - crit(egny) crit(e(n)
(c) Execution satisfyingC Real time

complete(ej+1))

Figure 8 - Super-critical speed
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rolled back wherg;y completes execution atit (g;)). If every event on this critical path
following €. 1) is executed immediately after its preceding event completes (as depicted),
the simulation will complete befoxeit (g,)), 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, conditiol€ specifies nothing about the absolute completion times of
ande’, which are essential to supattical 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 supetical speed with the
absolute timings of events since it defines whether an event is@atiyne 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 eventon every critical path such that

complete (€) < crit (€)

Note, this condition is satisfied in Figure &oriplete (€.1)) < crit (€;+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 thatrit (€) (and not the starting or completion time of eveng¢lative to its
adjacent events on the critical path) defines the earliness or tardiness a derg we
have shown by construction that the fact that a simulation run sa@stless not imply
that it can complete in superitical time whereas the fact that a simulation run satisfies
SC does imply that it can complete in swpetical time. Of course, even in the situation
of Figure 8c, it is possible for the simulation to complete afteley,), if at least one
event followinge. ) is sufficiently tardy.

If a protocol is supecritical, 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. Tivially therefore, supecriticality implies that the protocol allowSC to hold for

at least one simulation run. Th8€ is also a necessary condition for super-criticality.
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Revisiting Figure 8c, iBCis true on a particular critical path, we can show by con-
tradiction thaC is true foré ande wheree is the earliest event for whi@Cis true on the
critical path and® - e. Thus,SC O C. SinceSC is necessary for superiticality, C is
also a necessary condition for a super-critical protocol.

In [JeRe91], the authors uSdo show that the four protocolsinie Warp with Lazy
Cancellation, Time \&fp with Lazy Reevaluation,ffie Warp with Phase Decomposition
and Space-ime Simulation are capable of suueitical speed. Elsewhere [SrRe93b] we
have shown that all of these protocols sat&f/and therefore are indeed, super-critical.

Finally, a common misconception seems to be that a protocol that allows$d_P’
guess events is superitical. 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 sugd@rcal. In words, this is whaC
claims: if a protocol allows LB’to guess committed events corredthen it is super-crit-
ical. However that is not sdicient. We have shown that the protocol must allowd.#&

guess committed events corredlyd 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;

i) when an LP correctly guesses théef on an event, of one or more messages that

will arrive;

In the first case, superitical speed is possible because dependence (the rélation
in Section 3.2) is defined based on timestamps of events and messages. Under this defini-
tion, an evené at some As dependent on a messagé mschedules an eveatat R such
that V(') < V(e). However it is possible that the executioneifaffects only a part of the
state of Pupon which the execution efdoes not depend, i.e., the outcome of execeting
is independent of whether' 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:
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Figure 9- A super-critical simulation without independence

Detinition: A state (message), denotechy, (created by evemtis said to be inde-
pendent of a set of evertsif E is a subset of the set of all eveRtssuch that
e E’ and the Srf) resulting when all of the events in the simulation are prop-
erly executed is the same as thenpwhen all of the events g are not executed.
In particular, a messageis independent of an eveaif the same messageis generated
irrespective of whethexis executed or not. It follows that a message dependent on an
evente if mis not independent @& Using this enhanced definition of dependence, Gunter
derives two results: (i) independence is necessary for-sufieal speed, and (i) a new
definition of the critical path and hence a new lower bound which is tighter than that of
[LiLa91]. By capturing semantic dependences accuratdlis new definition of
dependence accounts for super-critical speed that occurs when LP’s guess lackdhe
dependence. Howevalt fails to capture suparitical speed that may occur when &P’
guess thexistenceof dependence.
To understand how superitical speed may occur when IsRjuess the existence
of dependence correctlyonsider the physical system shown in Figure 9. The system con-
sists ofn physical processes, Pleach of which begins in a starting stiaigag At time
1.0, PR transitions to statesWith probabilityp or to state g with probability 1p. At time
2.0, PR transitions to stateygf PP, has transitioned to statg garlier or to stategif PP,
has transitioned to statg &arlier Note there is no default action for 2R knows that PP
has transitioned earlier. Similaylgt time 3.0, PRtransitions to stateygif PP, has transi-
tioned to stategearlier or to stategif PP, has transitioned to statg arlier 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 simulatedrblogical processes, Fone for each RPAfter

a state transition, each (@xcept R) sends a single messaggeto R, indicating the direc-
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tion in which it has transitioned (North or South). Recalling the definition of dependence
above, clearly eachy is dependent om_; and the event that causexl;. Now consider
an execution of this simulation usingmie Warp with Lazy Cancellation. Each;, P
(2<i<=n)has an event which will cause it to transition outgfrt Since these;B have
not yet received the transition messagg3 from their predecessors, they have to guess
the next state to which they must transition. Let us assume that;ebezhd@s to transition
to stateig and generatesy informing its successor of the transition. At the same time, P
executes its only event, decides (probabilistically) to transition to sieaedlsendsny
accordingly Since every Phas guessed its incoming message corrauhyantimessages
are generated (because of Lazy Cancellation) and the simulation is complete when all
have been received. The entire simulation run takes O(1) time whereas, under the new def-
inition of dependence, the critical path time inO{hus, this simulation run has com-
pleted in supecritical time. In this example, the supattical speed comes from processes
P, through R. 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). W believe it is because one can imagine a simulation whesestaisti-
cally estimate the probability of transitioning along a particular@ne Figure 9). Ifpis
high and an LP may guess that the next transition will be along that arc. ,Fonalgxam-
ple also serves to demonstrate that while sapgcality 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 th€2K& i <n') 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 whiene Warp with Lazy

Cancellation may complete in suggitical 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
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critical path isnot a lower bound for ime Warp with Lazy Cancellation (in fact for any
supercritical protocol). Our insight suggests that irrespective of how accurately we capture
the semantic dependence among events, protocols suche®\drp with Lazy Cancella-

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

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.ané thus led to the conclusion that the
lower bound of [LiLa91] (which was stated as a lower bound onlyifoe T\arp with Lazy

Cancellation but applies to all protocols):
LB = MAX( gE T(e)
e P.

whereEF,i is the set of events executed hyrBmains the best known general lower bound
for all PDES’s. Moreoveiit suggests that critical path analysis will not be able to improve
upon this general lower bound. Howevéris lower bound is of limited significance
because it is unachievable for any realistic simulation. Consequieriflyimportant to
note that Guntés lower bound, which is a tighter one, appliepaoticular simulation
runsusing protocols in which LB’do not guess the existence of dependence. Ifisudtif

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

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

3.6 Summary
A protocol is said to be superitical if there exists at least one simulation et

complete in less than the critical path time using that protocol. Since several protocols have
been shown to be superitical, a sufficient condition for super-criticality is desired which

may be used to determine whether protocols of interest are it or not. V¢ have
established such a $ifent condition. Also, we have shown that a condition used in a pre-
vious study to demonstrate the supsticality of four protocols is not sfifient but nec-

essary. Our observation that supdtical speed is possible when sRorrectly guess the
dependence of some events on unreceived messages disproves a previous claim-that super
critical speed requires independence. Nelve described the implications of this contradic-

tion on lower bounds on completion times of simulations.
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Chapter 4
NPSI Adaptive Protocols

Traditional solutions to the synchronization problem in PDES have,ga [aart,
failed because they cannot adapt under circumstances in which they should. Currently, the
direction ofering the most promise is one in which the optimism osli®tontrolled adap-
tively. We describe a new and unique class of protocols - those in whishdizRamically
adapt their behavior to changes in the simulation using low-cospedart system state
information. V& call theseNPSI (neaiperfect state information) adaptivegbiocols 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 fiénsstioé

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 eforts 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 fourtlosbeppor-

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 ignoredohalp&aim good
performance, protocols that control optimism must minimize the following cost function:

total cost = rollback cost +
memory management cost +
lost opportunity cost
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rollback + memory management costs

Cost

lost opportunity cost

total cost

Balance
Restriction on optimism

Figure 10- Trade-off introduced by controlling optimism

While limiting optimism tends to decrease the first two costs, it also tends to increase the
third, leading to the tradefo$hown in Figure 10. Protocols that control optimism must
attempt to achieve a good balance in this trafledfe best possible performander
protocols with controlled optimism is characterized®Ryy 0, whereR is the residual total

cost when the balance is reachiRd. 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 reduBethe residual cost at the balance point in Figure
10. Yet another measure is their performance relative to that of a protocol thabtoes-

trol optimism, such asifhe Warp. Time Vdrp is the protocol that has been applied to the
most applications with encouraging results [Fuji93a]. Howatwsuffers the drawbacks of
optimistic protocols noted earlie€onsequentlythere 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 wihich Warp per-

forms well and those for which it does not, we will have demonstrated consistent good per-

formance.
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4.2 Near-Perfect State Information
The trade-df of Figure 10 must be balanced properly in order to obtain good per-

formance. © 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.
PDESS are known to be very dynamic in nature [NiRe90, Fuji90], i.e. the locality of events
in the system changes as the simulation progresgpkally, 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 amongd.FSince 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 consistefitig et are
that it is adaptive and that it uses feedback from the simulation to control optimism, Ideally
these requirements are satisfied by providing i#th 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 snapstots. W
believe, and this work supports our belief, that a good approximation of perfect state infor-
mation is desired. Wtake the direct approach by assuming the existence of an asynchro-
nous dynamideedback systenThis system operates asynchronously with respect to the
LP’s and provides them with neperfect information at low cost. 8\fescribe 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 caliedaction modek shown in

Figure 11. The LR 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 amput state vectofiSV). These IS\s are processed by an NPSI Calculator
to produceoutput state vector€OSV) for each LP as below:

LetISV4, ISV,, ...ISV,, be the input state vectors submitted byrthé’s such

thatISV; = <Vi1, V2, ..., V™ wheremis the size of each L&Sstate vector. Let

8, 1 <k< m be binary associative operators. Then for eaghhePNPSI Cal-
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Figure 11- Model of computation for NPSI adaptive protocols

culator computeOSV, = <TSY, TS? ..., TS™ where T = <V

01 OP;, 1<k< m andP; is the predecessor set of;LP
The predecessor set of LB defined as follows. Aommunication grapliescribes the
communication among LB’ The nodes of this graph are thed. A directed arc exists
from LP, to LR, if LP4 can send a message to,LPhe predecessor set ofliPthe set of
LP’s, LB such that there exists a path from td&°LP; in the communication graph. Note,
a cycle containing LRmplies LR is a predecessor of itself. Since the predecessor set can
be diferent for diferent LPS5, the information computed by the NPSIC is catkedet-
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 informatiore Wote that the above
definition of the predecessor set is pessimistic in that an arc exists ftptm LB, in the
communication graph if there is a possibility that sBnds a message toJ-P- in actual
fact, it may be that LPnever sends a message tq,LPhe predecessor set is only one
possible set over which to computegetrspecific information — it is conceivable that
target-specific information is computed over some subset of the predecessor set.

The LPs and the NPSI Calculator (NPSIC) are completely asynchronous with
respect to each othe$tate vectors are used to force the interactions between them to be
atomic: an LP must providecampletd SV and must read @mpleteOSV. However, it is
not required that every |, Reads every OS\generated by the NPSIC eMave established

elsewhere [RePS93] that the atomicity criterion isideht to provide sequential consis-
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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. Similatlynay read its OSV at any
time. The NPSIC operatesri@duction cyclegeducing a set of state vectors, one from each
processarto a set of output state vectors, one for eaglnléach cycle. Subsequent reduc-
tion cycles re-use state vectors for thosesltRat 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
tamget-specific snapshots of the system in a reduced form at very low cost togsh&/eP’
assume the reduction model because we believe itfisisofly powerful to provide the
kinds of information required in most PDE3RePS92]. Chapter 5 describes an algorithm
we have designed to compute global virtual timef@ifapidly, accurately and frequently

in an aggressive PDES, using the reduction model.

4.2.2 Practical Issues
The reduction model can be realized in practixe a shared memory architecture,

a set of processes may be dedicated to the task of computing @MW 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 merhoryLinJ92] describes techniques
to compute tayet-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 partikel 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-



40

mation from all LPS. 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. W
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 theontrol networkin 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 rapidhybit-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. Similarlyhe 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 OS¥’are identical and are computed using information from all
ISV’s. The general model can be implemented ustagget-specific reduction network
one that computes O$\Vsing a subset of all IS'¢ where the subsets can bdetint for
the various LFs. While a taget-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 neperfect state information. There are two phases in

the design of NPSI adaptive protocols:
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Figure 12- General framework for adaptive protocols

» 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 cated potential (ER)
associated with each LPThe value of EPis used to control L& optimism. The
framework we propose is shown in Figure 12. The NPSI adaptive protocol keeps gach EP
up-to-date as the simulation progresses, by evaluatingtMigh frequency using state
information it receives from the feedback system. Similavly dynamically translates
these new values of Efhto delays in the event execution and communication rates.
Different protocols may be devised by changingavid M,. The goal of our research is to
design mappings Mand M, such that their combination forms an adaptive protocol that

performs well consistently.

4.3.1 M, - Computing EP
To achieve optimal performance, sRhust be able to identify computations that

will be rendered incorrect in the future and limit their propagation. Obviahssyrequires
the ability to predict the future which is fidult at best. In the framework described above,
the error potential is a way of labeling computatiopatentially incorect ER is a number
that indicates the likelihood of [:B computation becoming incorrect in the near future: the
higher the value of EPthe higher this likelihood. The key to consistently good perfor-
mance is to devise anMhat 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 inaccujate M
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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 M, we must keep in mind the reduction model of Section 4.2.1.

This model requires that we encode the relevant parts of arstdRé into a set of values

(a state vector). Wlist some possible mappings for computingtffow 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.

1)

EP, = 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 GVThus, the EP will be
proportional to the maximum possible rollback depth. Unfortunatblg
mapping does not capture thieelihood of an LP rolling back. For instance,
consider two LFs, one at logical time 100 having executed 2 events with
timestamps > GVT and another at logical time 50 having executed 10 events
with timestamps > GV.IThis 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 Wéte that this
mapping is equivalent to the Breathing Time Buckets algorithm [Stei93].

EP, = MT; - minimum MT among all LP’s , where we define MT
(minimum time)as the smaller of (i) the logical clock of L&nd (ii) the
minimum timestamp of all messages sent bywlfich are either in transit or
have not yet been processed by the receivers. Note, the minimum of the
MT’s of all LPS 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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EP, = logical clock of LP i - GVT . Since the logical clock of an LP
reflects its current execution state more accurately than ifsaMirin fact,

may be much lger, mapping (i) above may not penalize some sLP’
sufficiently Thus, this mapping is expected to perform better than
mapping (ii).

A further improvement over mapping (iii) would be to use nleat event

time (n;) of an LR rather than its logical clock, i.EP, = n; - GVT . Itis
reasonable to expect this change to improve performance gjne a
predictor of LFP’'s next action while L5 logical clock only describes its
current state. Unfortunatelthe LP with minimunm; 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 EP
(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).

A general optimization for all of the above is to waret-specific virtual

time (TSVT)[PaRe93] rather than GVTISVT; for an LR is the GVT
computed over only the predecessor set gfihhe communication graph
(Section 4.2.1). Since the event or message with timestamp equal to GVT
may be one that cannotfedt LR’'s execution, TSViTis a tighter lower
bound on the rollback horizon for |.Ehan the global GV.TThis principle

can be extended to other types of information as well.

EP, = logical clock of LP i - the mean of the MT’s of all LP’s

If it is observed that TSV{Tis usually too pessimistic (i.e. |Benerally does

not roll back that far), this variant may yield better performance.

