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Abstract

This thesis develops and evaluates a number of efficient algorithms for performing parallel
simulations. These algorithms achieve approximate linear speed-up, in the sense that
their run times are in the order of O(n/p), where n is the size of the problem and p is
the number of processors employed.

The systems that are being simulated are related to ATM switches and sliding window
communication protocols. The algorithms presented first are concerned with the parallel
generation and merging of bursty arrival sources, marking and deleting of lost cells due
to buffer overflows, and computation of departure instants. They work well on shared
memory multiprocessors. However, different techniques need to be employed in order to
achieve similar speed-ups on a distributed cluster of workstations. The main obstacle is
the inter-process communication overhead. To overcome it, new algorithms are developed
that reduce considerably the amount of information transferred between processors. They
are applied both to the ATM switch and to the sliding window protocol with feedbacks.

In all cases, the methodology relies on reducing the simulation task to a set of recur-
rence relations. The latter are solved using the techniques of parallel prefix computation,
parallel merging and relaxation.

The effectiveness of these algorithms is evaluated by comparing their run times with
that of an optimized sequential algorithm. A number of experiments are carried out on
a 12-processor shared memory system, and also on a distributed cluster of 12 processors

connected by a fast Ethernet.
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Chapter 1

Introduction

1.1 Background

The world is now, more than ever in the past, dependent upon systems. The way we
work and the way we live are all dependent on systems. These can be as natural as the
weather or as artificial as the Internet. Our desire to understand and affect these systems
is great. To be able to ascertain the properties of a system is of great value, especially if
they can be provided in a timely manner.

The three main techniques for determining performance measures of a system are
observation, mathematical modeling and simulation. The first of these allows measure-
ments to be taken whilst the system is running. Results obtained in this way represent
real system performance. However, observation is impossible if the system has not been
built. Even existing systems may be difficult to monitor in detail.

A mathematical model can capture the essential properties of the system by means
of assumptions and equations. Estimates of performance measures can then be obtained
cheaply and quickly. The disadvantage of relying on mathematical models is that they
are always approximate. Moreover, the quality of the approximation tends to be inversely
related to the ease of the solution.

Simulation is the process of imitating the system behaviour using a computer pro-
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gram. Estimates of performance measures are obtained from statistics collected during
one or more runs. A simulation model can in principle be made as accurate as desired
by including a sufficient level of detail. Also, it can be used to predict the behaviour of
a system that cannot be observed.

The use of simulations to obtain performance measures of a system has become more
widespread over the years. They are used extensively in fields such as transport, engineer-
ing, manufacturing, computing and communications. This has lead to the development
of a vast range of simulation languages and packages, e.g. GPSS, MODSIM, Simula,
SimScript, SimLab, Sunulink, Matlab, Simul8 and ns.

Very roughly speaking, the accuracy of an estimate is proportional to the square root
of the effort put into obtaining it. Thus, to double the accuracy, one needs to do four
times as much work.

To overcome the amount of work that needs to be performed in generating accurate

performance measures the following approaches to speeding up a simulation are possible.

e The use of more powerful computing systems. The computational power
of computer systems is currently growing at an exponential rate. According to
Moore’s Law it is doubling every eighteen months. Thus it is possible in most
situations, to acquire a computer that will improve the performance of your simu-
lation. This however will only provide small increases in performance in the short
term. It also assumes that Moore’s Law holds in the future. This is not considered

an effective solution to speeding up a simulation.

e The use of alternative programming paradigms / algorithms. It is some-
times possible to speed up a simulation by using more efficient data structures or
programming techniques. For example, the complexity of inserting an event into a
list of size n is on the order of O(n). This complexity can be reduced to O(y/n) by
using an indexed structure (Franta and Maly [20]), or to O(logn) by using a heap
(Gonnet [33]).
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The applicability of such techniques is by no means universal, and the gains may

be limited.

o Exploiting parallelism. The use of parallel computation has been widely pro-
posed as a way of speeding up simulations. The idea is to share the work amongst
a number of processing elements. In the most optimal case, each time the number
of processing elements is doubled, the execution time for the problem is halved.
This is commonly referred to as linear speed-up. The use of this technique does not
preclude that of the other two. However, the development of parallel simulation
programs is a difficult undertaking, with only certain problem areas showing great

increases in performance.

The work presented in this thesis is aimed at the parallel solutions to simulation
problems, with an emphasis on developing techniques that produce almost linear speed-
up.

Much work has already been done in the area of space-parallel simulation. In this
case the system to be simulated is divided amongst the available processors, with each
processor having a sub-system to simulate. Interactions between the sub-systems are
handled by inter-process communications.

For example, if the system consists of a network of service nodes, each node could be
allocated to a different processor in the parallel computer. Communication between the
nodes in the network would be achieved by inter-process communication.

This works well when the system can be broken down in such a way that each pro-
cessor’s sub-system is largely independent of the rest of the system. However, if the
simulation cannot be broken up into enough sub-systems to allocate work to each pro-
cessor, or the partitioning leads to high levels of communication between processors, then
achieving satisfactory speed-up is not normally possible.

