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ABSTRACT

The dissertation introduces a new class of bus-based systems called the Segmented
Multiple Bus System (SMBS). One of the unique characteristics of the SMBS is that
it allows the exploitation of memory reference locality even though it is a bus-based
nondirect network. This comes from the architectural interconnection feature that
the SMBS can be viewed as a large-scale multiple bus system (MBS) that has been
partitioned into smaller partitions called segments. Each such segment is in effect
a small conventional MBS whose size is chosen so as to avoid bus loading problems.
The SMBS overcomes the architectural limitations of bus-based shared memory sys-
tems while maintaining their advantages in terms of high degree of fault tolerance,
ease of expansion and ease of programming. In addition SMBS’s are scalable; unlike
conventional MBS’s. Another interesting feature of the SMBS is that it supports
wormhole routing which is traditionally used in direct network topologies.

We develop performance models to study the SMBS with wormhole routing.
Ours is the first attempt to adapt wormhole routing to a bus-based nondirect net-
work. In our performance modeling, features of both direct and nondirect networks
are incorporated. We include the effect of blocking and pipelining properties of
wormbhole routing in the analysis. The bus group of each segment is modeled as a
flow equi\falent service center which represents a load dependent service center. Two
performance models, one assuming single flit buffers and the other assuming infi-
nite flit buffers at segment switches, are developed. Using approximate Mean Value

Analysis, we evaluate performance in terms of processing efficiency and request re-

viii
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sponse time. We also simulate the two models without applying any approximations.
We report comparisons of analytical results with simulation results to support the
accuracy and appropriateness of our new and novel performance models. The results
demonstrate good match between simulation and analytical results and show good
scalability for the SMBS.

The approach we adopt in developing the models is comprehensive in the sense

that the models incorporate features of both direct and nondirect networks. This

makes our models easily adaptable to several other network topologies.

ix
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CHAPTER 1

INTRODUCTION

Massively parallel computers are considered the most promising technology to
achieve significant computational power. A great deal of attention has been paid
to the design of multiprocessor systems to achieve higher computational power. In
such large-scale systems, each processor typically comprises cache memory, local
memory and other supporting devices. The processors can execute the same in-
struction, broadcasted from a control unit, but operate on different data sets from
distinct data streams (single instruction stream multiple data stream, or SIMD in
short) or they can execute several independent programs simultaneously (multiple
instruction stream multiple data stream, or MIMD in short).

The performance of a multiprocessor system depends significantly on its inter-
connection network. Wide variety of interconnection networks have been proposed
for multiprocessor systems [1]. They can be classified into crossbar networks [2], sin-
gle bus and multiple bus systems (3, 4], multistage interconnection networks [1, 5]
and direct (static) networks [6].

In a direct network architecture, each node has a point-to-point connection to a
set of neighboring nodes. Because nodes do not physically share memory, they must
communicate by passing messages over the interconnection network. Systems used
in this manner have been referred to as message passing multicomputers. The most

commonly used direct networks are variants of the k-ary n-cube [6]. Examples of k-

1
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ary n-cubes include the ring (r = 1), 2-D mesh or torus (r = 2), 3-D mesh or torus
(n = 3) and hypercube (k = 2). These direct networks have been popular archi-
tectures for constructing massively parallel computers because they scale well; that
is, as the number of nodes in the system increases, the system gains corresponding
performance. Furthermore, these systems allow the exploitation of communication
locality.

A major constraint with direct networks is their static topologies; once a ma-
chine is built it cannot be changed. Another problem with direct networks is that
writing message passing programs has been traditionally difficult because various
system primitives should be invoked to send messages between processes executing
on different nodes. Shared memory programs are easier to develop than message
passing programs because the programmer does not need to be concerned with the
explicit movement of data. Some recent distributed shared memory designs use low
dimensional direct networks. Examples of such systems include HORIZON [7], the
Stanford DASH Multiprocessor (8], and the MIT Alewife machine [9)].