EP, = logical clock of LP i - MIN ; (MT; + cumulative lookahead

from LP
predecessors of LPIt has been clearly established that performance and

to LP ), where the minimum is computed over all; ltRat are

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
MP; to be the minimum of the logical clocks of thosed #at are immediate
predecessors of LRnd are rolling back (note, the logical clock values are
observedafter the rollback is initiated, i.e. after the clock has been rolled
back). ThengEpP, = o ifMP ; > logical clock of LP i;elseEP ;=0 .

Thus, this mapping restricts an;lhile any of its predecessors roll back to

a time smaller than LR current logical clock. While this mapping will
reduce secondary rollbacks (i.e. those caused by antimessages), it ignores
primary rollbacks (caused by stragglers).

iX) EP = MAX; {memory usage of LP  ;}, where the maximum is computed
over all LR to which LR can send a message directhe mapping is
designed to prevent a situation in which an fiods a successor | Rith
messages due to uncontrolled aggressive processing, thus causity LP
block due to insdicient memory Time expensive memory management
schemes such as Cancelback [LinY92a] are currently used to repair such
situations. Vith this mapping, a throttling ffct is created when memory is
scarce and removed when memory becomes available again.

X) ER is computed based on the rollback history of. INdte, this mapping is
unique in that EPis based solely on local state information. By keeping
some history information at each ,Li® 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 associatdsrdiit 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 valpe of EP
In order to design a consistentlyieient protocol, we must devise an bhat estimates EP
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 reckiverthrot-
tled unnecessarily by anyMhat is based on dérences in logical times or event execution
rates. Theoreticall\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. SuctusiRise
mapping (ix). More generallghe LPS may be partitioned into subsets with dedént M,
being applied to each subset. Furtliee choice of M itself may be made dynamic. It is
also possible to change the grouping ofd@ynamically. Finallyinstead 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 th@.eREP
for LP;). Another possibility is to associate error potentials with messagpgally, a
message causes an event to be scheduled, the execution of which results in a new message
being sent out. Thus, we can identtigusal chainsn the simulation and associate error

potentials with them. This may allow finer control of optimism.

4.3.2 M, - Controlling Aggressiveness and Risk
M, is a function that translates a value of EP into control over the aggressiveness

and risk of an LPIt must be designed such that higher values pf&filt in less aggres-
siveness and/or risk at |.FA simple scheme is to establistheesholdsuch 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 pointswiduld then be a function that maps

EP to a wall-clock time delay.

An LP that sends out messages to otheslla'sed on aggressive computation is
said to have risk. Since risk contributes to rollback costs, some mechanism must be
included to control an LB'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 ef W@’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 Aeanfect state information in dynamically control-
ling the aggressiveness and risk of £.RAe have motivated the NPSI approach, described
the reduction-based computational model assumed by it and discussed how this model may
be realized in practice. 8\have described a framework for designing NPSI adaptive pro-
tocols, consisting of two mappings,;Mnd M,. Finally, we have explored design issues

regarding these mappings.
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Chapter 5
Near-Perfect GVT

The reduction model assumed for computing +peafect state information has
been introduced earliee describe how this model may be used to produce state informa-
tion required by adaptive protocols. Specifical present an algorithm (calle@GVT)
to compute GVT in an aggressive PDES. Smg&VTis based on the reduction model, it
produces very accurate (ngserfect) values of GVT at low cost. Thus, it can be invoked
frequently during the simulation. These features nmgkaV Tamenable for use in adaptive
protocols (other approaches are nopGVTserves as a base for implementing NPSI adap-
tive protocols and is used to compute the mappipfpMETA, the NPSI adaptive protocol
described in Chapter 6. &\describexpGVT2R an implementation aipGVTon a global
reduction network. & prove the correctness of both algorithmEsVT2Phas been pub-
lished in [SrRe93a].

5.1 Why GVT?
Global virtual time(GVT) is an important value required by the £ ®i any aggres-

sive protocol. GVT represents the simulated time up to which adl h#/e simulated cor-
rectly and beyond which, all L&’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 coay be
mitted Consequent]yGVT is critical in interactive and real-time simulations. GVT is also
used for several other purposes in aggressive PDEBé most important of these is fossil
collection. Since LK are aggressive, they must save state periodictilyevery all states

with timestamps smaller than GVT may be reclaimed since they are “unreachable”. Other
uses of GVT include termination detection and gathering statistics. Fi@MIy (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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Figure 13- Model of computation for adaptive protocols

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. Howevemost 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 protoeales&/ibepGVT
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 describgGVTas applied to theifhe Warp protocol — it is

equally applicable tanyaggressive protocol. We assume familiarity with Time Warp and
associated terminology — Appendix Il provides an overvieecall 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 thayetaspecific reductions as described in
Section 4.2.1 (i.e., OS\&= OSV, = ... = OS\, and each OSV is computed using informa-
tion fromall ISV’s). Following the description afpGVT 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 LPand (ii)design the algorithm to maintain these values consistently at each LP such

that the reduced output of the NPSI Calculator provides.®dr historical reasons, we
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refer to individual elements of the state vector$-aalues By definition, GVT is the min-
imum of two values: the minimum of the logical clocks of alld.&d the minimum unre-
ceived message time among all £PCorrespondinglyeach LP maintains twdvalues:

o,, the logical clock value of L,Pand v, , the smallest among the timestamps of all mes-
sages LPhas sent out that have not yet been received or incorporated into the i®ceiver
events list.

Given thesd-values, the NPSI Calculator computes:
o' = MIN,_F,i (o;) : the minimum of all the logical clocks

L' = MIN,_F>i (v;) : the minimum unreceived message time

and GVT is computed &SVT = MIN(o',v")

Timestamps of antimessages must also be part of the GVT computatisee T
why, consider a system of two LWith LR, having g, at 1000, LR havingo, at 1500
and no messages in transit. Therefore, GVT has a value of 1000LRggends LR 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
haveo, at2000¢g, at1500andbath and owat |, givinga GVT of 1500. When the
antimessage is finally received byl 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 maintairu,, an LP that sends a message must be informed when the
intended receiver receives the message and incorporates it into its eventsdidtieve
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 twalivaiges,p; and
Each of these ia 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

later*. Thus, each Lihas a fouelement state vector consisting of Thealues:o; ,u; p;
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andrt;. 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
senderthe LP number of the receiver and a sequence nuiabeh LP maintains one
sequence counter for each LP that it sends messages to. When an LP sends a message to
another LPit 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 L. Each LPalso maintains two lists: theutstanding message list
contains messages sent by fd? which acknowledgments have not yet been received, and

the unacknowledged message lisintains messages received by ttRt 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 algorithmpGVT It has two concurrent procedur@ROCESS
andDO_ACKThePROCES$rocedure invokes three subroutifeEND MS@&RCV_MSG
andROLLBACKas required. Not&CV_MS@ called as a subroutine BROCES$ather
than being a concurrent procedure invoked when a message is received. This is because we
assume that messages do not preempt event execugashdW later how to incorporate
event preemption into this algorithm.

ThePROCES®rocedure implements all Time Warp specific operations. It uncon-
ditionally executes events on the events list. The state of the LP is saved perioditslly
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 logical past (stragglers),
PROCESS&allsROLLBACKo perform the rollback. During a rollback, the logical clock
of the LP is rolled back to the timestamp of the strag@fethave chosen to employ aggres-
sive cancellation — we show later that lazy cancellation is easily accommodated in this
algorithm. At the end of a rollback, tRROCES$®rocedure checks to see if any new strag-
glers have arrived during the rollback process that will cause the LP to roll back fifirther
so, ROLLBACKis called again. ThusROLLBACKis invoked repeatedly until all of the

newly received messages are in thesLByical future (i.e., the LP has rolled back far

1. Itis assumed that the NPSI Calculator performs selective reduction operations (such as MIN) only
on the timestamp field dFvalues with multiple fields. The values in the other fields of the global
output will equal the corresponding values of the ifpuglue that “wins” the selection.
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PROCESS: IF there are events in the events list

THEN local_clock  := O‘i := timestamp of next event;
Execute event; Perform SEND_MSG if required;
Optionally save state;

WHILE there are newly received messages with timestamps < g
Perform ROLLBACK;

FOR each new message
Perform RCV_MSG;

Optionally collect fossils;

SEND_MSG: [IF message_time < Ui
THEN U; = 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 p; = {0, @0}
THEN pi = (message_time, message_id, 1)
ELSE Add message to unacknowledged message list];

ROLLBACK: local_clock ; := 0= 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 [T = p;AND p;# {0, ®,0} -- sender has seen ack
THEN Remove next batch to be acknowledged
from unacknowledged message list; -- if one exists
Set P, to acknowledge this batch;

[IF phas been sent to this LP
THEN T; = P
IF p' messages are in outstanding message list]
THEN Remove the acknowledged batch from outstanding message list;
IFtimestamp of acknowledged batch = U;
THENUi := smallest timestamp in outstanding message list

ELSE T; = {o, ®,0};

Figure 14- npGVT

enough). These messages are now incorporated into the events list of the LP in the
RCV_MSGubroutine. Note, theOLLBACHKprocedure callSEND_MS® send the anti-
messages. This guarantees that the timestamps of antimessages are accounted for in the

value ofui
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Two-phase Acknowledgment
Since LP$ may not observe all of the state vectors gimgrfrom the NPSIC, an

LP sending an acknowledgment to another through the reduction system cannot assume
that the latter will observe itolovercome 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 QyLIERinitiates the first phase by setting
its p, to the timestamp and message identifier of the received messagefewto some
P, having a value other thafwo, ®, 0} (the null value) as primary acknowledgmergor
simply acknowledgmeptand 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 ngwssume that the timestamppofis the smallest among
all other acknowledgments submitted simultaneousiys, p' will equal p, . When this
is observed by LE(and it is guaranteed to ultimately do so, sinceddes not change, ),
it knows that its message to LiB being acknowledged and the first phase is complete. LP
initiates the second phase by settingritdo p' . As withp,, we refer to some; having
a value other thaf «, ®, 0}  assacondary acknowledgmesantd the act of setting  as
submitting a secondary acknowledgmesince 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 timejill equalt, and
thereforep, . This is ultimately observed by LEbecause LPdoes not changg,) which
therefore determines that LRas processed its acknowledgment, ttfen removes its
acknowledgment by changing . After some delaythis change is reflected in the output
of the reduction network as a changepin. When LR observes this change, it knows that
LP, has removed its acknowledgment and salimquisheshe secondary acknowledgment
by settingt, to{w, ®,0} and the second phase is complete.

At any time during the two phases described above, a new acknowledgment with a
timestamp smaller thap, may be submitted by some LP other thap 14 a result,p’

will equal this new acknowledgment. This changeinmay occur either before or after
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LPg observes the olg’ . 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 competegain
becomes the acknowledgment with the smallest timestamp and the first phase is restarted.
In the second case, LRas observed the primary acknowledgment but the second phase is
preempted. LPobserves that its message is no longer being acknowledged and conse-
quently relinquishes the second acknowledgment by setfirtg { «, ®, 0} . After the

new acknowledgment completgs, reverts top, . When LR 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) @f, t,, p' and t'. An acknowledging LP
searches its unacknowledged message list for a batch of received messages with contiguous
sequence numbers and setspitso 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.

The DO_ACKprocedure consists of two parts. The fiEststatement 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 afme Warp (event preemption and lazy

cancellation) can be incorporated imf@GVT In Figure 14, the event processing procedure
(PROCES}Pchecks 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, aficegnt 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. © incorporate this intopGVT theRCV_MSGubroutine is activated as a concurrent
procedure wittPROCES&ndDO_ACHKvhenever the LP receives a message. In addition,
at the start of th®CV_MS@rocedure, a check is made to determine if the received mes-
sage is in the LB’logical past and if so, tiROLLBACHKorocedure is called. Infett, each
iteration of theVHILE andFORIoops inPROCESS$s 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, thROLLBACKsubroutine implements aggressive cancellation,
wherein antimessages are sent out during a rollback regardless of whether they are needed
or not. 1o implement lazy cancellation, tR®RIoop is removed from theOLLBACKsub-
routine. Instead, theROCES$rocedure must now perform a check after every event exe-
cution, to see if any antimessages need to be sent out. If SEMNER MSGubroutine is

called to send the antimessage.

5.3 Correctness
In this section, we establish the correctnessp@VT We are concerned only with

temporal correctness.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 [Fu;ji90]
i) 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 systeis one in which the LP’s obtain all the information they

need instantaneouskyor instance, in an ideal system, when an LP receives a message sent
to it by anotherthe sending LP becomes aware of the fact that the message has been

received at the same instant the receiving LP receives the message. Opnmirslyle-
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mentation can be ideal but every implementation has a corresponding ideal sysesn. T
tamps often remain in an implementation for some time after they have disappeared from
the ideal system. Returning to our previous example, typi¢calysending 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. Tdmsis 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 timewe distinguish between the actual value of GVT
GVT(t), and the computed value of GMBVT(t), which is the value of GVT made avail-
able by the implementation at tirhe

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. Furthéo 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 L GVT, (t) < GVT, (t) for all timest.

Criterion 2 If GVT 4(t) increases at the instants of real titne=0,1,...,

then for each there exists a finite such thatu>t, and
GVT, (u) 2GVT_(t) .

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 asynchronpusigeduction cycles that tale
time units each. A new reduction cycle is initiated ev®tyne units, i.e.d is the time
required by the GVT Calculator to accept a single set of state vectors. Note, it is possible
to haveA = o 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 GY (for example, executed event, received message,

sent message, etc.). The GVT Calculator takes these state vectors and computes
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Figure 15- GVT Computation Model fonpGVT

T
1

GVT, (t+A). 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 correctnessrgdGVT we present some properties of the reduc-

tion model and ohpGVT These will be used in the proofs that folld#ach 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
LetV4, Vy, ...V, be the state vectors submitted by tHeP’s such
thatV; = <V,1, V|2, ..., M™> wherem is the size of each L&'state
vector Let§; 1<i <m be binary associative operators. Then in
one reductlon cycle the GVT Calculator compues <G, G ...,
G™ where G = 8;<V{, V,, ..., V> 1<i<m andG is the
output state vector of the GVT Calculatﬁor the algorithms in this
chapterm = 4 and6, = 6, = 6; = 8, = MIN. Recall that we
assume alobal reduction model instead oftarget-specificone,
for simplicity.

P2 input cycle time

A reduction cycle (i.e. a fresh computation of GVT) is started every
0 time units.
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P3 reduction cycle time
Each reduction cycle takdéstime units to complete anti=>

P4  periodic read

Each LP reads the output of the GVT Calculator periodidadlyno
LP will ignore the output of the GVT Calculator for an arbitrary
amount of time.

5.3.3.2 Properties ohpGVT

P5 setclock
0, always equal®cal_clock

P6 set unreceived message time

When LR sends a message,uf is greater than the timestamp of
the messageyp; will be set to the timestamp of the message;
otherwise, there is no changeun

P7 update unreceived message time
When LR receives the primary acknowledgment for a message
with timestamp v;, that message is removed from ;&P
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

Atany LR, v, 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 ¥ outstanding message list only
when LR receives the primary acknowledgment for that message.

P10 set clock on receive

When LR receives a message, is made less than or equal to the
timestamp of the message and the message is incorporated into
LP;’s events list before the primary acknowledgment of the
message is initiated.

5.3.3.3 Properties of thedO_ACKProcedure

P11 unique selection

Given a set of primary acknowledgments submitted to the GVT
Calculator there is one among them (which has the smallest
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timestamp among them, by P1 (reduction operation)) that is
selected by the GVT Calculator.

P12 secondary acknowledgment

When LR observes a primary acknowledgment being sent to it, it
submits the corresponding secondary acknowledgment within a
finite, bounded amount of time. Otherwige,  is sef tg @, O}

P13 persistent primary acknowledgment
Once any LPsubmits a primary acknowledgment to the GVT
Calculator that acknowledgment is removed only when; LP
observes the corresponding secondary acknowledgment.