An alternative approach to the parallelising of simulation problems is the time-parallel

method, where the simulation time is divided into intervals. Each processor will then
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simulate the entire system for one of these intervals. This allows all processors to be
used in the solution of simulation problems regardless of system structure. The problem
of parallelisation becomes one of determining the starting conditions for a given inter-
val of the simulation before the finishing conditions of the previous interval have been
determined. Techniques for obtaining starting conditions exist for systems that exhibit
particular characteristics. However, this is only a small subset of all simulation problems.

A simple example of a time parallel simulation is the so called regenerative simulation.
It can be applied in situations where it is possible to identify portions of the simulation
run that are statistically identical, and independent of each other. Such portions can be
assigned to different processors. The difficulty is that, in complex systems, regenerative

points are rare.

1.2 Aims and Objectives

The overall objective of all parallel computation is to achieve a better performance as
the number of processors increases. This may be by the reduction of the execution time
to solve the problem or in the improved accuracy of the results produced in a given time
period. Suppose that the optimal version of the sequential simulation requires time T}

to execute, then the run time of the parallel simulation, 7}, on p processors, satisfies:

Tp > TO/pa (11)

with equality rarely being achieved due to communication costs between processors.
If the run time of the parallel simulation is inversely proportional to the number of
processors used, i.e.

T, ~ aTy/p, (L2)

where ¢ > 1 is a constant, then the parallel solution is said to achieve linear speed-up.

A parallel simulation technique that exhibits linear speed-up for some simple queuing
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models, was developed by Greenberg et al. [35]. The idea is to reduce the simulation
task to the solution of a set of recurrence equations. That solution can, under certain
conditions, be parallelised by employing an existing algorithm known as parallel prefiz
(see chapter 3 for more details). That approach performs very well, but as it stands, its
applicability is limited to a narrow class of systems.

The aim of this thesis is to develop more general algorithms that have wider ap-
plicability, while continuing to achieve linear, or near-linear speed-up. In addition to
parallel prefix, these algorithms will rely on different versions of parallel merge, and on

relaxation.

1.3 Summary of Original Work and Publications

Outlined below are the major contributions made in this thesis.

e Two parallel simulation techniques are developed for a class of systems with bursty
sources and losses due to buffer overflows. These algorithms achieve almost linear
speed-up but rely on fast communications between processors via a shared memory.
Those developments gave rise to two papers. The first was presented at the 1997
conference of the United Kingdom Simulation Society, U.K. Sim. 97, Keswick U.K.
[67]. The second was presented at the sixth IFIP workshop on Performance Mod-
elling and Evaluation of ATM Networks, ATM ’98, Ilkley U.K. [58]. An extended

version of that paper was published in the Journal of Performance Evaluation [61].

e The above algorithms do not perform well in a distributed memory environment
because of the high communication costs. To overcome this a different approach to
the generation and merging of arrivals is developed. The modified algorithm also
achieves a near-linear speed-up when executed on a cluster of workstations. This
work was presented at the 14th workshop on Parallel and Distributed Simulation,

PADS 2000, Bologna Italy [59].
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e The ideas of parallelising a simulation by means of recurrence relations and parallel
prefix are applied to a different class of models involving a finite window protocol
with feedback. Again, two distinct algorithms are developed and their performance
evaluated. This work was presented at the eighth IFIP workshop on Performance
Modelling and Evaluation of ATM and IP Networks, ATM & IP 2000, Tlkley U.K.
[60].

1.4 Overview of Thesis

The rest of this thesis is organised as follows.

Chapter 2 presents a background to the area of parallel simulation, describing most
of the currently known techniques.

In chapter 3 the basic techniques for performing time-parallel simulations are outlined
and evaluated.

Chapter 4 presents two methods for simulating an ATM switch on a shared memory
multiprocessor. The problems addressed are concerned with the generation of bursty
arrival sources, the merging of these sources and determining the acceptance and / or
loss of individual cells resulting from the finite capacity of the buffer.

Chapter 5 goes on to describe how this approach can be adapted for use in a dis-
tributed memory environment, overcoming the excessive communication cost that is
present in the previous version.

Chapter 6 deals with the simulation of a sliding window protocol, in which packets of
information are sent to a receiver and acknowledged before further packets may be sent.
Two techniques are presented for this. The first computes the arrival times at the source
and the service times in parallel, with the dependencies between packets being resolved
sequentially. The second uses only parallel prefix computations.

An overall conclusion to the work is presented in chapter 7, where the perceived

benefits of these techniques are discussed.



Chapter 2

Parallel Simulation

A survey of current techniques for performing parallel simulations is presented in this
chapter. These techniques are compared and illustrated by the use of a running example
illustrated in figure 2.1. The five nodes are each unbounded FIFO queueing servers.
Packets of data may move between nodes in the directions of the arrows. Nodes A and B
receive data from external sources, whilst packets leave the system from nodes D and E.
Nodes A and C will select a destination for their packets based upon a random routing

algorithm, independent of the current state of the system.

AV:S

@/

Figure 2.1: An example system

A simulation program generates a sample path for the system by computing the state

of the system, S(t), where ¢ represents time. Figure 2.2 below illustrates a typical sample

7
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path, for the example system, which would be generated by a simulation. For each node
the queue size, as time progresses, is plotted. Notice that the state, at each node, is

often more complicated than a single property.

y

Sg(t)

Sp(t)
H—’_‘MM
Sc(t)
m _ w
SB(t) W
lat
Sa(t) M

time

Figure 2.2: An example sample path

2.1 Forms of Parallel Simulation

Parallel simulations may be categorised in terms of how the original simulation prob-
lem is partitioned between processors. These smaller problems in general will not be
independent of each other. The way in which the problem is partitioned and how these
dependencies are dealt with can be used to categorise these simulations.