However, whether a message passing direct network system or a distributed
shared memory system is used, network latency is critical to system performance.
Current second generation multicomputers are most distinguished by message rout-
ing. One method, called wormhole routing [10], has become quite popular in recent
years. In the networks that support wormhole routing, network latency is almost
independent of path length when there is no contention and message length is rel-

atively large. Low dimensional meshes are popular topologies for such systems
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because the negative effects of their large inter-node distance are minimized. In
fact, most direct network topologies that use wormbole routing are low-dimensional
meshes and hypercubes. The Intel Touchstone Delta [11], the Intel Paragon and
the Symult 2010 [12] use a 2D mesh, and the MIT J-machine [13] and the Caltech’s
Mosaic [14] use a 3D mesh. The nCube-2/3 uses a hypercube topology.

To the contrary, nondirect networks such as the crossbar switch and multistage
interconnection networks do not integrate processors and switches. Consequently,
processors cannot communicate directly with each other. Communication between
two processors in an nondirect network (as well as in multiple bus systems) is
achieved through a shared memory. The logical structure of a shared memory mul-
tiprocessor allows multiple processors to access memory in a single global address
space. Shared memory systems are usually considered by many to be simpler and
more intuitive to program than message passing systems where one has to deal with
low-level details.

Among various interconnection networks for shared memory multiprocessors,
the crossbar switch network [2] gives full connectivity such that all permutations
between processors and shared memory modules are possible. However, this net-
work is unsuitable for systems with a large number of processors. The cost of an
N x N crossbar switch network grows O(N?), where N is the number of processors
or memory modules. The crossbar is also vulnerable to failures in communication

paths because alternative paths do not exist, and so it is very often impractical.
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Multistage interconnection networks [1, 5] allow a rich subset of one-to-one si-
multaneous connections between processors and memory modules while reducing
the cost to O(N log N). The disadvantage of multistage interconnection networks
is that they are not easily scalable and are subject to high communication latency. A
major common disadvantage of the crossbar switch and multistage interconnection
networks is that they are not inherently fault tolerant.

A multiple bus interconnection network [3, 4] is a good alternative. It provides
high degree of fault tolerance, cost effectiveness, ease of broadcasting and ease of ex-
pansion. Depending on the connections of processors and memory modules to buses,
different types of multiple bus systems (MBS’s in short) have been introduced [18
- 23]. In the conventional MBS [4], each processor and each memory module is
connected to every bus. This is usually referred to as a full bus connection system.
This system becomes prohibitively costly when the size of the system increases. The
cost of the MBS is given by O((N + M)B), where N is the number of processors,
M is the number of memory modules, and B is the number of buses.

Usually a bus-based system suffers from severe problems unique to the bus itself,
although it has the natural advantages of a bus. Bus loading is a major problem.
Because the capacitive loads and drive requirements of a bus are proportional to the
number of connections to the bus, signal speed is limited by the physical capacitance
associated with the bus. Thus, the maximum number of connections per bus must
be chosen so as to avoid the bus loading problem. Therefore, the bus itself becomes

a major limitation to system scalability.
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In some cases, taking advantage of the locality of communication and/or locality
of memory reference present in most applications can help in reducing the inter-
node distance {17]. While many applications exhibit the locality of communication
or memory reference, a conventional MBS cannot take the advantage of such locality
because a bus is a mutually exclusive resource to which all processors are connected.

In this dissertation, we introduce and investigate a new bus-based system called
the Segmented Multiple Bus System (SMBS in short) which is targeted at overcoming
the above mentioned drawbacks of bus-based shared memory systems. The SMBS
is targeted at exploiting reference locality, scalability and versatility, features that
are not found in any of the existing bus-based systems. In the following section,
we briefly review relevant literature. We describe motivation of our research and

outline the dissertation in Section 1.2.

1.1 REVIEW OF RELEVANT LITERATURE

1.1.1 VARIANTS OF MULTIPLE Bus SYSTEMS

The major research effort in multiple bus systems has focused on reducing connec-
tions between memory modules and buses or between processors and buses. Sev-
eral different configurations have been proposed, mostly focusing on reducing the
number of bus connections while keeping the size of the MBS still moderate. Exam-
ples of such configurations include the partial multiple bus network [3], processor-
oriented partial multiple bus system [15], systems with certain connection schemes

like trapezoidal, rhombic, staircase, cyclic and balanced interconnection [18], partial

r e———

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-y

r em—

bus network with hierarchical request model [19], multi-level bus systems [20] and
probabilistically reduced connection multiple bus system [21].