5.3.4 Correctness ohpGVT
npGVTmaintains twol-values at each LPcorresponding to the two component

values of GVT g, the logical clock and, , the smallest unreceived message time. In addi-
tion, npGVTperforms acknowledgments of messages using two Troaties:p;, and;
These fourT-values define atate vectoffor each LPWe show next thatpGVTsatisfies

the two correctness criteria of Section 5.3.1.

5.3.4.1 Criterion 1

Define GVT, (t) to be the value of GVT that can petentially 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 time GVT,, (t) takes on the value of GVT defined by these state

vectors. To show thatpGVTsatisfies criterion 1, we prove three lemmas below.

LEmma 1 |If GVTp(s) < GVT,(s) for all timess at which a reduction cycle is started,
thenGVT (1) < GVT, (1)t .

PrROOF If a reduction cycle is started at tinsgits result becomes available at the
output of the GVT Calculator at tireA (P3 (reduction cycle time)). By P2 (input cycle
time), the next reduction cycle is started at tsnd. Since this cycle also takéstime

units to complete, a fresh result becomes available at tidd\s€ontinuing thus, we see
that a fresh (not necessarilyfdifent) value of GV{ (t) is computed every units of time.
Thus, GVT, (t) is a step function with the separation in time between steps being an

integral multiple o®. Consider the two (arbitrarily chosen) consecutive steps above which
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form the time intervald+A, s+d+A). GVTj, (t) cannot decrease in this interval (because of
its non-decreasing nature, by assumption of the functional correctnegsGofl). It
follows thatGVT (1) < GVT(t) Ot ifGVT(s+A)<GVT,(s+4) for those times+A at
which a fresh result is computed at the output of the GVT CalcuByodesign of the
GVT Calculator GVT(s+4) = GVTp(s) and by assumptionGVTp(s)sGVTa(s).
Thus, GVT(s+A)<GVT[(s). By the non-decreasing property of GVT{),
GVT(s) <GVT(s+4). "

We digress briefly to explain some notation. All of Taealues considered here
(.e.0; ,u;, etc.), aswella&VT(1), GVTp(t) andGVT(t) are functions of real time. &V
use the time parameter throughout the paper oni§¥6f(t) , GVTp(t) andGVT(t) . For
the other entities (especially ~ and), we use the time parameter when it is required for
clarity and omit it otherwise.

npGVTis designed such that any action by an LP that may causg(@Yolchange
is preceded by a change in fhealues 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 they, of the sending LRSimilarly, when an LP receives a message, the times-
tamp of the message is incorporated intwjtbefore the message is acknowledged. This

being the case, the following invariant is maintained by the algorithm:

LEmMmA 2 At any instantt, there is at least one | Rvith g (t) or v (t) less than or
equal to GVT, (t).

PrROOF By definition, GVT(t) equals either thecal_clock of some LR at time

t or the timestamp of a message sent by somdd_Bome other LRhat has not yet been
incorporated into LPs events list at timé (or both). In the first case, P5 (set clock)
guarantees that,(t) will equal GVT, (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 infs eRents list, i.eg,(t) is made equal

to GVT, (1) (it cannot be less than GYTt)). Thus, for the entire time the message is “in

transit”, P9 (message deletion) ensures that the message in transit is also presgnt in LP
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outstanding message list and P8 (unreceived is minimum) guarantees tht)thell be

less than or equal to G\YTt). n
LEMMA 3 GVT, (1) < GVT, (1) [t

PRrROOF GVT, (1) is defined as the GVT computed from the state vectors presented to
the GVT Calculator at timg i.e.:

GVT,(t) = MIN, (0,(0), u(0)

which implies that GV (t) < o,(t) and GVT, (t) < v,(t) for all LF;. The lemma follows

immediately from the truth of the invariant of Lemma 2 and these inequalities. =

THEOREM 1 GVT, (t) < GVT, (1) Ot

ProoOF From Lemma 1, Theorem 1 is true if GYT) < GVT, (t) for those times, at
which the GVT Calculator starts a reduction cycle. From Lemma 3,,&YE GVT, (t)
Lt n

Note the proof above covers the case when old state vectors are overwritten by new
ones before they are processed by the GVT Calculatahis case, the set of values of
GVT, (t) processed by the GVT Calculator is a subset of the set of all the values assumed
by GVT, (). Since Lemma 2 is valid for all values of GY(), 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 afnd therefore GVJI(t), we

first show that th®0O_ACKprocedure 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
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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 |: Fixed set of acknowledgments

Assume first that a non-empty set of acknowledgme¥jtsybmitted to the GVT
Calculator does not change over the entire time taken to perform a single two-phase
acknowledgment. By A1(unique selection), one of these (call§ Bn acknowledgment
from LPg to LPg) will appear in the state vector output by the GVT Calculétcaddition,

Py will have the smallest timestamp in the set. By P13 (persistent primary acknowledg-
ment) and our assumption of an unchanging acknowledgment,getjllPcontinue to

appear in the GVT Calculatsroutput. P4 (periodic read) guarantees thapiP observe

Pw and by P12 (secondary acknowledgment), will submit the corresponding secondary
acknowledgment (call it\§ from LPsto LPg) 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 willgeABer timeA, Sy,

will appear in the output of the GVT Calculator and will continue to do so becgpsis®
appears in the output. P4 (periodic read) guarantees thatillbserve §, and by P13
(persistent primary acknowledgment), will remove its primary acknowledgmgnifter

timeA, Ry will no longer appear in the GVT Calcula®output. When this fact is observed

by LPg it will stop sending its secondary acknowledgmeit(312 (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 paperif Py is a primary acknowledgment, we refer to the two-phase process initiated
by the submission ofyPas thePy acknowledgment.

Case Il: Changing set of acknowledgments

Consider the case where the set of acknowledgmahtsh@nges when the two-
phase protocol is in progress. By P13 (persistent primary acknowledgment), the only

change can be the submission of a new acknowledgment (GgllyBome LR. Thus we
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have a new set of acknowledgmemts,= Al P . This new arrival can have one of two
effects: it either replacesyfPas the winning acknowledgment or it does not. The second
case is uninteresting as it does néeetfthe two-phase acknowledgment described earlier
(i.e., we can apply the argument of Case | to show thathecknowledgment will com-
plete in finite time). WhenPreplaces & in the GVT Calculatds output, we say the,pP
acknowledgment ipreemptedPy may preempt either the first phase or the second phase
of the Ry, acknowledgment. We consider each separately.

Case lI(a): first phase pempted

The first phase of thgfacknowledgment completes whenddbserves g If the
first phase is preempted, thendfas not observed P The efect of this is that the first
phase has not been started at all. SingésRhe winning acknowledgment npthe R,
acknowledgment goes through to completion in some finite time. Whegstbps sending
Py, the set of acknowledgments revertsAtérom A. Now the situation is exactly that
before the arrival of  Thus, the {8, acknowledgment will restart and complete in finite
time.

Case ll(b): second phasegampted

If Py replaces R, after LR; has observedf(and hence submitted,$ the second
phase of the [ acknowledgment is preempted. This may happen either after or before LP
has observed,in the output of the GVT Calculatdn the first case, all that remains of
the second phase is for & stop sending\$ By P12 (secondary acknowledgment), this
will indeed happen in a bounded amount of time singé&s been replaced by.FSince
LPg has already seer,St will no longer submit {3, and the i, acknowledgment is com-
plete. In the second case, afterslddserves that\Phas replaced\R (which it eventually
will, by P4 (periodic read)) it will stop sending,$P12 (secondary acknowledgment)). The
Pn acknowledgment now goes to completion. At the end of this, whgrrérRoves R,

Py again becomes the winning acknowledgment (the set of acknowledgments i8)again
After some finite time, LRobserves this and resubmits its secondary acknowledgmgnt, S
(by P12 (secondary acknowledgment)). Thgdeknowledgment now completes in finite
time.

Note the aguments of Case Il may be applied recursively (i.e., if a preempting

acknowledgment is itself preempted). Thus the two-phase acknowledgment protocol
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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 Consequentlyfor 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. S

THEOREM 2 If GVT4(t) increases at the instants of real titpe=0,1,..., then for each
there exists a finita such thau>t, an@VT_(u) 2GVT, (1)

PROOF We prove this theorem by contradiction. Assume B&T (1) <GVT(t,)

for all t=t; and somei. Since GVT(t) = GVTy(t-4), this means that
GVTp(t) <GVTt) for all t=t;. By definition of GVT(t), this implies that at every
instant of timet > t,, there must be at least oneylsch that eitheo, (t) <GVT(t,) or

U, (1) <GVT(t). Sincelocal_clock | (t) = GVTyt) ULP, andOt>t;, it follows from

PS5 (set clock) that o, (t) 2GVT,(t) OLp, and 0Ot=t,. The
conditionGVT, (t;) >GVTa(tj) Oj <i implies that there are only a finite number of
unacknowledged messages at any LP with timestamps less than or equal6.VT
Lemma 4 guarantees that all of these messages are acknowledged in finite time. P7
(update unreceived message time) then ensures that asyw/llean remain less than

GVTLt) for only a finite amount of time. The assumption is thus contradicted. =

In summarywe have proved thaipGVTsatisfies 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
i) 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.
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5.4 Global vs. Target-Specific
There are two aspects to the GVT computation scheme described apGXYEf

the algorithm that maintains a pair ov&@lues ¢; andv;) consistently at each [,Pand a
global reduction model that computes global minima corresponding to these/alices.
A global reduction model was assumed in Section 5.2 since GVT is a global value. It is pos-
sible to useapGVTin conjunction with the tget-specific reduction model of Figure 13. In
this casenpGVTcomputes the target-specific analog of Gu@fined for each LRs fol-
lows:
TSVT = MINLPJ_ (oj, uj) DLPJ. U the predecessor set of LP

The proofs of correctness npGVTcan be extended to the case where it is used with a

target-specific reduction model.

5.5 An Implementation ofnpGVT
Implementation ohpGVTrequires that we first realize the reduction model of Fig-

ure 15. As noted earlieone way of realizing this model is to use an asynchronous reduc-
tion network. V¢ 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 hardwarégfor historical reasons).

5.5.1 Framework Hardware
The hardware configuration is shown in Figure 16. The main components of this

hardware are thegarallel reduction networkPRN) and thauxiliary processor$AP). The

PRN implements the NPSIC. For edndst processofHP), there is an AP which is a gen-

eral purpose processor such as the HP itself. The p#tform simulation specific tasks
(executing events, sending and receiving messages, saving state, etc.) whiles {herAP’

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 AFhe 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.
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Figure 16- Realizing the reduction model

The interface between the HP and the AP consists of two unidirectional channels
(implemented as bfdrs). For information flowing from the HP to the AtRts 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 Bafis a FIFO. In the other direction, the only requirement
is that the most recent version of the &Butput be available to the Hiccordingly, the
OUT Buffer consists of a single cell buffer, which is repeatedly overwritten atomically by
the AP each time it presents new data to theW#Pnote that this configuration is one of
many possible implementations of the general reduction model. In parttbelahoice 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@¥ T described in Sec-
tion 5.5.2.
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Figure 17 - A Parallel Reduction Network

The PRN operates in reduction cycles, reducing a set of state vectors, one from each
processqrto a single output state vector in each cycle. Subsequent reduction cycles re-use
state vectors for those AfRwhich do not present new state vectoossatisfy these require-
ments, the design includes a custom interface between tiseaAB’'the PRN. The A$’
write new state vectors to the IN registers and read globally reduced state vectors from the
OUT reqisters. 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 thaWd’the PRN.

The detailed operation of these register interfaces is described in [RePS93].

The PRN is a binary tree of height jogwheren 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 AL&J'The PRN interfaces with each processor through
the IN and OUT registers. At each,ltRe 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 themsaeeat the top row
of ALU’s. These ALWS then pass the reduced values down to the second row oEALU’

While the second row of ALId’ reduces these values, the top row reduces the second ele-
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ments of each state vectdhus, the PRN operates in a pipelined fashion. The time required
for a set of values to pass through a single PRN stage is calleuinthiecycle timewhile
the time required for the top row AL8to read all the elements of the state vectors is called
theinput cycle timeNote that an input cycle consistsminor cycles, whermis the size
of the state vectors. Because of the pipelined nature of the PRN, it tajtesilogr cycles
for the global reduction of the first element of a set of state vectors and theredfier
tions of the remaining+1 elements emge 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 af input state vectors of sireeach, is (logn + (m-1))*c, wherec is the
minor cycle time.

Besides the ALU, each PRN node has some additional logic to accommaodte
ues that have multiple components (sucp,aandt, ). Each value submitted for reduction
is accompanied by tag which is expected to carry the other componentsTevaue. 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 suchna@gsienumon 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 executenpGVTof Figure 14 on the framework hardware, the synchronization aspects
must be separated from the application specific ones. Figure 18 sp@NI 2P which
consists of two algorithms, one to be executed on each HP and one on edéhrA&ke

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. W
use HRand AR to refer to the HP-AP pair on which LiB executing. ImpGVT2Pthe HP

maintains the logical clock, the events list and the output list (list of antimessages) while
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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);

Figure 18- npGVT2P Host Processor Algorithm

the AP maintains the foufvalues —o, ,u; p; 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 statemdéfnqueue (tag, value 1, value », ..) . The
AP is responsible for three major tasks:

» it must read the output of the PRN and propagate relevant portions to the HP

e 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 #&Rlgorithm is a single loop. The AP
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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: o, = new_clock_value;

SENT_MSG: IF message_time < Ui
THEN Ui = message_time;

Add message to outstanding message list;

RCVD_MSG: [IF p; = {0, ®, 0}
THEN pi = (message_time, message_id, 1)]
ELSE Add message to unacknowledged message list;

DO_ACK: IF [T = pAND p; % {0, @ 0}
THEN  Remove next batch to be acknowledged
from the unacknowledged message list;
Set ; to acknowledge this batch;

[IF phas been sent to me

THEN IF messages in pJ'atch are not in outstanding message list
THEN T; = {0, ®,0}; - ignore primary ack
ELSET, = Pl

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 = Ui
THEN U; = smallest timestamp among messages not marked
“deleted” in outstanding message list;

ELSET, = {0, ®,0};

Figure 18 (continued) NpGVT2P Auxiliary Processor Algorithm

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 tb®_ ACKprocedure. Finallyit removes one tagged

communication from the FIFO (if there is one) and processes it.

5.6 Correctness ohpGVT2P
Recall thanpGVT2Pis derived frormpGVThby distributing the work between the

HP and the APThis oganization introduces latency in the data path for synchronization
data (Figure 19), i.e., when an HP changes state so that(§¢flanges, this change is not
reflected immediately in the state vector presented to the GVT Calcatiovey 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 dérence between the computational modelsnjpGVT2Pand
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GVT,()

State Vector | | State Vector | | State Vector | GVT, (1)

]
T -0 \ ~|
A GVT Calculator

il |

GVT.(t)
Figure 19- GVT Computation Model fonpGVT2P

npGVT For instance, impGVT the time of the next event is always reflected inand
therefore GV, (t)) before the HP starts executing the event, whilep@VT2P o, may

be set to the time of the event after the event has completed execution. In this section, we
show that correctness mpGVT2Prequires only a minor modification to tB€®_ACKpro-

cedure oinpGVT As withnpGVT the correctness ofpGVT2Pis determined by the two

correctness criteria of Section 5.3e\8how next thatpGVT2Psatisfies these two criteria.