Parallel simulations may be partitioned in terms of space, time or potentially both.
The simulation problem may be viewed as the computation of state variables over a
simulation period (Bagrodia et al. [6]). This can be illustrated by means of figures
2.3, 2.4 and 2.5 in which the vertical axis represent the state variables (often referred
to as simulation space) and the horizontal axis represent simulation time. A parallel
simulation will then use multiple processors to “fill in” the space-time graph.

If the simulation is partitioned in terms of space the system to be simulated will be



2.1. Forms of Parallel Simulation 9

8

<

& P
P,
P;
P,

time
Figure 2.3: Space-Parallel Partitioning

decomposed into separate sub-systems each of which will be simulated concurrently on
different processing units (figure 2.3). Each processor will be responsible for simulating
its own sub-system for the entire simulation period. Synchronisation is required between

processing units to deal with the dependencies.

A

space

Py| Py| Py Py|Py

time
Figure 2.4: Time-Parallel Partitioning
The simulation may also be decomposed in terms of time (figure 2.4). In this situation
the time period for the simulation is divided up into intervals. Each processing unit is

allocated one (or more) of these intervals and will compute all of the state variables for

the whole system during these intervals.

8
8, iz
B P2 P3 P7P9
Py Py
P—p

time
Figure 2.5: Space-Time-Parallel Partitioning

In Space-Time-Parallel simulation the space-time graph is partitioned into a collection
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of arbitrary, non-overlapping, regions that cover the graph (figure 2.5). A processor is
allocated to each of these regions where it can compute the local state variables.

An alternative approach, is multiple replication, in which a standard sequential sim-
ulation program is executed on each of the processors independently. The final results
from these runs can be combined to give averages, and confidence intervals, for the per-
formance measures. This approach is considered here as a special case of time-parallel
simulation.

The following are more detailed descriptions of the above classifications.

2.2 Space-Parallel Simulation

In Space-Parallel Simulation (sometimes called Distributed Simulation) the idea is to
allocate part of the physical system to each processor. Processors then simulate their sub-
system for the entire simulation period. Physical processes (called PPs) are simulated
by logical processes (LPs), interactions between PPs are modelled by time stamped
event messages. Note that multiple LPs may be assigned to a processor in the parallel
computer. Each LP contains the local state of the system for the PP it is simulating.
The example system may be partitioned over three processors as illustrated in figure
2.6. The grouping of PPs onto processors will be dependent on how tightly coupled the
PPs are. A balance is needed between the amount of communication between LPs and the
load balancing across the processors. Table 2.1 indicates which PPs are allocated to which

processor. Processor 2 will require information from processor 1 in order to compute the

Table 2.1: Allocation of PPs to processors

Processor PPs

1 A
2 B
3 CD,E

correct simulation path, with processor 3 requiring information from processors 1 and 2.



2.2. Space-Parallel Simulation 11

Figure 2.7 illustrates the allocation of subsets of the sample path to processors.

>-

). \

Procesgor 2 /
®
7 N

Processor 1 Processor 3

Figure 2.6: Space-Parallel Partitioning of a system

Each LP has a local ordered event list containing events that will occur within its own
part of the system. Each event consists of a time stamp, for when the event is scheduled,
along with the action to be performed. The processing of an event can change the state
of the system being simulated and / or cause other events to be scheduled in the future.
New events that are scheduled for parts of the system held on the local processor are
entered into the appropriate event queue. When an event is scheduled on a LP which is
not on the local processor a message is sent to the processor containing the appropriate
LP. The message consists of a time stamp for the event and the action to perform.

By selecting which LPs are allocated to each processor the number of these messages
can be reduced, leading to more efficient simulations.

To ensure correctness of the simulation it is essential that each processor deals with
messages sent from other processors in time stamp order. This introduces synchronisation
into the simulation process, thus reducing the potential for speed-up. The speed-up is
also bounded by the number of PPs. However, it is usually much lower than this (Wagner
and Lazowska [74]).

The techniques for ensuring that messages are dealt with in timestamp order can
be classified into two categories, Conservative and Optimistic Space-Parallel simulation.

These are outlined below.
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Sp(t)

Sp(t)
P e M
Sc(t)
m _ w

Py S50 M W
P Sa(t) M

Figure 2.7: Space-Parallel Partitioning of a sample path

2.2.1 Conservative Space-Parallel Simulation

Conservative Space-Parallel Simulation works by assuming the worst-case scenario; mes-
sages may only be processed once it is known that no other message may arrive with
an earlier time stamp. This technique requires that the number of PPs and the possible
links between PPs are known at the start of the simulation. Communication of messages
between processors must preserve order. Blocking may occur if an LP cannot guarantee
that a message received in the future will not have a lower time stamp than the next
message to be processed.