Lang, Valero and Alegre (3] proposed a bus system called partial multiple bus
system. In the partial multiple bus network, memory modules are divided into equal
sized groups and each of these groups is connected to some equal numbered, but
different subset of buses. The processors are connected to all the buses. This partial
multiple bus structure was intended to reduce the connection cost while trading off
an acceptable degree of system bandwidth. They reported a decrease in system
bandwidth of at most 6% while reducing memory-bus connections by half compared
to the conventional full bus connection system.

In the processor-oriented partial multiple bus structure [15], bus connection com-
plexity is the same as that of the partial multiple bus network. In that system,
processors are partitioned into equal sized groups and are connected to different
subsets of buses, while memory modules are connected to all the buses. With im-
proved load balancing in the arbitration mechanism (a memory module that has
outstanding requests must be granted an available free bus), the system is claimed
to have an increase of up to 20% in system bandwidth over the partial multiple bus
system [3]. However, in the processor-oriented multiple bus system, implementation
of the load balancing arbiter is very complicated.

Lang, Valero and Foil [18] proposed some connection schemes like rhombic, bal-
anced, staircase, cyclic, etc.. In these systems, not all the buses are connected to

all the memory modules; however, any B memory modules can be connected to B
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buses by some connection scheme and all the buses have full processor connection.
Therefore, the throughput is the same as that of a full bus connection system. How-
ever, the implementation of arbitration algorithms is complex and the connection
cost of a large system is still high.

The partial bus network with hierarchical request model [19] divides memory
modules into a few classes and connects more frequently addressed memory module
classes to more buses than those that are less frequently referenced. Processors are
connected to all the buses in this system as well. Even though system bandwidth is
comparable to that of partial connection multiple bus systems, the connection cost
is higher. Because of non-uniformity of connection, fault tolerance could be serious
for some memory module classes and implementation of arbiiers would be complex.

In the multi-level bus system [20], processors and memory modules are divided
into a number of multi-level clusters. As the cluster level goes up, connectivity of a
bus increases and finally at the highest level, a bus has full connectivity. The total
number of connections is less than that of the partial multiple bus system [3] with
same number of processors. The multi-level bus system becomes cost effective only
for hierarchical reference models. In other words, the multi-level bus system will
not perform well under a uniform request model.

Karim [21] proposed a probabilistically reduced connection multiple bus system.
His approach was motivated by the hypothesis that there are many connections in
conventional multiple bus systems to satisfy highly improbable request patterns; in

other words, probabilistically redundant (or under-utilized) connectivity exists. His
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results show that the typical memory-bus connectivity cost reduction is in the range
of 20% — 37%, depending on the assumed request model. He used several request
models, such as the uniform request model, hot spot request model, locality-based
request model and locality-based request model with local hot spots [21]. However,
the proposed system also has full connectivity between processors and buses. The
author reported another approach to reduce the connectivity cost from both pro-
cessor or memory sides which did not show any significant cost improvement.

Basically, all of these partially connected systems solve the bus loading prob-
lem to some degree. They achieve some reduction in connection cost while trading
off an acceptable and tolerable degree of performance degradation. However, these
architectures have full connectivity in the sense that either every processor is con-
nected to every bus or every memory module is connected to every bus. This full
connectivity between processors and buses or memory modules and buses gives rise
to serious engineering difficulties as system size increases. They also increase the
cost to an unacceptable level. Among these difficulties, the problem of bus loading
is a major one.

To solve the bus loading problem, a new class of multiple bus architectures,
called binomial multi-bus architecture based on binary codes, was proposed [22].
This class is aimed at further reduction in the interconnection complexity. It was
shown in [22] that the reliability of this architecture class is as good as that of a full
bus connection system while the number of bus connections is almost half of that

required in the full bus connection case.
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To interconnect a large number of processors using a minimum number of buses
when both the number of input and output ports on a processor and the bus fanout
are constrained, general construction techniques of systems based on Balanced In-
complete Block Design were introduced [23]. While these multibus architectures
are aimed at further reduction in the number of connections to buses, for truly
large systems the fanout constraint cannot be overcome by resorting to these partial

configurations.