5.6.1 Properties of the Framework Hardware
As before, we use some propertienipGVT2P(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 pGVT2P

P14 noloss
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.
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5.6.2 Criterion 1
Define theminimum timeat timet, p;(t) of AR, as:

WD) = MIN(G(D), v(0)

THEOREM 3 GVT, () < GVT, (1) Ut

PrROOF Comparing Figure 19 with Figure 15, we see that the relation between
GVT¢ () and GVT, () has not changed, i.e. Lemma 1 holds here as well: if
GVTp(s)sGVTa(s) for all times s at which a reduction cycle is started, then
GVT(t) < GVT(t)t. We are thus required only to prove tKaVTp(s) < GVT(s) for
those timess at which a new reduction cycle is initiated. Once again, we do this by
showing thanpGVT2Pmaintains the invariant of Lemma 2, which is restated here using

our definition of, above:

|: At any instant, there is at least one |- 8uch thatu,(t) < GVT(t) .

For anyt, GVT, (t) is the timestamp of one or both of the following: (i) an event
being executed (or just executed) at somediRii) a message in transit.e/¢ee that in
npGVT2Ran HP always enqueuedN&W_CLOCEKommunication with the timestamp of
the next event before executing that event. SimjlalyHP enqueuesSENT_MS@om-
munication before sending a message. As a result, at ant; traesee that the FIFO of at
least one LP (L will have a tagged communication with timestamp GW)I With regard
to this communication, there are two possibilities: either the AP of the corresponding HP
has processed the tagged communicatidroatit has not. In the first case, we see from
npGVT2RtheNEW_CLOCHENdSENT_MS@ases of thEASEstatement in the AB'main
procedure) thag,(t) < GVT(t) 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 GV (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 entitied~(A® element or AP).

The height of the bar is proportional to the value of the timestamp, i.e.dke tlae times-
tamp, the taller the bafhe bar for the HP depicts the value of thedH&gical clock (LC).
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(b) LP with rollback

Figure 20- Timestamp profile of LiP

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 theny and use
to symbolically denote the timestamp of it communication from the head of the FIFO
of LP,;). Finally, the bar for the AP depicts the ARhinimum timey;. 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 $erfed a rollback recently. 8\refer to a dip in the timestamps in a
FIFO (such as,,_, to i, ) as avalley The efect of a rollback is to create a valley in the
LP’s FIFO. Wth regard to an element in the FIFO, we say that all of the elements closer to
the AP areaheadof it. When a particular timestamp is irrelevant, it is omitted.

At time t, consider the LP (LP with a communication with timestamp GY)
enqueued in its FIFO. The FIFO of L Pan have one of the two profiles shown in Figure
22, with x, = GVT, (t) (strictly speaking, the FIFO can have more than two profiles,
depending on the number of valleys in the profile; howetliere are only two interesting
types: those with valleys ahead of the communication with timestamp G\ahd those
without). If LP, does not have any valleys ahead of this communication, then we see from
Figure 22a thapi (t) < GVT(t) and the invariant will hold. The interesting case arises
when the communication with timestamp G\{) is present in LPs FIFO due to a recent

rollback (Figure 22b). In this case, it may happenphe) > GVT,(t) . For the invariant to
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HP FIFO AP
O_, e X Xl o] %o XnZ X, _q 22Xy 2 (1)
x, = GVT(1)
(a) Profile without valleys
HP FIFO AP X, = GVT,(t)

X 222X, 2 (1)
n-1 0 X
O—> X, Xn_1| | %o
Xn<xn—1

X, < W (1)

(b) Profile with a valley

Figure 21 - Possible profiles

be true, there must be some othey, IsBch that (t) < GVT(t) . W show now that this is
the case.

Consider the LP (L) that sent the straggler message that caused the rollback in
LP, corresponding to the valley in Figure 22b (in the case wheges Ipofile has more
than one valleyconsider the valley closest to the communication with timestamp, GV T
but ahead of it in the FIFO). fRvill have enqueued 8ENT_MSG&@ommunication with
timestamp GV (t) into its FIFO before sending the straggléthis communication has
been processed by fRhen Uy(t) < GVT,(t) (since AR has not yet acknowledged the
straggler message) and thug(t) < GVT,(1). If not, there are two possible situations:
(i) LPy is not the root of the rollback chain to,Lé¥ (ii) it is the root of the rollback chain
to LP,. We consider the two cases separately.
Case (i) Assume L is not the root of the rollback chain to,Lf.e., LR, has rolled back

recently) and th6&ENT_MS@&ommunication has not been processed by its AP so that its

profile is similar to that shown in Figure 22b. Then,IsFsituation is similar to that of
LPy. As before, we proceed further up the rollback chain and examijie gredecessor.
This process terminates in one of two ways: (a) we reach a pair ®frLiie chain, LP

and LR such that LPis before LPin the chain and AFhas processed tfBENT_MSG
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Figure 22 - Profile of the root of the rollback chain

communication from HPor (b) we reach the root of the rollback chain. In case (a), as

explained earligrsince APhas not acknowledged the straggler messagewilPhave

1, (t) = GVT(t) . Case (b) is the same as case (ii) above, which we consider next.

Case (ii) If the root of the rollback chain (LPhas a FIFO profile as shown in Figuré,22
then the invariant holds singg(t) < GVT,(t) . On the other hand, if its FIFO profile is as

shown in Figure 23, then it has fared a rollback recentlyhose dkcts are still in its

FIFO (rp) and consequentlyhe invariant may not be satisfied by.LRowever LP, is

now in a situation very similar to that of L.Rnd we apply our logic again, traversing
backwards along the second rollback chain ta M show next that this process will

terminate.

Consider the process againe\tart 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 succeedioy LP
instance, r; is the SENT_MSGommunication corresponding to the message sent pythialP

started the cascading rollback. A vertical dotted line is used to indicate that intermedsatee’

been omitted for compactness.
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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. 8proceed 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 AReach 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 LRvhose AP has seen tB&NT_MSG@&ommunication from
its AP and therefore hag(t) < GVT(t)
i) We reach the root of a rollback chain (L®hose FIFO profile has no
valleys (Figure 22) ahead of the communication corresponding to the
rollback-causing straggler, in which casg bBsp,(t) < GVT(t) .
Note that the entire gnment 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 holasGMT2Pas

well and the proof of Theorem 3 parallels that of Theorem 1. L]

5.6.3 Criterion 2
As noted earlierthe addition of the FIFO requires a modification to@i@ 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 messagpAWT2Pthe HP sends the mes-

HP FIFO AP
LPy O_> X [Xn_1| - | %o Xy_12 e 2% 2 ()
Xn<Xq_1
Xy < H(t)
* Ne = X, = GVT()
HP > FIFO AP

2.7

I’k w2l
r r

Fpo12 202 TR Q)

rk < “r(t)

Figure 23- Profile of the root of a rollback chain with a valley



76

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 HPsends out a message to;ldRd enqueues BENT_MS@&ommunication to
AP; such that the message is received byat# the primary acknowledgment for the mes-
sage is initiated by AFbefore AR processes thBENT_MS@ommunication. As a result,
it may happen that ARbserves Afs primary acknowledgment emerging from the PRN,
but does not have the corresponding message identifier in its outstanding messaife list. W
npGVT theDO_ACHKprocedure executing at ABssumes 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 jAsbserves this secondary acknowledgment, it
removes its primary acknowledgment and the two-phase acknowledgment is completed.
Finally, when AR processes thHeENT_MS@&ommunication, it inserts the message identi-
fier into its outstanding message list where it remains indefingglge AR will never
acknowledge that message again. In such a oagand hence GVJ(t)) will not advance
beyond the timestamp of that message.

The problem here is that tiE) ACHKprocedure impGVTis unable to distinguish
the case where a message (or a batch of messages) has appeared in thesestaieding
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 tise sender
outstanding message list because the correspo&diiNg _MS&ommunication has not
yet been processed by the.ARe 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 previousty3olve this problem, in
npGVT2Pwe 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
npGVT2Pignores 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 rmkekp the sizes of the outstanding mes-
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sage lists small, messages marked “deleted” must be removed from the lists periddically
is clear that property P13 (persistent primary acknowledgment) from Section 5.3.3.3 is true
for the DO_ACKprocedure ohpGVT2Pas well. Consequentlyvhen AR receives a pri-

mary acknowledgment from ARt is guaranteed that all previous acknowledgments from
AP; have completed. Thus, whenever; A€ceives a primary acknowledgment from; AP

it removes all other messages in its outstanding message list senttimtAave been
marked “deleted”.

With regard to property R1(unique selection), since the onlyfdience between
npGVTandnpGVT2RHs the method of submission of primary acknowledgments, this prop-
erty is true for thé&®O_ACKprocedure ohpGVT2Pas well. FonpGVT2RPP12 (secondary
acknowledgment) is true only if the corresponding message is presensiowtBtanding
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. Howeyeamce a message has been sent by a4 (no loss) and P15
(finite delay) guarantee that the correspondsfttNT_MSGommunication will be pro-
cessed and therefore this message will be inserted into the correspondirmysRinding
message list within finite time. Thus, P12 holds fori@e ACKprocedure ohpGVT2Pas
well. Since the proof of Lemma 4 uses only properties P4 and P11 through P14, Lemma 4
holds fornpGVT2Pas well.

THEOREM 4 If GVT4(t) increases at the instants of real titpe=0,1,..., then for each
there exists a finita such thau>t, an@&VT_(u) 2GVT, (1)

PROOF We prove this theorem by contradiction. Assume BaT (t) < GVT(t)
for all t=t, and somei. Since GVT() = GVTy(t-4), this means that
GVTp(t) <GVTt,) for all t=t,. By definition of GVT,(t), this implies that at every
instant of timet > t;, there must be at least oneyldich that eitheo, (1) <GVT(t,) or
U, (1) <GVT(t). Sincelocal_clock (t) = GVT4tj) ULP, and[t >t , there are only a finite
number of NEW_cLOCckcommunications in each L$’'FIFO, followed by aNEw_CLOCK
communication with valuéocal_clock (t;). By P15 (finite delay)g, (t) = GVT,(t)
Ot=t; +a for some finite delagi. The conditionGVT, (t;) > GVTa(tj) j <i implies

that there are only a finite number of unacknowledged messages with timestamps less than
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or equal to GV{(ti.1), either in the form o8ENT_MS&ommunications in the FIFO’s or in

the unacknowledged message lists of thesABY P15 (finite delay) and Lemma 4, all of

these get acknowledged in finite time. Analogous to P7 (update unreceived message time),
npGVT2Phas the property that when an ;ABceives a primary acknowledgment for a
message, that message is marked accordingly and is considered as being deleted for future
computations ob, . Thus, when APreceives a primary acknowledgment for a message
with timestampu,, the new value ob, is computed by excluding the message just
acknowledged. This ensures thgf(t) = GVT,(t) Ot=t +3 for some finite delay.

Consequentlyldt = MAX (a, B) , and the assumption is contradicted. =

5.7 Properties of GVT; (t)
In this section, we describe three interesting properties of the GVT computed by

npGVT For brevity we discuss these only fopGVT but each of these properties can be

shown to be true fanpGVT2Pas well.

5.7.1 GVT, (t) is Non-decreasing
Criterion 1 for the correctness of a GVT computation algorithm requires only that

GVT(t) = GVT(t) Ot. Here, we show a stronger property about G)T namely that in
addition to being less than or equal to G\({), GVT, (t) is strictly non-decreasing (i.e.
t, >t, 0 GVT(t)) 2GVT(t,)). The GVT computation model foxpGVTis shown in
Figure 15. Vi@ see from the figure that GYTt) = GVT, (t-4). Itis clear that if the values
of GVT,, (t-4) at those timesA when a reduction cycle is started are strictly non-decreas-
ing, then GVT (t) will be non-decreasing for all timésWe now show that this is the case.
Consider a change in GYTt) from one reduction cyclé&VT, (tp) =G) to the next
(GVTp(t0 +90) = G). For exposition, we refer t&values contributing tds using the »
symbol and to those contributing @without it (i.e.,o;(t;+ ) = G;, v,(t,+9) = 0,
o,(ty) = o; andu;(ty) = v; ). By definitionG is the minimum of the smallest and the
smallesto, . In each case, we consider all possible ways in which thesé&waioes may

be assigned.
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Case (i) G = 6, for some
* LP; finished processing an event and compuiedrom the events lists,
must be at least as ¢@ aso, since the events list is sorted in non-decreasing

A

order. We hav&5<0,<6;, = G

* LP,; received a straggler or an antimessage fropndaRising a rollback. In this
case,s; <o,, butsince antimessages are also acknowledged, the straggler will

be outstanding at LPThusG <v; = &; = G.

Case (i) G = 0, for some
* LP,; received an acknowledgment, and therefore set, itto the new smallest

timestamp in its outstanding list. By P8 (unreceived is minimum) (Section

5.3.3.2), we have, < 6, and sincés < v, we haveG< G.

* LP; sent a message and setto the timestamp of the message. Here< v, .
However since a message is sent only after executing an event (i.e., after

settingo, ), we haves, =, ar@< o,.ThusGs G.

5.7.2 GVT, (t) Tracks GVT, (t)
A necessary condition for G\(Tt) to be correct is that it is never greater than

GVT,(t). An algorithm that estimates a lower bound on GVT satisfies this condition. The
GVT computed bywypGVTexhibits a much stronger property. From Figure 15 and the dis-
cussion on the operation of the reduction network in Section 5.5.1, itis clear thati{tsVT

(and hence GV (t)) assumes at most one new value between successive reduction cycles,
GVT, (t) will assume exactly the same values as G albeit lagging behind it. If

GVT, (t) assumes more than one new value between successive reduction cycles, then only
the last one will be seen in GVT). In this case, GVJ(t) assumes a subset of the values

of GVTj (), once again lagging behind it. In either case, the values of GNVare numer-

ically the same as those of G¥/(f) and not mere lower bounds.

5.7.3 GVT, (t) Approaches GVT, (t)
A corollary of the progress criterion (Section 5.3.4.2) is that if the simulation is

halted at any time, G\[I(t) will equal GVT, () in some finite time. Assume that after the

simulation has run for some time, all kRBtop their processing and retain the values of their
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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 receiviigNd®, since

there are only a finite number of messages to be acknowledged, after some finite time, the
v; of each LP will become> . At this point, GVT, (t) will equal the minimum of the; of

all the LP5 and after timé\, GVT, (t) will equal GVT, (t). This property is particularly
important when usingpGVTin NPSI adaptive protocols because these protocols allow
LP’s to temporarily suspend execution of events. Specificléads 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 chaptepGVT) computes GVT in aggressive protocols.
We have proved the correctnesaipGVT We note that GVT computation is only an exam-
ple — npGVTcan be (and has been) extended to compute other kinds of information.
npGVTis a foundation for the design of NPSI adaptive protocosh@ve presented an
implementation ohpGVTon a hardware realization of the reduction model and proved its
correctness. Finallywe have described three properties of the GVT computegpGY'T

which benefit adaptive protocols.
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Chapter 6

Elastic Time Algorithm

We describe the Elastidriie Algorithm (ETA), an NPSI adaptive protocol based on the
general framework proposed in Chapter 4. A performance studyfoisEdescribed. This
study demonstrates clearly thatATonsistently outperformsiffie Warp (both time and
space) across a wide range of workloads. No other synchronization algorithm has been
shown to be so successfuleWtbnsider the success ofA&a significant contribution to the

PDES community.

We describe ZEA, a forerunner of EA. 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, &d M,. M, computes an error potential
(EPR) for each LR M, translates Efnto control over LPs optimism. Both Mand M, are
evaluated dynamically at high frequency during the simulation. Based on this framework,

an NPSI protocol can be described by specifying the two mappingnd/iv,.

6.1.1 M;: Computing EP;
Define the following:

o; = logical clock of LR — timestamp of the event either just executed or being exe-

cuted currently.