The first conservative algorithm was independently developed by Chandy, Misra [12]
and Bryant [10]. A processor waits until it has at least one message from all processors
that can send it messages. Then messages may be processed in increasing time stamp
order until one source has no messages waiting. This process can easily end up in
deadlock if all processors are waiting for messages from other processors. Null messages
are introduced allowing the simulation to continue. These null messages contain a time

stamp for the earliest time that a message could have arriving from a given LP. This
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time is computed as the current simulation time on the source LP plus the value L
often referred to as lookahead. The lookahead is derived from properties of the system
being simulated. This may include the minimum time to move between nodes and / or
time required for processing events at nodes. This prevents deadlocking. However, if
the lookahead values are too small, this can lead to lookahead creep, where many null

messages are exchanged to avoid a single deadlock.

The solution presented by Candy, Misra [12] and Bryant [10] have much in common.
However, for the solution proposed by Bryant each LP may transmit a message at any
time, thus requiring (potentially) infinite buffers at each LP. If infinite buffers are allowed,
deadlocking is avoided in all situations apart from loops, where each LP in the loop is

awaiting messages from a previous LP in the loop.

Table 2.2: Minimum lookahead between PPs
Node Links lookahead

A— B 1
A—C 1
B—C 1
C—D 0.5
C—F 0.75

In the case of the running example, suppose that the minimum lookahead values are
as specified in table 2.2. Suppose that messages {A1,42,43,A4} arrive at node A at times
{1,2,3,4} and messages {B1,B2,B3,B4} arrive at node B at times {1.1, 2.4, 2.8, 3.9} with
the second arrival at node A being routed to node B and all others routed to C. The
table 2.3 illustrates the progression of the simulation given that each node can only store
one arrival from each of its sources. The table indicates the times at which packets leave
each of the links. Values placed in braces indicate null messages, with the line running
across the table indicating where the system would first deadlock in the absence of null

messages.

This deadlock is illustrated in figure 2.8. Message A; has departed from node C as it
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Table 2.3: Messages between LPs

Packet
Link Al Bl A2 Bg B3 A3 B4 A4
A>B [3 - 4 - -5 - 6]
A-sC 3 - [4] - - 5 - 6
B—-C - 3.1 74 4.4 5.4 - 6.4 -

C—D 45 [ 55  [10.5] 65 [1.5] [11.5] [8.5] 85
C—E [475]| [5.75] 1075 [6.75] 7.75 11.75 8.75 [8.75]

was deemed safe to service when message B; arrived at C. Node C is now blocked until
it receives a message from node A. However node A is blocked trying to send message

Ajs to node B. Node B is blocked trying to send message By to node C.
By

4(5)
4

A2 /
By
3.1

O

Figure 2.8: The network in deadlock
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One solution to breaking the deadlock would be to increase the buffer size at each
node. However, this would eventually lead to deadlock at some later stage in the simula-
tion. Alternatively if each time a message is sent out along a link, a null message is sent
out on all other output links, then a null message would have been sent on link A — C
when message Ao was sent on link A — B. This null message would have timestamp
4 thus avoiding the deadlock as message B; would be safe to process. In general null
messages will be sent out at the same times as all other messages as it is difficult to
predict when they will be needed.

Chandy and Misra [13] showed in later work that the use of null messages to prevent
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deadlocking can be inefficient. They presented an alternative approach in which the
simulation is allowed to run until it deadlocks. A separate process is used to determine
when the system has deadlocked and initiate a sequential stage that will determine a
simulation time for which all outstanding messages before this time are safe to process.
This can be extended further to allow distributed computation of a lower bound on time
stamps that will remove both local and global deadlocks (Misra [62]).

Other approaches to preventing deadlock have included barrier synchronisation, where
all messages before a barrier time are considered safe to process (Lubachevsky [53]). Con-
servative time windows may be used, in which each LP computes a window of time where
all messages are safe to process (Ayani [4]).

Conservative simulation works well in situations where the amount of independent
work each processor can perform is large (and approximately equivalent between pro-
cessors). In situations where the amount of work that each processor can perform in-
dependently is small, a high proportion of the simulation time is wasted as processors

determine a safe time to which they can progress.

2.2.2 Optimistic Space-Parallel Simulation

Optimistic simulation does not prevent the system from entering an erroneous state due
to messages being processed out of order, but identifies these situations and corrects
the simulation accordingly. An LP will process all received messages in time stamp
order. If a straggler message is received at a point where messages that have greater time
stamps have already been processed, the LP will ‘undo’ the erroneous simulation steps
and continue the simulation from the straggler message.

There is no restriction on the communication between LPs provided that messages
are reliably communicated. LPs may also be dynamically created and destroyed during
the simulation run.

Jefferson [41] presented the Time Warp mechanism for achieving optimistic simu-
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lations. In this approach each LP will process messages until a straggler message is
received, at which point the state of the LPs simulation is “rolled back” to the last cor-
rect state stored before the straggler message. This requires that the simulation state is
periodically stored, normally after processing each message. Any new messages that may
have been generated during the erroneous computation will also need to be ‘undone’. An
antimessage is sent out to remove each of the erroneous messages that have been sent.
If a message has not yet been processed and its antimessage arrives, the two messages
cancel themselves out. However, if the antimessage arrives after the processing of the
message then the LP must perform a roll back to remove the erroneous message. This

may lead to a cascading roll back of LPs.