1.1.2 OVERVIEW OF WORMHOLE ROUTING

The performance of a direct interconnection network is greatly dependent on the
performance of its communication network; so an efficient routing algorithm is crit-
ical to the performance. Routing can be classified as deterministic or adaptive.
Deterministic routing completely determines the path only by the source and desti-
nation addresses. If routing is adaptive, the path for a given source and destination
pair is determined based on dynamic network conditions, such as failure of channels
or blocked channels.

In order to obtain good performance, it is desirable that a routing algorithm
uses a shortest possible path for each packet. Such a routing algorithm is said to be
minimal. A non-minimal routing algorithm may use a longer path for each packet,
usually in response to dynamic network conditions. Non-minimal routing should be
used carefully so as to avoid livelock situations. Livelock can occur when routing is

continued indefinitely without finding the destination.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

Routing algorithms can be further classified by the type of switching technique
they utilize. In store-and-forward (or packet) switching, whenever a packet arrives
at an intermediate node, the entire packet is stored in a packet buffer. Then the
packet advances to the next node when the next channel is available and the node
has available packet buffer. In circuit switching, a physical circuit is established
exclusively for a message between the source and destination nodes. After the mes-
sage has been transmitted along the circuit to the destination, the circuit is released.
Therefore, there is no need to have buffer space at each node.

In virtual cut-through [30], the packet header (which has routing information) is
examined upon arrival at an intermediate node. The packet is buffered at the inter-
mediate node only if the next channel is blocked. Otherwise, the packet advances
immediately without buffering. Both circuit switching and virtual cut-through are
based on the concept of cut-through, which can significantly reduce network la-
tency.

Although both virtual cut-through and circuit switching offer significantly re-
duced network latencies when there is no contention, virtual cut-through requires
large buffers to store blocked packets and in circuit switching the established physi-
cal circuit between the source and destination nodes cannot be shared among other
messages.

Wormbhole routing [10] which has become quite popular in recent years, resolves
these drawbacks while offering similar low network latency. A packet is divided into

a number of flits (flow control digits) for transmission. The flit at the head of the
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packet, the header flit, has routing information. As the header flit advances along
the path, if there are no blocked channels, the remaining flits follow in a pipelined
fashion. If the header flit is blocked at some intermediate node, the trailing flits
are blocked in place, with several channels being occupied simultaneously until the
header flit can move forward. The channel once occupied by a packet will only be
released by the tail flit. The pipelining property of wormhole routing could make the
network latency largely insensitive to path length if there is no contention. Another
attraction of this routing technique is that each node requires only a small first-in
first-out (FIFO in short) flit buffer to store a few flits for each channel. Low dimen-
sional meshes and hypercubes are the most popular direct network topologies used
in wormhole routed systems because the negative effects of their large inter-node
distance are minimized.

If a packet is blocked at every intermediate node, virtual cut-through behaves
exactly the same as packet switching. On the other hand, if all of the intermedi-
ate channels are free, virtual cut-through becomes very similar to circuit switching.
Hence, cut-through switching is advantageous when the network load is low. In the
ideal case, when flit buffer capacity is unbounded, wormhole routing is equivalent
to an optimized form of virtual cut-through. In that case, wormhole routing allows
a partially buffered packet to be forwarded as soon as its outgoing channel becomes
available.

A situation that can postpone packet delivery forever is called deadlock. Dead-

lock can occur if a circular wait condition happens; a packet may wait for a network
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resource while holding other resources and excluding other packets from acquir-
ing the held resources. In packet switching and virtual cut-through switching, the
deadlock resources are buffers. Therefore, they need extra buffers for deadlock-free
routing. In circuit switching and wormhole routing, the resources are channels.
Because blocked packets hold several channels and their corresponding flit buffers
simultaneously, wormhole routing is particularly susceptible to deadlock. Starvation
is similar to deadlock, but occurs when a packet waits for an event that can happen
but never does. For example, a packet may wait forever to acquire a network re-
source for which other packets are always competing successfully. Starvation is only
possible when the allocation of network resources is unfair.