Lj = minimum unreceived message time of Life. it is the smallest among the times-
tamps of all messages sent by tiat have not yet been received and/or incorpo-

rated into the events list of the receivers.
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ni = next event time of LPdefined aso; while LR, executes an event; otherwise, the

smallest among the timestamps of events scheduled to be executed at LP
o; = MIN(n;, v;)
Qi = MINLPk(ai) OLP, Othe predecessor set of,LP

M, is the following function:
M ER = MAX {n; - q;’, O}

Note,a;” 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 — itijises
to compute EPrather than GVT (or TSVT). ¥calla;” the minimum future timéMFT)
since it is the minimum (over the predecessor set) of the next event times and the
timestamps of any messages in transit. Thusan be thought of as representing the time
of the next event relevant to Lf.e. the next event that canfeadt LR). Note, v; is
included in computingt;” since a message in transit may ultimately cause an event to be
scheduled at LiPSincen; is LR’s next event time, the @#rence between thg anda;” is
an indicator of how far ahead (in logical time);IsPhext scheduled event is of the next
event that can possiblyfa€t LR. It is interesting to note the relationship between TSVT
anda;”:

TSVT; = MINLPk(oi, v;) OLP, Othe predecessor set of,LP

a;" = MIN_p (n;, v;) ULP, Uthe predecessor set ofiLP

From the above definitions, we see that TS¥epresents the current statg) (of the
simulation whilea;” represents the immediate futurg)( Intuition suggests, therefore,
thata;” 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
safeevent (i.e. the event that is guaranteed not to be rolled back) is unable to determine this
fact. Potentiallythis leads to arbitrarily long periods of unnecessary waiting. The ase of
instead of TSVTin ETA solves this problema;” > n; implies there are no impending
events that will gect LR’s next scheduled event — i.e.,jlsPnext event is safe. Corre-
spondingly the mapping above sets ;BB zero in this case, fettively terminating any

waiting LR may be engaged in.



83

The intuition behindETA's M 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 nafddtives 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 M,: Controlling Optimism
Given a value of ERcomputed by M, M, is the following linear function:

Mo: 6, = sLEPR,
wheres is a scaling factor (we defer discussionsdn Chapter 8). The event processing

loop of an LP using EA (i.e., the event processing loop of an LP usimgel Warp

modified to incorporate Mand M) is shown in Figure 24. Some points to note:

9. g; =0; n; =timestamp of first scheduled event

10.  While simulation is not complete

11. o, = 1);; Process next event {schedule future events and send messages as
required}

12. Compute new n);

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 n;

20. Update O; ", EP ; and &

21. Read wait timer

22. while wait timer value < o)

23. If necessary, roll back and recompute n;

24, Process messages and recompute n;

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 staterddeives messages
from its input channels (line 7) and checks for two kinds of messages: (lines 8-10):
() a message that may cause it to roll back, and (ii) a message with timestamp
TSVT;. 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.

i) LP’s process messages in the blocked state. This reduces lost opportunity cost in the
following situation. Assume an incoming message agtHs3 a timestamp smaller
than n;. Since this message may schedule an event gtni.Pnay decrease in
processing the message, thus reducing\&fch 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 progeess of

iii) EP; andd; 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;Li®in the blocked statg; is constant while
a;" increases monotonically (shown in Appentlix Thus, &, decreases. LP
interprets each new value gfas 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, |.&Xits the blocked state.

These properties of Msuggest a simple loop structure for the blocked state, as shown in

Figure 24 (lines 5-14). This Mprovides direct control over an lPaggressiveness 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 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 ®chBR’change dynamically
ETA follows what we call thenicroadaptiveapproach wherein the adaptiveness is fine-
grained — it occurs after each event execution. In contrast, most of the previously proposed

protocols that limit optimism follow enacroadaptivapproach 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 reactirigiehtly 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 ERimulating 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 LB would be lightly loaded and would thusgaiahead in logical time,
simulating events that will be rolled back, in all likelihood. As the load locality changes
among LP’s, EA adapts by restraining those sRurrently 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. Wher0, §=0 irrespective of the value of
ER. 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 thuh,iE€ssentially identical to
Time Warp. Consider very lge values ob. As s tends to infinityd; becomes very lge
even for small values of ERHowever as noted earliethe LP (LF) with the next safe
event has EP= 0, and consequently; = 0. LR terminates its waiting, executes its next
event and then recomputes This new value ofj; is subsequently incorporated into the
a’s of LR’s successors so that the LP jLFith the next safe event computes ER, 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 LPS may execute events concurrenityour example above, it may hap-
pen that LPs new next event is also safe and thus iy execute this event concurrently
with LP;'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 M

Putting EA in perspective with previous protocols, we observe that it is similar to win-

dow based protocols with two significant differences:
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* It is completely asynchronous - there are no barrier synchronizations to negotiate
windows;
» Each LPS 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 valugsandu;. These values are used by the
feedback system to providg” to each LR By definition,n; equalss;, the logical clock of
LP; when LR executes an event. Since the GVT algorithm of ChaptgrG\T) maintains
o; andu; correctly, it can be extended to maintgjras well. We observe in Figure 24 that
n; 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 (iif) a message is received (the message may schedule a futurengvesy)be main-

tained correctly by executing the following statement:
if there is a next event, N; =timestamp of next event; else nj= o

at the following three points inpGVT (Figure 14): (i) after executing an event (and
scheduling any future events and/or sending messages as required) in TARGIGESS
(i) after rolling back and restoring the state in functR@LLBACK and (iii) after
processing each message in funcRBVMSGn the case ohpGVT2P(Figure 18), the
host processor executes the above statement at the corresponding places and sends the
value ofn; to the auxiliary processor.

As noted in Section 4.2.2, a target-specific reduction model can be implemented using
a taget-specific reduction network. Howeysince 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 eaghQrity those LR in the predeces-
sor set of LPsubmit values into the corresponding portions of their$SVall other LPS
submit identity values that do not contribute to the reductions (for exaia;, a MIN

operation).
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6.3 Performance Analysis
We describe a two-part performance study ofAEThe first part was conducted using
an implementation of EX on a fourprocessor system, while the second part focused on

demonstrating scalability using a simulation of systems witfetanumbers 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 imeTWarp because LB’ consume
excessive amounts of memory due to uncontrolled optimism. As demonstrated by results
presented here, controlling optimism significantly reduces memory consursptibat

the need for memory management schemes may be eliminated (except in the special case
of source LPS). Consequentjywe focus on rollback and lost opportunity costs — our
protocols do not incorporate memory management curreiigynory 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 tieetefeness 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 networKPRN) that we have designed and built [RePS92]. Each
workstation communicates with its own auxiliary processor (AP) through dual-ported
memory (DPRAM). The four AR’are connected to the PRN which computes and dissem-
inates globally reduced values at very high speeds. The &B’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 théhfdtigh the
DPRAM. The APS process this information and send it to the PRN. Also, the #sRd

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 Ao(FJure
24) and the algorithms to compute NPSI. The event loop executes on each of the four work-
stations. The three-Vialues ¢;, v; andn;) are maintained bypGVT2P modified as
described earlier (Section 6.2). The portionp&VT2Po 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 &b consistently outperform
Time Warp over a wide range of workloads that include those for whitle Warp per-
forms well and those for which it does not. Unfortunatigre 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 netwokkgelidve a

protocol must be tested on several kinds of workloads to demonstrate its effectiveness.

In terms of performance ofime 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 generaljre Warp performs well when the event grain ig&acompared
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, ime Warp can become unstable [LUWS89, Fuji90]. Similartybalanced
load can lead to excessive rollbacks and/or memory consumption, both of which can
degrade performance severdius, 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 andfeft 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 realieeedif 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. ime 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 detalil.

There are two basic modes of operatimessage initiatingndself initiating It is pos-
sible to combine these two modes in a single workload. In the message initiating mode,
each LP contains some number (possibljed#int 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 festtaftther
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 paramekbech can be zero. Execution
of an OUTPUT event sends a message to anothditieRselection 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 withfardifit 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 definingourcesandsinks A source is a generator of messages — each OUT-
PUT event at a source schedules a JOB event lodakjnk 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 initidiecution of a SELF event involves
three activities: (i) execution of a busy-loop to simulate local actiffijysending a mes-
sage with some probabilitgnd (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 doastschedule an event at the receiving LP — howetweray 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 #quency— the number of events between successive state saving
operations;

« fossil collection fequency— the number of events between successive fossil
collection operations;

* timestamp in@ment— 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 EBTon 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 féifent 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 thg fpology (a torus) and 25

messages per LP initiallffhe event delay is 1 millisecond and the mean number of
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Figure 25- Topologies for workloads

local events per message sent is 5. Due to the &rent grain and high local activity,
this workload represents a typical simulation wheneel\arp performs well (such as
battlefield, traffic and computer network simulations).

b) SELF-SYM is self initiating with topology 1. 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 father than 1. Since this
topology is biased, it is expected to increase rollback costs.

d) MSG-SYM is a message initiating workload using topology 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 father than T. The bias in
the topology mimics hot-spot activity in interconnection networks.

f) ASYM is similar to MSG-SYM (message initiating, topology &nd no local
messages). The mean event delay foy &l LR is 2 milliseconds while that for 13P
and LB 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 thechoingexample described in [LUWS89]. It uses
three LPS with T3 topology LPy and LR execute in self-initiating mode, sending
messages to LPafter each event. The mean event delay is 100 microseconds. In
addition, a single message-initiating event is a§ Lriftially. After processing this
event, LRy sends a message toLF his causes Lfto schedule an event, possibly

after rolling back. After processing this event, I98nds a message back tq,lehd
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the cycle repeats. Thus, thiswusal message rolls back its receiver and while the
receiver is rolling back, the sender simulates ahead, sending erroneous messages to
LP,. Thus, LR and LR spend increasing amounts of time rolling back and the
progress of the simulation diminishes rapidBlearly this is a stress case foime

Warp. This workload is inherently unstable.

h) CHASE represents a second kind of adverse rollback behavior experienceandy T
Warp, in which erroneous messages outpace the corresponding antimessages. The
workload is message initiating with topology. TPy is a slow source of messages —
it sends a message every 10 milliseconds.These messages serve only tphatk P
and are consumed by LR_P;, LP, and LR, execute events at a fast rate (event delay
= 100 microseconds). Initiallyyach of LR, LP, and LR has 5 events. The erroneous
computation proceeds in the form of these 5 events circulating among the thsee LP’

A message from L§causes LPto 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 $Rindego
alternating phases of slow and fast execution. The workload uses topglddy &nd
LP3 begin executing in the slow phase whileled LB 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-SELFis 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 2%s 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 6.3dtal 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 efect 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;

e unprocessed — this is created bynaway LPS (unthrottled LP$ 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 ifitis a rare occurrence. While it is possible to incorporate memory-based flow control
into NPSI protocols (mapping (ix) in Section 4.3.1) AEoes not do so currently. There-

fore, we do not measure unprocessed memory.

The slopes, in M, translates the value of FfPom logical time units to a delay in real-
time. The range of ERs dependent on the logical time increments exhibited by the LP’
and the rate at which they execute events, send messages, etc. Since theseftaators dif
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 Recall ER 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-a4

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-df shown in Figure 10 (Section 4.1.1)wad 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 tAas@&ble to
eliminate most of the rollback cost before any appreciable lost opportunity cost is intro-
duced. Furthersince rollback cost is nearly zero, the performance @éf IETlose 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 thefedtiveness of EA 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 benefitodgfiears to be from
reducing the rollback depth rather than the number of rollbacks. This is as expected since
completely eliminating rollbacks requires either conservative processiAgaiiroaches

this at slope=1000) or perfect guessing (which is not i £design). Furthethese results
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Figure 26 - Performance for LGRAIN

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 twosLRote, in parts (c) through (e), the two
curves in each graph (for jRAnd LR) 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 ofA=dn 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 thafE&aches
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 etréer
range of values over which the slopteafs 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 theedbht event grain sizes in SELF-SYM

and LGRAIN.

6.3.5.3 SELF-BIAS

Figure 28 shows the performance ofAEWith SELF-BIAS. Since the workload is
biased with messages being concentrated aabhg LB, these LP’s tend to stay synchro-
nized while LR and LR do not. Accordinglythe rollback time for ilme Warp is greater
for LPy than for LR. From part (c) we observe that . Ras fewer rollbacks than LPout
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 g{&® LR). 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. Finallyote the dierence in average wait times forj-&nd

LP, (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 offE@ith MSG-SYM. The absence of the charac-
teristic parabolic shape in the completion time curve is attributed to the lacKiokestif
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 (8@ hile 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 fgdasalues of slope, BATbehaves
similar to a conservative protocol. Since the communication graph is strongly connected
and there is no lookahead, a conservative protocol at&fely execute this simulation

sequentially (albeit with messaging latencies and other overheads). Therefore, we observe
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Figure 28 - Performance for SELF-BIAS

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 fgilol LR 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 29 - Performance for MSG-SYM

6.3.5.5 MSG-BIAS

Figure 30 shows the performance ofAEaAith MSG-BIAS. The rollback cost forifhe
Warp is significantly higher with MSG-BIAS than with MSG-SYM, due to the bias in the
workload. EA 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 30- Performance for MSG-BIAS

rollback time is nearly zero and the decrease in completion time (~34 seconds) is greater
than the decrease in rollback time (~25 seconds). Teet eff the bias is apparent in the
rollback behaviors of Land LR 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 significAsthoted ear-

lier, this is because there is intient concurrency in the workload and a conservative
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approach works best. Part (e) clearly demonstrates the adaptive natufe-of &fice the
bias in the workload was chosen arbitrarily and\Eias not tailored in any way to com-
pensate for this bias, this graph shows that Bdapts to the load imbalance by throttling
LPg (and LK) more than LR (and LB). The performance of Elwith the PHASES work-

loads further illustrates this point.

6.3.5.6 ASYM

Figure 31 shows the performance ofAEWith ASYM. The performance is similar to
that with MSG-SYM, since the two workloads are simildre effect of the asymmetry in
the workload is apparent as the separation in the curves§aridALR 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 o#EWith ECHO. EA 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 ficeerty of the simula-
tion to zero asymptoticallyBy limiting optimism, ER 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 betwgen LP
and LR. ETA produces correspondingly significant reductions in memory consumption as
well. Memory consumption is high in ECHO because while one ginié LR 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 phenomenechaing where the depth of roll-

backs increases without bound.

6.3.5.8 CHASE

Figure 33 shows the performance offEWith CHASE. Recall, CHASE is designed to

create a situation where erroneous messages outpace their corresponding antimessages.
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Figure 31- Performance for ASYM

This chasing phenomenonill persist only if the logical distance between an erroneous
messagely and the corresponding antimessadg(i-e. the number of LB’separating/

and M) is suficiently laige. The short length of the cycle in CHASE (3 4)Rimits this

distance to at most two and thus suppresses the chasing phenomenon. This is evident in the
fact that the average rollback depth witm& 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 32- Performance for ECHO

deeper and fewer rollbacks since §Process several erroneous messages before the first
antimessage arrives. The simulated performance Afvidih CHASE for lager systems

(8 and 16 LP’s - described in Section 6.3.6.4) supports the above reasoning.

Another efect of the short cycle length is that there is very little concurrency in the
workload. The lage numbers of rollbacks at the 5 the cycle reduces the rate at which

they progress through logical time. On the other hand,d®Es not restrain Lgsince LR
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Figure 33- Performance for CHASE

has no predecessors. As a result &fectively becomes fastsource of messages for |.P
resulting in an unstable situation where;1sPmemory consumption increases slowly but
unboundedlyAs noted earlierthis 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 instabilitpvestigation of memory based

flow control in NPSI protocols is the subject of future work (Section 9.2). Singhdsho
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Figure 34- Performance for PHASES-MSG

appreciable ééct on the behavior of the other sMesides gradually consuming 4P

memory it can be ignored for the purpose of analyzing thecebf ETA on the rest of the

LP’s. The resulting workload is very similar to MSG-SYM and corresponditiggyper-

formance is also similar to that with MSG-SYM (Figure 29).
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6.3.5.9 PHASES-MSG

Figure 34 shows the performance offEdith PHASES-MSG. Due to the Ige 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 offdrerdiimetrics
are averaged over the entire simulation run. Since each LP executes both phases alternat-
ingly, the average behaviors of § Bnd LR are nearly identical and do not evidence the

adaptive nature of ETA.