As the Time Warp simulation progresses the memory requirements will grow due to
state saving. A system referred to as fossil collection is used to remove states that will
never be restored. To determine these states a lower bound on the simulation times at
each of the LPs and all unprocessed messages is computed. This is often referred to
as Global Virtual Time (GVT). Each LP can safely discard all, except the last, states
saved with time stamps less than GVT. Computations of GVT have been proposed by
Fujimoto and Hybinette [26] for a shared memory system. Mattern [55] presented a

technique of using distributed snapshots to compute GVT.

Memory requirements may still be excessive with the use of fossil collection. Rather
than saving the state after each message is processed the system state can be stored
periodically to reduce memory overheads. Rolling back will need to restore the last
saved state before the straggler message, thus requiring work to be repeated. However,
if rollbacks are infrequent enough this will not adversely effect performance. Lin et al.
[62] presents a mechanism to determine the correct interval to perform state saving.
Quaglia [71] introduced a mechanism to save the states that are most likely to require
rolling back. Carothers et al. [11] suggest an alternative approach to saving states by

reversing the computation performed in changing the states. Jefferson [40] proposes a
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system to artificially introduce roll back, called cancelback, to prevent processors which
are simulating events far ahead of the other processors from exhausting available memory.

Lin and Preiss [51] present a general and easier to implement version of this approach.

Attempts have been made to limit the optimism of the time warp approach to reduce
the chances of cascading roll backs. These techniques have included restricting processors
to processing events within a time window [GVT, GVT + W] (Sokol et al. [73]). Messages
may be buffered up at their source until they are known to be correct, this will prevent
the need to generate antimessages and remove the possibility of cascading roll backs

(Reynolds [67]).

The optimistic method can exploit more parallelism present in a system than con-
servative simulations. This is achieved by allowing computation to proceed when a
dependency may exist but is later discovered not to. The simulation is less dependent
on system specific knowledge, although this knowledge may be used to optimise the

simulation.

However, the requirement to store states reduces the efficiency of the technique and
greatly increases the storage requirements. Implementation of an optimistic simulation

is considered to be more complex than that of the conservative approach.

In the case of the example system each processor will process messages as they arrive
and store copies of the system state after each arrival. Suppose LP¢o receives messages
in the following order {3,3.1,4.4,5.4,6.4,5,7.4,8}. The sixth message is a straggler and
will cause roll back of the system to the state saved after the completion of message at

time 4.4. Figure 2.9 illustrates the state of the system as the straggler arrives.

LPg will generate antimessages for the two messages sent to LPg. This may po-
tentially cause LPg to roll back. The simulation process will now restart with the next

message to be processed being 5.



2.3. Time-Parallel Simulation 18

cancel with

antimessages
Messages Pp Pp Pp Pg Pg
sent to
Arrival 3 >3.1 4.4 —*5.4 6.4
Saved
States
-~ v
erroneous
states

Straggler at
time 5

Figure 2.9: State of LP¢ at time of straggler arriving

2.3 Time-Parallel Simulation

Time-Parallel simulations divide the simulation time interval [0,%) into sub-intervals
[0,t1), [t1,t2),...,[tn,t). Each processor is allocated a sub-interval, say [tp,tp+1), and
is responsible for simulating the entire system during this interval. The simulation can,
in general, be divided amongst an arbitrary number of processors. The problem with
parallel simulation now becomes one of determining the starting conditions for interval
[tp, tp+1) before the completion of interval [t,—1,%,). If this can be achieved then near
optimal speed-up is possible. Figure 2.10 shows the sample path divided between three
processors.

Techniques have been developed to determine the system state at the start of an
interval or enable the interval to be computed without this information. These may only
be applied to systems that exhibit certain properties. Thus the techniques described be-
low are more a methodology for solving specific problems rather than a general approach

to time parallel simulation.

Lin and Lazowska [50] presented a categorisation of time-parallel simulations in terms
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Figure 2.10: Time-Parallel Partitioning of a sample path

of two of the properties of the simulation. The first was the method used to partition

time and the second is the method used to deal with the fact that the initial state of a

sub-interval is unknown. The categorisation is described below and used to classify the

techniques described later in this section.

Time partitioning may be carried out by:

e Dividing the time interval so that each sub-interval contains the same number of

arrival events. The first n arrivals are allocated to P;, the next n to P», etc. This

division may be used with recurrence relations using parallel prefix and relaxation.

e Dividing time by state matching. Each processor will simulate until a given state

is reached. This is the regenerative approach.

e Dividing the time interval into arbitrary sub-intervals. This can be used for the

relaxation approach.

The methods for dealing with the lack of initial state of each sub-interval are:

e Part of the interval may be computed independently of the initial state. The rest

may be computed once the initial state is known. A fixed number of stages will
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be required to compute the true trajectory. This is the recurrence relations with

parallel prefix, longest path or regenerative approach.

e The initial state of the interval has a transient effect on the sub-interval. Thus in
general if the sub-interval is long enough then the end state will be independent of
the starting state. Often a small number of iterations will be required to compute

the true trajectory. This is an efficient use of the relaxation approach.

e The initial state may affect the whole of the interval. In this case if the initial
state changes the entire interval will need recomputing. The number of iterations
required to compute the true trajectory will be high, bounded by the number of

processors. This is the relaxation approach.