Generally methods for avoiding deadlock routing use one of two approaches: di-
mension ordering [6, 11, 12] and virtual channels [31]. Dimension ordering [6, 11, 12]
routes packets along the different dimensions in a pre-specified order. One dimension
ordering approach, LR routing [6] (also called e-cube routing algorithm), applied to
hypercubes, routes a packet by selecting intermediate nodes such that the address
bits gradually match from the most significant bit to the least significant bit (or left
to right). The zy routing algorithm (11, 12], applied to two-dimensional meshes,
routes a packet first along the z dimension and then along the y dimension. These di-
mension ordering approaches guarantee deadlock-free routing but are non-adaptive.

In the other approach [31}, a single physical channel is divided into multiple dis-
joint virtual channels and a cyclic dependency-free routing is employed. Generally

each virtual channel has reduced bandwidth because virtual channels must share
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one physical channel. However, virtual channels make adaptive routing possible

and produce flexible flow control.

1.1.3 REVIEW OF RELEVANT PERFORMANCE ANALYSIS

In this subsection, we review the work of several researchers on performance analysis
of asynchronous MBS’s and direct networks with wormbhole routing which relate to
our work.

Jackson [44] showed that if a queueing network consists of exponential queues,
its solution is separable. The term ‘separable’ comes from the fact that each service
center can be separated from the rest of the network and its solution is evaluated
in isolation. Then, the solution of the entire network can be formed by combining
these separate solutions. This simplifies the evaluation while ensuring accuracy.

For circuit switched MBS’s, the path between a requesting processor and a mem-
ory module is established during the entire memory operation. This simultaneous
possession of a bus and a memory module represents a non-separable aspect which
results in an approximate bus-memory system.

Asynchronous operation has been studied using Markovian queueing network
models for MBS’s [33, 34]. Marsan and Gerla [33] gave an approximate solution to
a Markovian model developed under the assumption that the memory service time
and request interval are exponentially distributed. In their solution, all memory
modules and processors in the system are assumed to be identical and a uniform

memory reference model is assumed in order to reduce the size of Markov chains.
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Irani and Onyuksel [34] presented a closed-form solution for a Markovian queue-
ing model. Their analytical results are claimed to be easily applicable to a system
of any size.

Towsley [35] developed two classes of approximate models for asynchronous
MBS’s. These are the combined bus-memory model based on the flow equivalence
technique and the surrogate delays model, in which the mean-bus queueing delay is
added to the mean-memory holding time.

Another approximate simple queueing model of asynchronous MBS’s was pre-
sented by Yang and Zaky [36]. In this model each processor has a local memory
and thus is able to continue processing while waiting for response from the shared
memory. All these previous works on MBS’s have focused only on circuit switched
systems [33 — 36).

For packet switched MBS’s, there are three different types of service centers,
typically: processor, bus and memory service centers. The solution is separable if
these three service centers have exponential queues with exponential distribution of
service times. The bus group in a packet switched MBS can be modeled as a sin-
gle service center called flow equivalent service center (FESC) [16]). The bus group
is called the aggregate and the remaining service centers in the system are called
collectively the complement. From the point of view of the complement, an FESC
is a single service center whose behavior is identical to the aggregate itself. Con-
sequently, the purpose of the FESC is to represent the behavior of the aggregate

numerically.
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FESCs are represented in queueing network models using load dependent service
centers. A load dependent service center can be considered as a service center whose
service rate is determined by a function of the number of customers in its queue.
As viewed by the complement, this behavior corresponds to the flow of customers
out of the aggregate and into the complement. An approximation for this flow can
be obtained under the assumption that the average service rate at the aggregate
depends only on the state of the aggregate which is defined by the number of cus-
tomers in the aggregate [16].

Yang and Bhuyan [37] presented approximate queueing network models for both
packet switched synchronous and asynchronous MBS’s. Basically, all processors,
memory modules and buses are assumed to be identical and typically a uniform
memory reference model is assumed in [37). For the synchronous system, the anal-
ysis is based on the assumption that each of the shared resources in the system is
represented as a single server queue. For instance, each processor has a bus access
queue and every memory module has both an input and an output queue.

For the asynchronous system, the centrally controlled bus system is modeled as
an FESC. For decentralized control of the bus system, each bus is assumed to work
independently of others. For both bus control strategies (the centralized and the
decentralized), memory access time and packet transmission time are assumed to
be deterministic.