Figure 35 shows the average rollback depth as the simulation proceeds, fanmmth T
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 36- Performance for PHASES-SELF

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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cution during the fast phase. Adaptive throttling of optimism b& EéOuces this memory

consumption significantly.

6.3.6 Scalability
We describe a simulation study to demonstrate the scalability Af(&Td 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). Consequetitly/study was focused on determin-
ing whether the trends observed in the earlier study continued to exigjen $gstems,
rather than on making specific predictions about the expected benefis.afiETspecific

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 lager 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 Tme 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 SE8Rbench simulation tool [SES],
consists of detailed models of thefedient components of the testing environment, as
shown in Figure 37. The L&are modeled by associating execution times with various seg-
ments of the code implementing ATSimilarly, the AP model consists of the code to
implement the synchronization algorithmsnm@GVT2PR 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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Host Communication Network Model

LP Model LP Model LP Model
4
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AP Model AP Model AP Model

f 4
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Target-Specific Reduction Network Model

Figure 37 - Structure of simulation model

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 BReEmpting to transmit concur-
rently). Since the tget-specific reduction network operates at very high speeds relative to
the other components in the system, the model for this network was designed to@xecute

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 eafiiea previously developed
simulation model of a global reduction network [Srin92] was the basis for tet-&e-
cific reduction network model, (iif) parameters for this model were estimated by profiling
the existing network using a logic analyzand (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 aboutsheudh’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).



110

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 mugeiddhan those projected for a production
version of the system. Accordingiynodel 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, typicaltile 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 lager systems as shown in Figure 38. Figure 39 shows the performanca of ET
with SELF-BIAS for 9, 16, 36 and 64 L&' 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.

Figure 38- Modified torus topology for large systems
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50

Figure 41- Modified topology for ECHO

MSG-BIAS
This workload also uses the modified torus topology of Figure 38. Figure 40 shows the

performance of EA with MSG-BIAS for 9, 16, 35 and 64 L& These graphs demonstrate

the scalability of EA 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 tgéarsystems as shown in Figure 41.

A single message-initiating event is circulated among the afthe left. While this mes-
sage rolls back one of these EPthe other LR process forward, incorrectly sending mes-
sages to their respectigink LP’s. The scalability of EA for ECHO is demonstrated in
Figure 42.

CHASE
The topology for CHASE (fin Figure 25) is scaled to a systermafP’s by increasing

the length of the cycle t®1 LP’s. As explained in Section 6.3.5.8, increasing the length of

the cycle is expected to have twieets: (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
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Figure 42 - Scalability results for ETA with ECHO

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

Table 1- Trends demonstrating the occurrence of the chasing phenomenon

Number of rollbacks | Avg. depth

Number of events | of rollback
4 LP’s 0.79 1.8
8 LP’s 0.5 3.2
16 LP’s 0.18 11

larger systems. This supports our reasoning that the chasing phenomenon occurs in the
CHASE workload for lager systems. Figure 43 shows thalESignificantly reduces the

effects of the chasing phenomenon.
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Figure 43- Scalability results for ETA with CHASE
LOGIC-NW

The topologies for LOGIC-NW are shown in Figure 44. Note, these topologies are not

(@) Ten LP’s (b) Twenty-one LP’s

Figure 44 - Topologies for LOGIC-NW
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Figure 45- Scalability results for ETA with LOGIC-NW

strongly connected (as opposed to a torus). Such topologies are typical in logic networks,
which consist of a set of sources of signalsragtdthat define the flow of signals. Sequen-

tial elements in the simulated circuit introduce feedback in the topoidigynately, 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 outperformsiffie 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). Furthat this point, the reduction in completion

time exceeds the reduction in rollback time. This implie& Eliminates nearly all
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of the rollback costs in the application without introducing significant lost
opportunity cost. Thus, the performance ofAE$ close to the best possible by
controlling optimism (Section 6.3.1).

» ETA produces significant reductions in maximum memory consumption. This
decreases the dependence ofAEAh memory management schemes such as
Cancelback or Artificial Rollback [LinY92a]. By incorporating memory-based
flow control into ER's M; (see Chapter 4), we believe the need for such costly
memory management schemes can be eliminated altogether.

» ETA is adaptivegeven for a fixed value of slap€his is demonstrated clearly by
the performance of EA on the biased workloads as well as the PHASES
workloads. Since EA was not tailored in any way to compensate for the bias or
the phase behavior (i.e. teamealgorithm was used iall experiments), we have
shown that ETA adapts to changes in load locality.

» The performance of E& scales well over moderately parallel systems. N&ve
studied the performance of BTor 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 ENwas also conducted as part of the performance
study primarily to confirm theoretical reasoning about the nature & &1d to gain
insights into its operation. Sensitivity of E§ 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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Figure 46- Sensitivity of ETA to timestamp increments

Timestamp increment

Recall the error potential in BTis a function of the next event time and the quantity

a;", which is also measured in units of logical time. Thus, EP is essentialfgredde in

logical time. The magnitude of this fifence is proportional to the meanfeliénce
between timestamps of successive events — i.e., the smaller the mean timestamp incre-
ment, the smaller the range of values for &Rce the delay introduced by A&fter each

event is proportional to the EP by the slope, it is expected that smaller values of EP will
require lager values of slope (and vice-versa) to providéigent delay This is clearly
demonstrated in Figure 46, which shows the performance Aff&Tthree diferent 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 trdde-optimistic systems.

On the one hand, reducing the frequency decreases state saving costs (both time and space).

Rollback

Logical time -

@ Event execution - state saved

O Event execution - state not saved

Figure 47 - Effect of infrequent state saving on rollback depth
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On the other hand, if state is saved less ofters h&ve 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 EXwill be higher with less frequent state saving. Figure

48 shows the performance of £TWith 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 generattris 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. W 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 concurteacgituation where ifne Warp is
expected to perform well. Figure 49 shows the performance AfdSTconcurrency is
increased in the workload. ¥ no internal events, the rollback costs are relatively high

and, as expected, BTproduces significant reductions in rollback and completion times.

For lager numbers of internal events, rollback costs forelWarp (slope=0.01) are insig-

nificant and correspondinglfETA does not provide significant benefit. The performance

for varying event execution times is similar.

6.4 ZETA
We describe ZEA, another NPSI adaptive protocol. Z&Ts the forerunner of EA
and differs from it only in the mappingMFor ZETA, M, is the following function:

M, : ER = MAX {0 - TSVT, 0}

ZETA is described here for two reasons: first, the criterion for limiting optimism IAZET
(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 ZEAR. Second, an analysis of the drawbacks of XHotivated the
design of ETA.

6.4.1 Performance Analysis

We describe the performance of Z&0n 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 workloadrfoe T
Warp, with high rollback costs. FinallgCHO 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 288ith LGRAIN. The reduction in completion

and rollback times is similar to that with ETFigure 26). Note, however, that the number
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Figure 50- Performance of ZETA for LGRAIN

of rollbacks decreases initially with ZBTout 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 2EWith 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 BJ. 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 ZETs unable to reduce the number of rollbacks below 2500.

Hence the residual rollback cost.
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Figure 51- Performance of ZETA for MSG-SYM

6.4.1.3 ECHO

Figure 52 shows the performance of 28With ECHO. Clearly, ZETA eliminates the
echoing (and the instability) in the workload aeetively as ER (Figure 32). Note, how-

ever, that ZETA doesot reduce the number of rollbacks significantly, while ETA does.

6.4.2 Discussion
The performance study above shows that XE@&n significantly enhance the perfor-
mance of Tme Warp. Howeverin comparison with EA, the following two conclusions

can be drawn:

* In general, the percentage of rollback time eliminated byAZEETless than or
eqgual to the percentage eliminated by ETA.
» ZETAis as efective as EA 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 seconfis Z€lficacy
in reducing the number of rollbacks is explained as follows: Considgr Vatues of slope
(this is the region in which the number of rollbacks is reduced). Sinc& 8%, is the
same as that for AT a laige value of slopes) implies lage values 0d even for small val-
ues of ER In such a case, an LP will generally block until its EP reduces to zero. Recall in
ETA this happens when the Ll$Mext event is the negafeevent (i.e. guaranteed not to be
rolled back). Unfortunate)yhis is not the case with ZBTEP equals zero for an |Bsing
ZETA whengo; = TSVT;. This happens when all of the predecessors phafe processed
all events with timestamp o; and any messages with timestamug kave been received.
At this point, LR will terminate its waiting and execute its next event. Howetere is no
guarantee that its next event is safe. For example, consider an immediate predecegsor of LP
— LP, — that has just completed executing an event sooitat00. Assumes; = 80,
TSVT; = 100,n; = 110 andn; = 120. In this case, ZETwill compute ER = 0 and allow

LP; to proceed even though ££next event could result in a message that roljdagk.
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Note that in the same situatiom, cannot exceed1D (;) and therefore ER= 10 using
ETA. Thus, by not taking the next event times ofd iito account, ZEA's M; has the
drawback that it tends to terminate waiting prematurelsulting in more rollbacks. This

analysis motivated the definition of ETA.

6.5 Summary
We have introduced an NPSI protocol called the ElastreTAlgorithm (ETA) and

analyzed its performance. Our goal is thaAEpErform well over a broad range of appli-
cations. © 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 forifie Warp. The results show that ETconsistentlyoutperforms ime

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 €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 cond#éions. W

consider our resultssagnificantadvancement in PDES research.

We have presented another NPSI protocol — &ZHRe forerunner of EA. 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. Howeverthere have been no analytical studies of adaptive protocels. W
present thdirst knownanalytical comparison of adaptively optimistic algorithms with

Time Warp.

Our analysis is analogous to a previous comparisorinoé Tvarp with the Chandy-
Misra protocol [LiMi90]. We define a class of adaptive protocols, the asynchronous adap-
tive waiting protocols (AWP’s) and identify several practical protocols that belong to this
class. V¢ show that: (i) ime Warp can outperform an AKP arbitrarily and (ii) an AAVP
we call ZET, previously described in Section 6.4 can outperformelWarp 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 tlae 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 defiagsynchonous adaptive waiting ptocols(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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while not done
Process event
Wait for time 0 >=0
Rollback if necessary
Process received messages
Save state
Collect fossils

endwhile

Figure 53- Adaptive event execution loop

ii)

The simulation loop of an LP is as shown in Figure 53. Note, we do not
make any assumptions about the particulars of th&/BAuch 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.

The waiting at each LP is asynchronous with respect to the waiting at other
LP’s.

The actions of an LP relevant to the analysis are: event execution, rollback
and adaptive waiting. @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 sLRd guess

computation. An increase in the guessing power of an LP could
compensate for any detrimentafesits 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.

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 AAWR If the rollback costs are not bounded for theVA our claim

that an AAVP can perform arbitrarily worse thammie Warp can be shown

trivially.
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vi) Since the delay tim& can be controlled directly by the AWP, it is
assumed to be bounded by a constant. Once again, if this were not true, our
claim that an AAVP can perform arbitrarily worse thamie 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 LFs. Similarly in Adaptive Tme Warp [BaH090], 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 vafaesddrgely
from that of another LP. In [HaW4], 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). Similarlyin [FeTr94], an LP blocks probabilistically for some
amount of time after each event execution. NPSI adaptive protocols, also satisfy¥ie AA
assumptions. WWdowing algorithms in which the windows are computed individually for
different LPS (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 tH&/RAA
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 XA can take arbitrarily longer thaimie 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 vernyfieiently, with few rollbacks; on the other
hand, it is also possible for affe 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 causeeVlarp execution to

move from the former category to the lattarthe 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 VErp execution) by at least an amount of time proportional to the length of the
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rollback chain. By auing that this rollback chain can be arbitrarily long, we show that the

committing of an event can be delayed arbitrarily.

Consider the Time ¥fp execution shown in Figure 54. The x-axis denotes advance of
wall-clock time while the y-axis denotes thefeient LPS. 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:
() the event with timestamp 140 at {,Rvhich is causally dependent on a message from
LPgthat arrives just in time to be executed by L&hd (ii) the event with timestamp 165
at LPs, 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 usiny\tih AA
For simplicity we assume the initial conditions for the two executions are the same except
for one difference: both Lfand LR 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 proggss, LP
delays longer than LPAs a result, LPis ready to execute an event before the message
from LP arrives and causes the event with timestamp 140 to be schedujezkelcbtes
its next scheduled event (with timestamp 150) and sends a messagg firidé we
assume aggressive rollback, this eventfaédseone as it is executed out of ordéfhen the
message from Lfarrives laterthis false event is rolled back and an antimessage is sent to
LP,. However the message sent to 4By 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. Howether 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\tiP
initiates an unnecessary rollback. This scenario is feasible [LUWS91].

i) The chains by themselves may be harmless - the problem arises from the

fact that the final false message that arrives at(bhtarked M in Figure
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55) has timestamp 160, which is smaller than 165, the timestamp of the
second event at Ifmarked 5 in Figure 55). Thus, Mrolls back the first
execution of g, even though that execution was @atrand could have
been committedEp is re-executed after the false rollback completes.
Therefore, the committing executiop, kS delayed by at least an amount of
time proportional to the length of the false rollback chain.

iif) Each of the two chains has a cycle in it, involving,UEP; and LR. While

we have shown only one iteration of this cycle, it is possible to have an

- Event execution - committed

- Event execution - uncommitted
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Figure 55- False rollback chain with cycle due to incorrect waiting
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arbitrary number of iterations, i.e. the chains could revisit thesg &’
arbitrary number of times before reachingLP

For the false event chain to delay the committing executionpoftite
timestamp of M must be smaller than that ofjESince we assume a
correct implementation of the underlyingme 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 ofyEalso be arbitrarily l@e (we disregard
pathological situations such as when the false chain makes diminishing
advances in logical time such that the timestamp pfisvbounded; such
situations reflect a flaw in the implementation - the physical system being
simulated cannot make diminishing progress in real time!). Tigerdne
timestamp of g, the less likely that its first execution is on the critical path
of the simulation, since other Lgare 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. Howeverthe probability is not zero - we can imagine a
simulation where § 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 §could cause the entire phase transition

to be delayed.

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 Ms small but the chains are long.

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 e 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 LiPwill be delayed until LP 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 ih the Time Warp execution implies that

the event with timestamp 150 at{fustbe a false one even with lazy rollback. Thus, the
two chains will be generated in this case also. How&gemay not be rolled back when

Mg arrives. This can happen due to one of the following: ghlls no impact on the state

in which By was executed, or (ii) the rollback chain arrives aj While LP; executes the
event scheduled by Mso that when the execution is complete (or is preempted, assuming
event preemption), it is cancelled immediately and the operating statgifon@t afected.
However even if the final execution ofHs not delayed, the advance of G\beyond 165

will be delayed by at least the amount of time it takes for the chains to disappear
GVT is the commitment horizon for events, the committingp€&n be delayed arbitrarily

even with lazy rollback.

7.2.3 Pragmatic Issues
We have identified a general class of adaptive protocols, tNéR&\ and shown that

it is possible for ime Warp to outperform them by an arbitrary amount. Since several prac-
tical protocols belong to the AKP class, this counténtuitive result suggests that

AAWP’s must be designed with care. Correspondjnghjle we have developed several

1. GVT is the minimum of all logical clocks and timestamps of any messages in transit.
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Figure 56 - EchoSystem: Physical system for echoing

very efective 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 AAP’s so as to avoid the scenario described eaH®wever,
it is not clear whether doing so will be beneficial in the general case. Morsimwer 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 thre Warp will not

outperform AAWP’s by more than a constant factor.