An approach to time-parallel simulation of the example system is presented in chapter

2.3.1 Regenerative Simulation

Regenerative simulation (often referred to as state matching) is a technique for splitting
simulation time into intervals that are independent of each other. The aim is to find
points in the sample paths for which all future states are independent of the states
before this point. Each processor may then simulate an interval independently of all
other processors to generate the final sample path. Figure 2.11 illustrates this approach.
First the regenerative points are determined, then each processor simulates one of the
intervals in-between.

This technique requires that such states can be found and occur at regular enough
intervals.

Fujimoto et al. [28] used this technique in a high-level simulation of a statistical
multiplexor (such as an ATM switch). There are N identical arrival sources each of
which may be either “on” or “off”. During an “on” period cells arrive at a constant rate.

The server can send C cells per unit time.
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Figure 2.11: Regenerative Simulation

Assume that the “on” and “off” periods for each stream are already available. Each
processor is allocated an interval of the time period. This interval is searched for a
regenerative point from which to start simulating. There are two forms or regenerative

points:

e Guaranteed overflow. If enough sources are active for a long enough period then

the queue will become full.

e Guaranteed underflow. If only a small number of sources are active for a long

enough period then the queue will become empty.

Each processor can then safely simulate the interval from this point onwards. At the
end of a processor’s interval it passes its end state onto the next processor. These end
states can be used to compute the first part of the interval before the regenerative point.
This approach requires that regenerative points can be found within each interval.

Figure 2.12 illustrates this technique when the simulation is run over four processors.
It can be observed that the regenerative points may not be the first time that the queue
becomes empty or full during an interval, rather the first time this is guaranteed to
happen.

Nikolaidis et al. [65] continued this work to perform a parallel simulation of cascading
multiplexors. Each level of multiplexors was computed independently using the above
approach.

Lin and Lazowska [50] proposed the idea of partial state matching. This can be
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Figure 2.12: Generating a sample path using over and underflow regenerative points

applied if the system state can be separated into a regenerative substate and a non-
regenerative substate such that the two substates are independent. The simulation is
performed as a regenerative simulation. A fix up may be required afterwards for the

non-regenerative substate.

2.3.2 Relaxation

In many situations it may not be possible to predict the starting conditions for a partic-
ular interval of a simulation. Chandy and Sherman [14] have suggested using relaxation
as a way of dealing with these uncertainties. That approach can be applied to either
time-parallel or space-time-parallel simulations.

The simulation period is broken up into arbitrary intervals and a processor assigned
to each. The starting state for each interval may be unknown. In that case the processor
makes an assumption about the initial conditions and proceeds to simulate the interval.
In general the end state from processor p’s interval will not match the starting condition
for processor p + 1, see figure 2.13. The latter will then re-simulate its interval using
the end conditions from processor p as a new set of starting conditions. This process
is iterated until two consecutive iterations produce identical sample paths. Figure 2.13
illustrates the case where two iterations are required.

If the final state of an interval is independent of the initial state of the interval then
this technique will normally perform well. However, if there is a dependency, then the

approach will require up to p iterations to converge to the true sample path when using
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Figure 2.13: Using relaxation to generate the correct sample path

P Processors.

Heidelberger and Stone [39] used this approach for a trace-driven simulation of a
processor’s cache. Consider the simulation of a single processor cache capable of storing
four separate address values from a memory range of seven over an interval of twenty-four
address requests. A request for an address may result in either a hit, indicating that the
value resides in the cache, or a miss. In the case of a miss the address is loaded from
main memory and, if the cache is full, one of the previously stored addresses is discarded.
Many replacement policies exist, in this case the least recently used (LRU) address is

discarded.

Table 2.4 shows an example of the relaxation approach applied to the LRU policy.
The twenty-four trace-driven access requests are divided equally among three processors.

Notice that for clarity the cache locations are sorted in order of usage.

The first stage is to check whether the requested address (A) exists already in one
of the four cache locations {ci,ca,c3,cs}. Otherwise the address is retrieved from main
memory and placed into the cache. Notice that the table shows the result after the
operation has been performed. Each processor assumes initially that it will start with an
empty cache and simulates its interval. After the first iteration all but the first processor
will need to re-compute its interval. Each uses the final cache state from the previous
processor as the starting state and simulates until the new simulation state matches the

equivalent state from the previous iteration. It was found that if the intervals were long
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enough, two iterations would suffice.

Table 2.4: Time parallel cache simulation by relaxation

Processor 1 Processor 2 Processor 3
A3 13 2 7 2 46 1 3145 2 2 4 Y1 2 3 6 1 6 7

Iteration 1

ct 31 3 27 2 46 1 3145 2 2 4 71 2 3 6 16 7
c - 31 3 2 7 2 4 -1 1 4 5 5 2 - 1 23 6 1 6
cz - - - 13 3 7 2 - - - 31 4 4 5 - - 712 3 31
¢, - - - - 1137 - - - - 3111 - - - 71 2 2 3
Iteration 2

cl 1 31 4 5 71 2 3

co idle 6 1 3 1 4 match 4 7 1 2 match
c3 4 6 6 3 1 2 4 71

cy 2 4 4 6 3 5 2 4 7

Andradéttir and Ott [3] proposed a technique for determining the position where the
system state becomes independent of the starting conditions. Suppose the performance
measure of interest is the queue size at a finite capacity server. Each processor conducts
two simulations, the first starting the interval with an empty queue and the second
with a full queue. If both of these simulations use the same arrival streams it is clear
that the true trajectory (and all other possible trajectories) must lie between these two
trajectories. Eventually these two simulations will couple (come together) and remain
so. From this point on, the simulation will be independent of the starting conditions.
The rest of the interval is performed as a single simulation, with the correct final state
of the interval being passed to the next processor.