Dally [38] analyzed k-ary n-cube networks of varying dimensions under the as-

sumption of a constant wire bisection width constraint, which is motivated by wiring
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density limitation in VLSI. He has shown that low-dimensional networks (e.g., tori)
have lower latency and higher hot spot throughput than high-dimensional networks
(e.g., binary n-cube) with the same bisection width.

Agarwal [39] derived simple closed-form equations taking both switch and wire
delays into account. The model includes the effects of packet size and communica-
tion locality. Under the constraint of constant wire density and constant bisection
width, a two-dimensional mesh yields the lowest latency. However, when node de-
lays are taken into account, it is shown that the best network would have three or
four dimensions. Longer messages make the relative effect of network distance less
important, while shorter message lengths increase the relative influence of network
distance and tend to favor networks with more dimensions. Communication locality
enhances the attractiveness of low-dimensional networks.

Scott and Goodman [40] examined the performance impact of pipelined chan-
nels on k-ary n-cube networks on the choice of dimensionality and radix. Networks
are investigated under the constant link width, constant node size and constant
bisection width constraints. Pipelined channel networks have higher optimal di-
mensionality than non-pipelined channel networks. Their radixes remain roughly
constant as network size grows, decreasing slightly for some unidirectional tori and
increasing slightly for some bidirectional meshes. In [38 — 40], studies of k-ary n-
cubes with wormhole routing have shown that under reasonable assumptions, the

optimal dimensionality is 2 to 4.
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Adve and Vernon [41] developed approximate MVA models for 2-D mesh inter-
connection networks with wormhole routing. The model explicitly represents the
virtual channels used in the non-adaptive deadlock-free routing scheme developed
by Dally and Seitz [31]. Results presented in [41] showed that when processors have
multiple outstanding requests, the system does not scale well with increasing system
size because of bandwidth limitation. However, for a very high level of communica-
tion locality, the system scales well. For the case of four outstanding requests, for
example, at least 70% — 80% of each processor’s requests must be directed to its
nearest neighbors. This may correspond to unrealistic workloads.

Kim and Das (42] modeled a deadlock-free routing scheme in asynchronous hy-
percubes for finding the average delay of a message in the network. Their model
can capture the probability of blocking caused by the LR wormhole routing scheme
and the random wormbhole routing scheme. They modeled a set of blocked channels
as an M/M/1 queue. They claimed that their analytical results show more close
agreement with simulation results than analysis of wormhole routing first reported
by Dally [38] and that the model can capture any message destination distribution.

Hybrid switching proposed by Shin and Daniel [43] dynamically combines fea-
tures of both virtual cut-through and wormhole switching by buffering a small frac-
tion of blocked packets and limiting the number of links that blocked packets can
hold. This significantly reduces the buffer requirement at intermediate nodes com-
pared to virtual cut-through and provides higher throughput than that of a tradi-

tional wormhole routing network.
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1.2 MOTIVATION AND OUTLINE OF DISSERTATION

A typical bus-based system suffers from severe problems unique to the bus itself.
First, the bus is a mutually exclusive resource. Second, in MIMD systems, all pro-
cessors must participate in an arbitration phase. Third, the bus clock cycle must
be long enough so that signals can propagate through the entire length of the bus.
Fourth, the capacitive loads and drive requirements of a bus are proportional to
the number of connections to the bus. Fifth, signal speed is limited by the physical
capacitance associated with the bus.

Because of these drawbacks, the number of connections to a bus has to be limited
to a few dozens. Hence, the first objective of our research is to overcome the ar-
chitectural limitations of bus-based shared memory systems while maintaining their
advantages in terms of high degree of fault tolerance, ease of expansion and ease of
programming.

To avoid bus loading problems in large systems it is essential to allow only a
certain small number of connections to a bus. Segmenting a large bus system into
a number of smaller ones can be an attractive option. A large multiple bus system
could be segmented into smaller partitions, which we call segments, if these segments
can be connected somehow such that bus loading effects are avoided. This makes it
possible to overcome most problems associated with traditional bus-based systems.
Each segment is in effect a multiple bus system whose size is chosen so as to avoid
bus loading problems. The short bus results in removing bus loading problems and

permits maintaining a fast bus cycle.
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In a segmented system, several processors may access different memory modules
simultaneously, if they do not require an overlapping set of memory modules. For
instance, this would be the case if processors access memory modules within their
own segments. This will tend to increase the effective bandwidth of the segmented
system over that of a non-segmented bus system at a lower cost. This is the concept
underlying this dissertation.