7.3 AAWP’s Outperform Time Warp
We show by example thairfie Warp can take arbitrarily longer than an\WWR to com-

plete a simulation. Our approach is to describe the execution of a simulation using both
Time Warp and a specific AAP. We show that ime Warp takes an amount of time that is
guadratic in the amount of logical time simulated while th&\AAtakes linear time. Since

the diference 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 ime Warp. e refer to it a&choSystemnit consists of three phys-

ical processes (P8, A, B and C with the communication topology shown in Figure 56.
Upon receiving a message fromyPPR; processes it and sends a messagef@RdPvice-

versa. If no message is received from the other, both of them prepare a message to send to
PR.. If a message arrives when one is being created or sengtthBPsending is aborted

and the new message is processed. Sending and receiving of messages takes no time. Pro-

cessing a message fromPiPRg) takesu real time units on RP(PR,). Preparation of a
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message to RPtakes 2 real time units. Suppose at time Q,RBceives the first message
from PRs. Then it may be verified that the only messagéic¢riifat occurs in this system is
between PR and PR at intervals ol real time units. The idle periods between intervals
are insuficient to build a message to £MNote, real time in the physical system corre-

sponds to logical time in the simulator.

For the simulatgrwe assume the following: processing a message betwegeaneP
PR takes one unit of wall-clock time (including sending the follow-on message), preparing
a message to RRakes 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 &ten¢xecut-
ing that event. W assume this to simplify the proofs - the theorems can be proven even if
it is assumed that logical clocks are advanced before commencing event executisn. LP
assumed to perform its work fast enough so that its actions are irrelevant to the discussions

and proofsoy denotes the logical clock value of P

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 multiplesipét the junctions of the LP time lines

and the unit time intervals indicate the logical time to which the bBve 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 LR and LR indicate rollback. From the picture, the echoing is evidentimme-

diately in the fact that the two LP’s roll back alternately, with increasing amplitudes.
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Figure 57 - Echoing in Time Warp
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THEOREM 1: A Time Warp execution of EchoSystem takgs+1)/2 wall-clock time units
to simulate nu units of logical time.

Proor: The theorem is proved by induction on the amount of wall-clock time required for

GVT to advance from logical tim@-1)uto nu.

Induction hypothesis: It takesn units of wall-clock time for GVT to advance from

logical time(n-1)uto nu.

Base casen = 1: From Figure 57 we see that in the first wall-clock time interval (i.e.
wall-clock time [0:1)) LR advance®, to u and LR; advance®g to 2u. Thus, GVT has

advanced from O ta in one wall-clock time unit and the hypothesis holds.

Induction step: Assume the hypothesis holds for the logical time windpwl)unu).
Recall that the message frafin the physical system consists only of the single message
being exchanged by lyPand LRs. Thus, in any correct simulation of this system, GVT
advances by logical time units each time an LP receives this message, processes it and
sends it back. During this process, the actions of othey ¢td&tinot déct GVT. Without

loss of generality, assume A RPakesn wall-clock time units to advance GVT frofn-1)u

to nu (by induction hypothesis). In these wall-clock time units, LB will send n
messages to L Thus, at the end ofrf-1)unu), LP, has just sent a message tgvidth
timestampnu and LRy has sent false messages to gPTherefore, LB takesn wall-
clock time units to send threantimessages to kRand one wall-clock time unit to process
the message, advanog to (n+1)u and send the message back tg WMAth timestamp
(n+1)u. At this point, GVT will have advanced to logical tine+1)u, requiringn+1

wall-clock time unnits to do so. Thus the total wall-clock time required to simulate up to
n(n+1)
—

logical timenu s Zi = "
i=1
We have thus shown thainie Warp takes 0(2) wall-clock time to simulate the
specified physical system, wherés a measure of the logical time span of the simulation

run.
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Figure 58- Framework for NPSI adaptive protocols

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 fdient NPSI adaptive protocols may be constructed by
designing the mappingsMind M,. 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 aM/RA. Consider the fol-
lowing instance of ZETA, the NPSI adaptive protocol described in Section 6.4:
M1 EP, = 0, -GVT
0 EP
My: & = EMaXEF’i
O O EP, =0

whereMaxER is the maximum value of EBbserved thus faAfter executing an event,
LP; re-computes; and waits fo; 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 Tinep\(Figure 57) has been avoided since each

rollback is of only unit length.
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Figure 59- Avoiding echoing with adaptive aggressiveness

The discussion in Section 4.2 justifies the tollowing assumption:

NPSI Assumption: A change in an LR’ logical clock value is reflected in the
values of GVT visible to the ddrent LPS 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 ZkTakes 2-1 wall-clock time units to
simulatenu units of logical time

Proor: The proof consists of induction on the amount of wall-clock time required for

GVT to advance from logical tim@-1)uto nu.

Induction hypothesis: Forn = 2, 3, ... (i) it takes 2 units of wall-clock time for GVT to

advance from logical tim@-1)uto nu, (i) MaxER, <= 2u, and (iii) MaxER <= 2u.

Base casen = 2: Referring to Figure 59, at wall-clock time 1A B at logical timeus and
has sent a message tog-While LPg is at logical time€u and has sent a false message to
LPc. Thus GVT =u at wall-clock time 1. The message frompLéauses LR to roll back

to logical timeu and send an antimessage tq:l-Requiring one wall-clock time unit. In
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the wall-clock time interval [2:3), L processes the message, advamgeso 2u and
sends a message with timesta2uback to LR. In the wall-clock time period [1:2), LP
advance®, to du, builds a message and sends it tg.L¥ince LR rolls og back tou just
after wall-clock time 1, by the NPSI assumption, at wall-clock time 2 we digwve3u,
GVT, = u and therefore EP= 2u. Since MaxER was 0 initially MaxER, = 2u, giving
da = 1. Thus LR waits during the wall-clock time period [2:3). Consequerdtywall-
clock time 3, GVT =22u, MaxER, = 2u and MaxER = 0.

Induction step: Assume the hypothesis holds for the logical time windowi)unu). As

in the proof of Theorem 1, thegument is made that in any correct simulation of the
specified physical system, (i) GVT advancesublogical time units each time an LP
receives a message, processes it and sends it back and (ii) the actions of sttierihg’
this period cannot influence this GVT advancethdut loss of generalityassume LR
takes 2 wall-clock time units (by hypothesis), sag:[) and [:i+1), to advance GVT
from (n-1)uto nuand send a message with timestamapo LPg. In [i-1:i), LPg advances
og from (n-1)uto (n+1)u and sends a message tocLBince LR sent a message with
timestammu to LPg at the end ofi{i+1), o, must bgn-1)uat the end ofif1:i). Further,
LP, received a message from d.Rt the beginning ofi{l:i) (because LR advances
GVT). This implies LR could not have built and sent a message tg diffring [-1:i).
Therefore, LR must have rolled back duringX:i). This meang, must have been rolled
back to(n-1)u at the beginning ofi{l:i). By the NPSI assumption, at the end ief:[)
GVTg = (n-1)u.Thus,og = (n+1)u, ERs = 2u, MaxER; = 2u (by hypothesis) andz = 1.
Consequently, LR waits during f:i+1). At the end of fi+1), GVT =nu, LP, has sent a
message with timestammu to LPs and LRy has sent one false message tg.LPhe
message from LPat the end ofifi+1) causes LR to roll back and send one antimessage
to LP: (requiring one wall-clock time unit). IfPuses another wall-clock time unit to
process the message, advaogeo (n+1)u and send a message with timestgmii)u to
LP,. Thus, after two wall-clock time units, GVT is advanced fromto (n+1)u. Since
LPg controls the advance of GVT in these two wall-clock time unitgg EFO and

consequentlyMaxER; = 2u. The actions of LR in this period are exactly the same as
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those of LB in the interval (i-1)u:(i+1)u) described earlieit follows that MaxER also

equals 2.

The total wall-clock time required to simulateunits of logical time is therefore given
by the sum of the wall-clock times required to simulate the window$ §0d Li:nu):
n

1+ZZ=2Eh—1 L]
i=2

We have thus shown that ZETakes Of) 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 Tme Warp is O6?). Since the ratio of completion times is not bounded
by a constant for a given simulation, the adaptive protocol outperfanres Viarp arbi-

trarily.

7.3.4 Pragmatic Issues
We have described ZRT a specific AAWVP and shown that it can outperfornmé

Warp arbitrarily While the simulation for which this phenomenon is observed is somewhat
contrived, ZEA is not. In Section 6.4.1.3 we have presented the empirical results of sim-
ulating EchoSystem (the ECHO workload) using an implementation cAZIBTonform-

ance with our analysis here, we observed that the speedup &f @EF Time Warp
increased with the logical time span of the simulation, i.e., therddéne maximum simu-

lated time, the lger the speedup. Although this analysis has not been extendedl, th&T

main NPSI algorithm in Chapter 6, we believe it is possible to do so. The fact that the per-
formance of EA (Section 6.3.5.7) with EchoSystem closely matches that oAZEtip-

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. Howevkere have been no analytical studies compar-

ing the performance of adaptive protocols with that of traditional protoc@$awe pre-
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sented the first known analytical comparison of adaptive protocols vaité Warp. e

have demonstrated that it is possible fond Warp to arbitrarily outperform a class of
adaptive protocols we call asynchronous adaptive waiting protocol/p*s). Protocols

in this class control aggressiveness and risk by introducing independently controlled delays
at the LPS. This class is general enough to include many practical protocols. Conversely
we have presented an example in which an NPSI protocol (which is alsoVER )AdAit-
performs Tme 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.



140

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 h Ehapter 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 ETo perform well. Do small a value will
not reduce rollback costs $iafently while too lage a value will introduce lost opportunity
cost. The value of that minimizes the completion time depends on the application and
hence cannot be determingg@riori in general. The user may be able to provide some hints
about this value; on the other hand, there is no theory to aid th&\esefer to parameters
such as astunable parameterdunable parameters are those whose values must be deter-
mined in an application-specific manner or adjusted dynamically to ensure good perfor-
mance.

While sis an artifact of the particular Mchosen 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 PDESS 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 traimgfps. Accordinglywe observe that

all existing adaptive protocols admit tunable parameters of some sort (the time-window
bound in [TuXu92], N, and N, in [Stei93], cluster size in [RAA3], blocking window size

in [BaH090], the scaling factay in [HaTr94] and Mand M, 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 [BaH090]
computes its blocking period based on a particular logistic response function. Thius its ef
cacy depends on how accurately this function reflects relliyeover it is an entirely
local optimization. The Local Adaptive Protocol [H8%] 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 parametgasidW}, dynamically based
on an analysis of the flow of memory fark in a Tme 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.

o
O
(8

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:

Ql Qll
Global Global
Static Dynamic
Qi QIv
Local Local
Static Dynamic

Table 2- Types of tunable parameters

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 accura®lyce again, an analogy may be drawn with load
balancing where a good load index is essential [FeZh8& JpMpose 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 8 B5e 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 parasneter 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 simulatioa.prdpose a diérent global

metric:

* Rc: thetotal rate of commitment of events over all LP’s

We believe R to be a better indicator of global progress than the rate of advance of GVT
because the base of reference fgr(&/ents/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 Chapter4nfay be computed easily as

follows: each LP maintains an element in its input state vector (ISV) that tracks the number
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of events committed by that LPach 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 @il ISV’s to produce the total number of committed events

in the OSV’s. R may then be computed by each LP by sampling this element in the OSV

periodically and using the following formula:N
_ i -1
Re = T,-T

: : : : 1.
whereN; is thei’th sample andj 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 desirablerdpbse the follow-

ing local metric to be used in conjunction witg:R

* Pgrg - the percentage of events rolled back at an LP

Note, iyg combines the number and depth of rollbacks.iflicates the overall
progress of the simulation whilg;R indicates to an LP whether it is a potential cause for
any observed poor global performancablé 3 summarizes the actions an LP takes under
various situations. In [Pal@B], the authors suggest the use of similar metrics. Similar to
Rc, they define Was the rate of commitment of events at infone GVT cycle. Thus, W
is a local metric. While [Pal®3] argue for an indicator of rollback behayitiney do not

suggest one — the algorithm they propose usesnily.
Rc | Pre Action

Low | Low | Increase aggressiveness/risk rapidly

Low | High | Decrease aggressiveness/risk rapidly

High | Low |Increase aggressiveness/risk gradually

High | High | Decreaseaggressiveness/riskgradually

Table 3 - Actions for dynamic tuning of parameters
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Maximizing global performance by tunimgndependent local parameters simulta-
neously is very dffcult — in all likelihood, it is NP-hard. Howevethere may exist heu-
ristics that approach the maximum performance. These heuristics could be based on the

metrics proposed above {Rnd Rg).

8.4 Tunable Parameter for ETA
The tunable parameter in KTs the slopes. Recall that the waiting period in BT

0, 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 A&i§ adaptive because (i) the waiting period at each
LP is pioportional to its own ERand (i) this waiting period changes with BR 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 delayThus it is reasonable to tressds a global tunable parametEne 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 gdhag of
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 tifecés of the phases. This re-iter-
ates the point thatis merely a scaling factor — the proper relative delay is achieved by
computing EP appropriately. Thus, for agemumber of applications, we may treais a
global, static parameter.

It is possible there are applications which ugdehiftsin the logical time domain
during the simulation (for instance if the timestamp distributions are changed for the entire
simulation). In such cases, conceivalsiyill 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.
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Finally, it is conceivable there are applications where the EP is inaccurate for a sub-
set of the LR (recall EP is only aestimateof the likelihood of rollback). The inaccuracy
in EP can be compensated for by havintedént values of slope at thfent LP5 (i.e. slope
becomes a local parameter). Howewance it is dificult to tune local parametersfief
ciently, a preferable solution is to improve the mappingsil as to reduce the inaccuracies
in ERP Chapter 9 discusses some enhancements teubh as incorporating rollback and
lookahead information and choosing a good predecessor set.

In summarywe have gyued that for EA, the applications of general interest lie in
guadrant QI of @ble 2. V& believe that this is generally not the case with other adaptive
algorithms described in Chapter 2. For example, the two window sizes in [Ste{93}dN
N,) control the optimism of an LP directiZonsequentlythey 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 tegt iBTSection 6.3.3.2). Similarly, the blocking win-

dow size in [BaH090] and the scaling faatpin [HaTr94] are defined locally for each LP

8.5 Algorithm for Tuning Slope
We use R, the global metric described ear]iey automatically tune the value of

slope. Based on the tradd-sihown in Figure 10 and the experimental results described in
Chapter 6, we hypothesize that the behavior @a&a function of slope is characterized
by one of the three graphs shown in Figure 60. Part (a) shows the typical freidigatibn
where R- is maximized (i.e. the completion time is minimized) for some non-zero, finite
value of slope. Part (b) shows the situation wheyésRnaximized as slope tendseo(i.e.
when the simulation is conservative) and part (c) shows the situation whesenfxi-

mized when slope is zero (i.e. withmie Warp). In each case, the function is unimodal. The

(a) (b)
Figure 60- Hypothesized behavior ofR

Slope

(©)
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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 {R¢ 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 < € ORc
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
}

Figure 61- AutoSlope - algorithm for automatically tuning the slope

aim of the algorithm described here is to automatically locate the value of slope at which
Rc is maximized.
The algorithmAutoSlope , is listed in Figure 61. Since slope is a global param-

eter the same value must be used by allsLFhus, this algorithm is executed by only one
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[ [
Old New New Old New Old Old New

AR->0 AR:-<0 AR->0 AR-<0
Aslope >0 Aslope <0 Aslope <0 Aslope >0

Figure 62- Determining the direction of slope change

LP and the computed value of slope is distributed to the others. After an initial warm-up
period to allow transients to subsidejtoSlope is invoked by the main event execution

loop periodically. Prior to invoking the procedure, the calling function computes the latest
value of R as described in Section 8.3.1 and passes this value in thawtalblope

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 scaAutoSlope retains the layest value of R observed

and the corresponding slope value. After the scan is compldtESlope 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
correspondinglyif 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 increaseféstefl by multiplying the current
slope by a factor that controls the magnitude of change while a decredseteddby a

division.
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While the magnitude of the change can be arbitrang desirable to have the
change be small when the current slope is near the maximum gedvaen it is farther
away. A possible factor (usedAwtoSlope A%{is given by the formula:

1+ <
MAX{AR.}

Since changes inRare smaller near the maximum, this factor should have the desired

property.