Figure 2.14 shows an example of three processors using this technique to generate the
sample path. After the first iteration each processor knows that the starting conditions

passed from the previous processor are correct and can produce the final sample path.

If the two sample paths do not couple before the end of a processor’s interval, the

two end states are passed onto the next processor which will simulate both cases until
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Figure 2.14: Simulating both extremes to determine coupling

either they couple or that interval ends.

Lin [48] proposed a method for placing bounds on the losses from a G/G/1/K queue.
If the first pass of the relaxation algorithm starts with a queue size of 0 then this will
give a lower bound on the number of cells lost. In order to determine an upper bound on
the number of cells lost the sample path from the first pass is divided into clusters where
the server is active and idle periods. Figure 2.15 illustrates three clusters {Ci,Cs,C3}

separated by idle periods.

During future iterations the idle periods can be used to service extra cells that may
be in the queue. During clusters the sample path is moved up by the number of extra
cells in the queue at the start of the cluster and the departure instances are ‘shifted’
left. See figure 2.15 where (; extra cells are in the queue at the start of cluster ¢ with all
departure times shifted §; left, where §; is the amount of time remaining in service for
the active cell. An equation is presented for computing an upper bound on the number
of cells lost during each cluster, along with an estimate for the number of cells left in

service at the end of the interval.

Subsequent iterations of the relaxation algorithm presented by Lin compute these
upper bounds for the cells losses, thus reducing the computation time for the iteration

stages.

Lin extends this idea to bounding the number of cells lost in a G/G/1/K server with

priority scheduling policy [49].
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Figure 2.15: Shift effects of a different iteration

2.3.3 Recurrence Equations and Parallel Prefix

Greenberg et al. [34, 35] presented an alternative approach to solving the time-parallel
simulation problem. This solution does not rely on the ability to pre-compute “known”
points in the simulation or the correction of simulation states in light of new starting
conditions. The approach offers almost unlimited speed-up for parallel simulation.
Many simulation problems may be formulated as a set of recurrence equations that
describe the new system state based upon the previous state. If these equations can be
written in terms of associative operations then the system states may be computed by
use of the parallel prefix method. This method can compute all n prefix products over p

processors in O(n/p + log, p) time.

— [T E—

Figure 2.16: A single unbounded FIFO G/G/1 server

Take for example a single G/G/1 server (figure 2.16). Packets of data arrive at the
server and are stored in an unbounded FIFO queue awaiting service. The inter-arrival
time between packets ¢ — 1 and ¢ is ;. The service time for packet 7 being d;. The
arrival, A;, and departure, D;, times for packet ¢ may be computed from the following
recurrence relations:

A=A 1+ a, (2.1)
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Dy = max(Ai, Di—l) + &;. (2.2)

Equation 2.1 may be computed directly as a parallel prefix sum as addition is associative.
However, equation 2.2 will require re-writing as a matrix multiplication in the (max,+)

semi-ring in order to be performed as an associative operation.

A complete solution to this problem, including a discussion of parallel prefix algo-
rithms is presented in chapter 3. The chapter also includes a solution to a simplified

version of the acyclic network that has been used as a running example.

The paper by Greenberg et al. illustrated the solution to other queueing networks
solved by recurrence relations and parallel prefix such as acyclic fork-join networks and
certain types of tandem networks with bounded buffers and blocking. The use of merging
and splitting of arrival and departure lists are also used to solve acyclic networks. Finally
the use of relaxation was added to solve networks with feedback. An extended version
of this paper was published [36] developing these solutions further.

The use of parallel prefix computations to solve simulations of petri nets was shown
by Baccelli and Canales [5]. In this work the evolution of the petri net was described
by a matrix in (max,+) algebra. The simulation of the petri net could be performed
using parallel prefix computations if the size of the matrix was small in comparison to
the number of processors. However, if the size of the matrix exceeded the number of
processors, performing the simulation as a set of parallel matrix vector multiplications
was more appropriate.

The approaches of relaxation and recurrence relations are brought together by Wang
and Abrams [75], who developed approximate simulations of finite capacity G/G/1/K
and G/D/1/K servers.

To simulate the G/G/1/K server, first the equivalent G/G/1 server is simulated using
the approach by Greenberg et al. Each processor is allocated an interval of arrivals and
relaxation is used to determine the cell losses. Each processor assumes that the initial

queue size is the smaller of the queue size from the G/G/1 simulation or K. Departure



2.3. Time-Parallel Simulation 28

times of lost cells and subsequent effects on departures are not dealt with in this case

leading to approximate solutions.

The G/D/1/K server simulation first computes the arrival instances using parallel
prefix computations. Again relaxation is used to compute the queue size, with the queue
size at the start of each interval being set initially to 0. To reduce the time required
for relaxation to converge the time left in service for the first cell in each interval is

artificially set to a pre-defined value. This again leads to approximate results.