In applications running with uniform memory access running on a typical mul-
tiple bus system, latency for all communications increases as system size scales.
Hence, mechanisms used to implement uniform memory access networks are not
scalable. The performance of those networks is quite sensitive to memory access la-
tency, which is the delay from the time a processor requests a memory access to the
time when data is returned from the memory module (or is stored in the module).
Unless a mechanism that is less sensitive to the memory access latency is developed,
scalability of the system will be hampered.

The hierarchical request model proposed by Chen and Sheu [19] improves the
partial multiple bus network by connecting more frequently addressed memory mod-
ules to more buses than those that are less frequently referenced. For the multi-level
bus system proposed by S. Mahmud [20], it has been shown that a processor ac-
cesses its nearest memory modules more frequently than others. However, these two

networks have two major drawbacks:

1. The connection complexity of certain buses is the same as that of a conven-

tional MBS.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-~y

20
2. The connection patterns lack regularity.

Both studies described above are done in the context of applications with non-
uniform request patterns running on systems which can best support uniform mem-
ory access.

In contrast to these networks, the segmented system we propose in this work
can be classified as a non-uniform memory access network although each segment
has regular connections. With such a non-uniform memory access network, applica-
tions where memory reference patterns tend to favor near memory modules can run
efficiently. Therefore, the segmented system can utilize memory reference locality
which is usually not the case in conventional bus-based systems.

This dissertation introduces a new class of systems called Segmented Multiple
Bus System (SMBS) based on the fundamental ideas described above. The SMBS
targets multiprocessor systems with increased scalability while keeping the natural
advantages of a bus-based system. The SMBS provides a global address space. All
processors can transparently access all memory locations. This makes programming
intuitive and easy. The SMBS exploits the natural advantages of the bus by using
relatively small bus segments, here called segment buses.

One of the unique characteristics of the SMBS is that it allows the exploitation
of communication locality even though it is a bus-based nondirect network. By
exploiting the locality of memory reference inherent to many applications, scala-
bility of the SMBS could be drastically improved. Another interesting feature of

the SMBS is that it supports wormhole routing which is mostly used in direct net-
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work topologies. Together, both segmentation and wormhole routing could make
the system largely scalable even though it is a bus-based system. This is a major
hypothesis underlying the work we report here.

Another important aspect of this research is that we develop novel performance
models for wormbhole routed SMBS’s. This, to our knowledge, is the first attempt
to adapt wormbhole routing to a bus-based (non-direct) network. We will therefore
incorporate features of both direct and nondirect networks in our performance mod-
eling. Among direct network features we include are the effects of blocking and that
of the pipelining property of wormbhole routing. The bus system in each segment is
modeled as a flow equivalent service center (FESC) [16] representing multiple servers
with a single central queue. We should note that this central server representing
the bus system is a load dependent server. This is a unique modeling feature for
multiple bus systems which we will encounter frequently.

In our work we conjecture that packets quickly delivered to their destination will
reduce the contention between other packets for network resources and that simul-
taneous communication traffic can thus be reduced. For that reason, a transient
packet which passes between segments will be given priority over others in the bus
assignment process.

The models we derive are closed multi-class queueing network models. For anal-
ysis of this type of closed queueing network, with features that violate separable
model assumptions, we use Approzimate Mean Value Analysis [16]. Our models are

very complex and feature aspects of both direct and nondirect networks with non-
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product form queueing behavior. Development of such models to reflect network
behavior accurately is a major contribution of this dissertation.

The rest of this dissertation is organized as follows. Chapter 2 introduces the
Segmented Multiple Bus System (SMBS) and discusses its distinguishing features.
Architectural features of the SMBS such as its interconnection structure and arbi-
tration mechanism are described. In Chapter 3, we develop a performance model
of the SMBS with single flit buffers for finding the mean response time of a re-
quest issued to a shared memory module in an asynchronous environment. We
state the assumptions regarding system workload and operation, and describe key
performance issues. In the model, representation of the packet pipelining property
of wormhole routing and blocking caused by finite flit buffers are considered. In
Chapter 4, we develop a performance model for the SMBS with infinite flit buffers.
When buffer capacity is unlimited, wormhole routing is equivalent to an optimized
virtual cut-through scheme [30]. The infinite flit buffer model does not consider the
mean residual residence time of a tail flit and blocking delay because buffer space
at a segment switch is unlimited.