Finally, while the response function ofs theoretically as shown in Figure 60, in
practice we may expect the measured value-ofoRexhibit some variance, giving rise to
local maxima. © account for thishutoSlope tolerates some amount of variance @ R
by ignoring any changes in the measured value within a small percentage of the absolute

value of R:.

8.6 Performance
Table 4 captures the performance AifitoSlope on the various workloads

described in Section 6.3.3RutoSlope was invoked every 2500 events during the initial
scan and every 5000 events thereafthe tolerance to variance izRvas set to 3%. For
each workload, the table lists the time (in seconds) to complete the simulationioseng T
Warp, the completion time using ETwith AutoSlope , the smallest completion time
using ETA by manually tuning the slope and the relativiecesncy of ETA withAutoS-

lope compared to the manually tuned version. Thieiehcy §)) is computed as follows:
n = TW-— Automatic, 100

TW- Handtuned

In the case of EchoSystem, we were unable to obtain data forimeaMarp because the

inherently unstable nature of the workload caused systefarbub 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 parameterpSlope does not settle at a par-
ticular value of slope; rathett 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
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Workload Time Warp| Automatic| Hand-tuned n
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

believe this algorithm will react by changing the slope accordingiynately 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 gitalti@lparameter 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 performanceufable 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 computatione\Wave identified R a global metric anddg, a local

metric. e have described an algorithm that automatically tunes the value of slope (the tun-
able parameter of ETA) based op.Rerformance 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.
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Chapter 9

Conclusions

In this final chapterwe 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.di$cussed the
merits and demerits of traditional PDES protocols — conservative, optimistic, window-
based and errdplerant. This study leads to the observation that a protocol in which opti-
mism is controlled is desirable.eMsurveyed 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
PDESS. 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 PDESS. Our investigation into the optimality of NPSI protocols revealed two inter-
esting points: (i) due to the phenomenon of supkical speed, there is no consensus on
optimality, and (i) some previously published results concerning suiieral speed are
flawed. W presented a correct Saient condition to determine whether a protocol is
supercritical. Also, we showed that a similar condition used previouslygweaabout the
super-criticality of four protocols is necessary but not sufficient. Secondly, we disproved a
previous claim that superiticality 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 protocolse Wiotivated an

approach in which optimism is controlled adaptively using state informatienléatribed
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the reduction model of computation underlying NPSI protocols and discussed how this
model may be realized in practicee\proposed a framework for the design of NPSI pro-
tocols. The main advantage of this framework is that, using two mappipgsad/V,, it

isolates the two phases in the design of NPSI protocols — identifying relevant state infor-
mation and controlling optimism using this informatiore Wscussed 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. Specifivedlypresented
npGVT an algorithm to compute the global virtual time (GVT) in an optimistic PDES.
Being based on the reduction modglGVTproduces 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). Widentified two correctness criteria for GVT algorithms in general and proved that
npGVTsatisfies these. Also, we described an implementatiop@¥ TcallednpGVT2R
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 impGVT2PWe extended the proof of correctnesap&VT2P Finally, we
described three propertiesrgdGVT(andnpGVT2B that are useful in the context of adap-
tive protocolsnpGVT2Phas been published in [SrRe93a].

In chapter 6, we described the Elastignie Algorithm (ET), an NPSI protocol
based on the framework of chapter 4, by specifying the two mappipgadiV,. ETA is
implemented usingpGVT the algorithm described in chapter 5e \@éscribed a detailed
performance study of Al 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 Timeavd, in both completion time and memory con-
sumption. Furtherthese 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, ZEAT Although ZET 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 asfeftive as EA. Early work in this chapter has been published
in [SrRe95Db].

In chapter 7, we presented the first known analytical comparison between adaptive
protocols and ifne Warp. We described a class of adaptive protocols, which we call the
Asynchronous Adaptive ®iting Protocols (AAVP’s). This class includes many practical
protocols, among them NPSI protocolse $howed that: (ifime Warp can outperform an
AAWP arbitrarily and (i) AAWP’s (specifically ZETA, the algorithm described in
chapter6) can outperformiime Warp arbitrarilyThus, 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 protaoels. T
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 megrictentfied
four types of tunable parameters. Based on whether a parameter is global or local, we pro-
posed two metrics, one global and one locad. d&scribed an algorithm to automatically
tune the single tunable parameter irAEF slope — using the global metric. Performance
study of this algorithm on the workload suite described in chapter 6 shows it to bdivery ef

cient.

9.2 Future Research
In this thesis, we have laid the foundation for a new class of PDES protocols — the

NPSI adaptive protocols. 8\have proposed an NPSI adaptive protocol — the Elaste T
Algorithm (ETA). A thorough performance study of this algorithm shows it holds signifi-
cant potential to be consistentlyiefent. ETA is the first step in research into NPSI proto-

cols. W& describe several issues that will define the direction of future research in this area.

9.2.1 Enhancing M
In the context of the framework for NPSI adaptive protocols we proposed in Chap-

ter 4, we note that the higher the accuracy ¢fitvidentifying potentially incorrect com-

putations, the less the reliance of bh tunable parameters likeFor example, in the ideal
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case, if M is sophisticated enough to always identify any computation exactly as either
correct or not, then Mis simply a binary function that stops event execution (and the send-
ing of messages) when;Mags an error. Research is required into identifying other kinds
of state information that may be used in evaluatin@htl that would increase the accuracy

of the error potential. We suggest several such enhancements.

Rollback information

In the context of negperfect information, it is possible to utilizefedtively the
knowledge that one or more IsPare 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 highwaywWhen this person observes that the car in front o6 hers applied its
brake, that is (typically) interpreted as a warning of an impending collision and suggests
that she should apply her brakes as tv&imilarly, 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 f{uiftllee
driver of the car observes activated brake lights on cars farther ahead (than the one imme-
diately ahead of h&s), that may be interpreted as a warning of impending braking and
accordingly the driver may cease to accelerate and let the car coast. Correspoifdangly
LP is informed that some of its farther predecessors are rolling back, it may continue to pro-
cess aggressivelput reduce its risk to zero (i.e. temporarily suspend the sending of mes-
sages). There is a strong intuitive appeal in this scheme. Hqvedweg with providing
information about impending rollbacks, this scheme has a tendency to increase lost oppor-
tunity cost as well. This is because a predecessor;ohaf be rolling back but may never
send an antimessage to;L8imilarly, rollbacks occurring at farther predecessors may sub-

side before they can reach;LP

Memory Information

Excessive memory consumption usually occurs in aggressive systems due to so-

calledrunaway processesLP’s that execute events faster than othesld® 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. Howe\EEFA is ineffective in the specific case of
runaway processes that are purely sources of messages. Since thése& R0 predeces-

sors, their optimism will not be controlled by ATin such cases, an adaptive, memory-
based flow control scheme can be integrated naturally with NPSI protocols by including
information about the memory availability of successorsLiR’the mapping M 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 resultatificial 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. whersld®nt have enough informa-
tion to determine lack of dependence) whereas in NPSI adaptive protocols, artificial block-
ing occurs due to inaccurate information. The mofgcafe 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 irttwVeduce 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 semanticallyone exist in the application. Since/Ai§ based on timestamps

also, it sufers the same drawback, i.e. it may overestimate the error potential. Thus, a map-
ping M, 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 chainsscheduling events as they move over thes[#Ris 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 taget-specific sets

While taget-specific information is usually computed over arsld?itire predeces-

sor set, this is not a requirement. The general definitiong#ttapecific information is that

for each LPthe information is computed over a possibly unique subset of a@ll 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

ii)

Vi)

Other Areas
The following are some other areas that warrant research:

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.
Analytical performance study of BT— the goal would be to prove that
ETA always performs as well as or better thamd& Warp. Existing models

of Time Warp behavior [Gupt95, GUAF91] could be extended to model
ETA (and other NPSI protocols).

Identify properties of EA (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.

Comparative analysis of adaptive protocols with conservative protocols,
similar to the comparison presented in Chapter 7.

Experimental comparison with other adaptive protocols — very few such
comparisons exist in the PDES literature.

Design and implementation of a scalablgégspecific 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]. Adarnumber of protocols have been proposed

to solve this problem. Howevegach has its pitfalls, which restrict its applicahilithere

has been no single protocol that consistently performs well. In fact, seviertd aave
focused on designing protocols for specific applications [NiRe84, FUNi92]. Among other
reasons, we believe the lack of a consistentlgieht 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]. Consequenii concur with [Reyn93] that a con-
sistently eficient 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 irregulahighly data-dependent and dynamic [Fuji90, NiRe90]. Being
adaptive, our approach can satisfy the dynamic nature of these requirernsatssfy 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. W\é 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 agued that one of the strengths of our approach, namely the assumption
of availability of low-cost neaperfect 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 consistentlijcednt. As discussed before,

many kinds of state information can be utilizefeetively to improve

simulation performance. Thus, state-based protocols warrant a thorough

study. Recent activity in this area of research is encouraging.
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i) We do not assume the availability (at each LP) ofjldaamounts of
detailed, non-local state information — cleardyich a model would be
extremely dificult to realize in practice. As in adaptive load sharing in
distributed systems [EalLZ86], 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.).

i) 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 83|, 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 [R&¥#95] to incorporate a reduction network
into a network of workstations connected byM 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 consistentlyfeient (i.e. performs well over a broad range of applications).



158

This is due primarily to the irregulanighly 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 fpeafect state information to adaptively control
the optimism of processes in a PDES Wave 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 consisteintigrgf The
investigation of NPSI adaptive protocols has only just begun. The design space for these
protocols is lage and must be explored intelligentie have indicated areas for future

research.
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Appendix |

A spectrum of options for parallel simulation

Traditionally PDES synchronization algorithms have been classified broadly as
eitherconservativeor 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 lSPbased on distinct sets of design
variable bindings

The set of LFs is partitioned into the set {pp,, ... g} Where each pincludes a
non-empty set of LP’s. Traditionallgp = 1, but in generam= 1. Each pmay have a dif-
ferent set of bindings for the other eight design variables. For instance, one setroflyP’

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 aggressivey 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 [JE5] while non-aggressiveness is found in conservative protocols
such as Null Messages [ChMi79].

Accuracy: requiring that events within LB'appear to beexecuted
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 mandatonyay be cost-éctive 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 LB’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 othéndtP’
may create the opportunity for them to make progress. Examples of this are the null mes-
sages in [ChMi79] and the appointments scheme in [NiRe&lintary 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 individusaid ¢9n-
trolled by the that of other L®,i.e., how often must L®5ynchronize. In the first protocols,
the LPs were completely asynchronous of each othethe other extreme, a SIMD-like
approach may be followed in which ISynchronize after advance each unit of time. This
is the time-stepped approach. A third option is tersyetthronousn which LP’s execute
alternating periods of simulation and global synchronization. This is also callgdrtie
tive approach. An important class of iterative protocols aremindowing protocols in
which a logical time window is established co-operatively and eRécute events inde-

pendently inside the time window.
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Appendix Il
Time Warp

Time Warp [Jef85] is an optimistic protocol. The driving rule for each LRvken-
ever there is an event pending, proceshlgssages sent out during sdictward process-
ing are callecpositivemessages. 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 thseat®executing. Thus, it is pos-
sible for acausality eror to occuy where an LP receives and processes messages out of
timestamp orderThe LP themolls backover the incorrect computation and restarts from
a previously saved correct state. Note, this requires that tilsech&kpointtheir states
periodically When rolling back, an LP many haveatanihilatesome previously sent pos-
itive messages that are rendered incorrect due to the rollback. This is achieved by sending

anantimessagefor 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.

i) 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 L&2’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.



163

iii) Saved state lisThe LP must save its state periodically so that it can restart
execution from a prigrcorrect 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 listThe 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. Antimessdges$rdifi 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 unddeggshe ef
of erroneous positive messages. An LP receiving an antimessage must untecthdiief
any) of the corresponding positive message. Periodith#yL P also saves its state in the
saved state list.

When a causality error occurs due to the arrival of a message inslogjieal past
(called astraggle, the LP reverses the execution of all events with a timestamp greater
than that of the straggler (hereafter referred to as the rollbackitim&his 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 afterrestores its state &t from the last state saved at
or beforeT, and sets its logical clock ® . Note that if the state was not saved,adr the
event before it, the LP has to rebuild its state by re-executing all of the events between the
last saved state afg . Finally, it sends out all of the antimessages in the output message
list with timestamp greater thdh . 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.

i) 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’sdascadingollbacks).

i) 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 receivirg) LBVT 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 definesoanmitment horizofdef85]. 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 estethat are permanent (1/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,d &iscard all saved entities (events, input mes-
sages, output antimessages, states) with timestamps smaller thamh®v$ calledossil
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 propertase of a rollback to
GVT.
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Cancellation strategies
Several approaches have been suggested to perform cancellation of unintended

messages [Gafn88, RFBJ9I0]. dggressive cancellatignwhenever an LP rolls back, it
sends out antimessages for all erroneous positive messages before restarting forward pro-
cessing (this is the scheme described abovézincancellatiopas the name suggests, the

LP does not send an antimessage until it can determine if the corresponding positive mes-
sage was indeed incorrecypically, 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 preempitiomoiing,

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 dicient way is to have an incoming straggler preempt the execution of the
current event and cause the LP to roll back immediatélig is referred to as message or

event preemption.
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Proof of Non-decreasingy;’

Recall the following definitions from Chapter 6:
o; = logical clock of LR — timestamp of the event being executed currently or just

executed.

Lj = minimum unreceived message time of Life. it is the smallest among the times-
tamps of all messages sent by, ttRat have not yet been received and/or incorpo-

rated into the events list of the receivers.

n; = next event time of LPdefined aso; while LR, executes an event; otherwise, the

smallest among the timestamps of events scheduled to be executed at LP
aj = MIN(;, v)
o = M”\'ka(ai) OLP, Othe predecessor set ofjl(@efined in Section 4.2.1)

For a minimum value such ag’, we say the individual values used in the minimum

computatiordefinethe computed minimum value. We prove the following theorem:
Theorem: ;" is non-decreasing.

Proof: By contradiction. For some L, Passume two successive valuest;mf(O(l ando?)
represent a decrease — i@l > o2 By definition,a? = n; for some LP predecessor of
LP;, or a?= vy for some LR predecessor of LPor both (withj possibly equal t&). We

consider the two cases separately:

a?= n; for some LPpredecessor of LP

al>a?=n;0 the value ofy; defininga® (call it n;Y) is greater than that defining
a? (call it r]jz). This decrease can occur only by the arrival of a message (either causing a
rollback or scheduling an event with timestamlmjl) sent by some LP Since this mes-

sage is considered unreceived by, [ least until it is incorporated into [®events list

166
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and LR, is also a predecessor of LBy transitivity), the value ob, defining al must

be<n; Thus,al<n?=0?

ol = v; for some LPpredecessor of LP

1

al>a?=y; 0 the value ob; defininga® (call it u;!) is greater than that defining

a? (call it sz)_ This decrease can occur only if;Ls&nds a message with a timestamp

sz < Ujl. 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 definjtempyals the
logical clock of LR while it executes the send event, the value]jotﬂefining al must

be :sz. Thus,al< ujzzaz. =
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