An alternative approach to simulating trace-driven cache simulations using parallel
prefix computations was proposed by Nicol et al. [63]. This allowed various cache sizes

to be simulated concurrently.

2.3.4 Longest Path

Chen [15] presented an approach that can be used to simulate the departure times for
a G/G/1 server. It is based on computing the latest time that a departure may occur

(considered to be the longest path).

Ay A, Az - . . - A Ai+1
Sl SQ S3 Sz' Si—l—l
Dl S2 > Do S3 > D3 . . . . DZ ﬁ» Di+1 .

Figure 2.17: Path view of Departure times

Consider the graph in figure 2.17, the arrival times A; in row 1 are pre-computed

along with the service times S;. The departure times D; in row 2 are to be computed.

The departure times for packet 1 may be computed using the recurrence relation:

D; = max(Ai + 8, D;—1 + Sz) (2.3)
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This may be re-written to eliminate D;_; by substitution:
D; = max(Ai 4+ 8S;, Ai1 + 821+ 8, Do+ S;_1 + Sz) (2.4)
These substitutions may be continued until all departure times are removed, giving:

Dizmax(Aj—i-iSl:j=1,...,z'). (2.5)
I=j

An algorithm is presented for computing M P+1 departures in batches of size P+1 on
P processors in O(M (1+1logy, P)) time. If the processor count is high then this algorithm
will perform as well as the parallel prefix approach. However, if the processor count
is small then the performance will suffer due to the synchronisation required between
batches.

The paper goes further to illustrate the use of this algorithm for simulating a finite
capacity G/G/1/K queue. This requires that an infinite capacity G/G/1 queue precedes
the finite queue. Figure 2.18 illustrates this with node 1 a G/G/1 server with infinite
capacity and node 2 a finite capacity G/G/1/K server. The batch size, b, thus the
number of processors P, must now be less than K.

Node 1 Node 2

Figure 2.18: Arrangement of nodes for a finite server

If the times of the last b departures D;- to depart node 2 are known then packet ¢
will depart node 1 and be accepted at node 2 if D; > D) ;. where v is the number of
departures previously accepted into node 2. All other departures from node 1 will be
lost. Note that these comparisons will require sequential computation.

Simulation algorithms are also presented for simulating networks of nodes and nodes

with finite capacity that block the service at prior nodes rather than losing packets.
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2.4 Multiple Replication

In multiple replication each processor independently performs a sequential simulation
of the system. The results generated can then be used to compute an estimate and a
confidence interval for the performance measures of interest. This can be one of the
quickest techniques to implement if a sequential simulation program is already available.

For the example system each processor would be given the complete system to model,
as in figure 2.19, producing multiple sample paths that can be used to generate estimates

and confidence intervals for performance measures.

Figure 2.19: Replicated simulation

If the performance measures of interest are for properties of the system that may
be determined within a relatively short time period (often refereed to as transient or
terminating), replication simulation is well suited. Examples of such systems include the
expected time before the queue size exceeds a certain level or the number of packets of
data that can be processed in a given time interval. This will lead to near optimal use of
the available processors (some degradation may be present due to deletion of the initial
start up states of each simulation). However, work by Kelton and Law [42] and Whitt
[76] shows that the best results will be achieved if the number of replications is kept low
(typically no more than 5 to 10).

The use of this technique can also lead to biased estimates if there is a limit on the
amount of time a processor may simulate the system. This may be due to the effects of
work in progress at the end of the time period or how the estimates are generated. For

further details see Glynn and Heidelberger [32].
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2.5 Space-Time-Parallel Simulation

In space-time-parallel simulation the space-time region is decomposed into non-overlapping
regions that offer the best option for massive speed-up. Chandy and Sherman [14] pro-
posed the first partitioning method, allowing the space-time graph to be decomposed
in some arbitrary manner (figure 2.20). Communications that flow between PPs across
horizontal lines are modelled by time stamped messages between processors. Unknown
starting conditions along vertical edges are “guessed” with relaxation being used to de-

termine final states.
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Figure 2.20: Space-Time-Parallel Partitioning of a sample path

Bagrodia et al. [6] generalised the concept of space-time. The state of PP j at time
tis S(j,t). A message passed between PPs i and j at time ¢ is M (4, 7,t). The process of
simulating a system is a case of solving S(j,t) and M (3, j,t) for all PPs in the interval
[0,T). Descriptions of how time-warp and conservative algorithms may be expressed in
this notation were given. However, no general solution was proposed, though the authors
alluded to possible approaches.

Circuit-Switched networks, such as the telecommunications networks offer scope for

space-time-parallel simulation due to the massive scale of such problems. The AT&T
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network consists of approximately 5000 links capable of handling 1 million calls at a time
with simulations processing at least 10° calls. A call that is placed between two nodes i
and j can either be offered, routed via another node v or blocked.

Two space-time-parallel approaches have been proposed for simulating circuit switched
networks, Eich et al. [17] and Gaujal et al. [29, 30]. In both cases it is assumed that
the number of processors exceeds the number of links. The simulation progresses in time
intervals [t,¢ + ¢). Each link in the network is allocated a number of processors which
divide the time interval amongst themselves. For example figure 2.21 illustrates a simple

network of three nodes. Figure 2.22 indicates how eight processors could be allocated

(2)

over the links during interval [¢,¢ + ).
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Figure 2.21: A simpl