Chapter 5 describes our event-driven simulator, presents simulation results to
validate our analytical models and presents the analytical results for our perfor-
mance analysis. By comparing system performance with the single flit buffer model
against that of the infinite flit buffer model, we shall investigate how much system
performance can be enhanced by increasing flit buffer sizes. We study the perfor-

mance under a uniform memory reference pattern and then examine the impact
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of memory reference locality on the mean response time and scalability. We also
address how performance changes by varying the number of segment buses and the
number of flits per packet. Given a fixed sized packet, the number of flits per packet
is dependent on the bus width which is a system design parameter. Our results
will show that network latency is more influenced by bus contention than network
distance. Thus, a small number of flits per packet and a wide bus width should help
to reduce the probability of contention and consequently the expected waiting time
for a segment bus. Chapter 6 summarizes the research reported in this dissertation

and presents ideas for future research.
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CHAPTER 2

SEGMENTED MULTIPLE BUS SYSTEMS

In this chapter, the architecture of the Segmented Multiple Bus System (SMBS)
along with its distinguishing features are introduced. Architectural features of the

SMBS such as its interconnection and arbitration mechanism are described.

2.1 PRELIMINARIES

The SMBS may be classified as a general purpose asynchronous MIMD machine
with shared memory. The SMBS consists of N processors and M shared memory
modules which are evenly divided into g identical segments numbered from 0 to
g — 1. Each segment is thus a relatively small multiple bus system that is composed
of n = N/g processors, m = M/g memory modules, and b segment buses. Here we
shall refer to a bus in a segment as a segment bus. The segment bus is bidirectional.

In the SMBS we will use wormhole switching [10] (better known as wormbhole
routing). At both ends of a segment bus we utilize segment switches. The segment
switch is unidirectional and is a switching device with its own flit buffer. Although
the segment bus is bidirectional, the bus behaves as a unidirectional bus when it is
involved in an inter-segment access in which a memory request (or a reply) may be
transferred to a neighboring segment through a unidirectional segment switch. The
segment switch supports wormhole switching and has intelligence so that it could

handle memory requests across segments. The segment switch checks the destination

24
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address of a memory request (or reply) and forwards the request (or reply) to the
appropriate memory module (or processor). Aside from routing functions, segment
switches also serve the function of isolating (or buffering) adjacent segments. Thus,
in SMBS’s, bus loading is not an issue if segments are not too large. In each segment,
the switches are divided into two groups of equal size but opposite direction . We
call the flit buffers in the first group of segment switches upstream flit buffers and
the flit buffers in the second group downstream flit buffers, based on the direction
of flow they support.

upstream flit buffer
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:® & @ A,

EG & {} B E

§ . . . 5

g * . e 8
® -6 Q {} B
segment 0 segment 1 segment g-1

_._._.‘..'.,._..._

e -" downstream flit buffer
Figure 2.1: Segmented multiple bus system.

Figure 2.1 illustrates the interconnection of the SMBS, where each segment is as-
sumed to have a full bus connection.
We define a local memory module as a memory module directly accessible by a

segment switch to which the memory module is connected by a segment bus. Other
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memory modules are referred to as non-local with respect to the given segment
switch. From a processor’s point of view, memory modules connected by the seg-
ment bus that the processor is connected to, are called local and the other memory
modules are referred to as non-local.

The bus cycle is also considered the flit time. It is equal to the time needed to take
a flit from one switch to the next over a segment bus or to a local memory module.
Passing flits between two adjacent segment switches uses a handshaking protocol
similar to the one described in [32]. A dedicated single-bit Request/Acknowledge
line is associated with two adjacent segment switches. A flit is moved to the adja-
cent flit buffer only if it is empty.

To reserve bus bandwidth, only those buses that have a non-empty flit buffer at
the sending side and an empty flit buffer at the receiving end may participate in
the bus assignment process in any given cycle. Each memory module has an input
buffer and an output buffer. This makes it possible for memory modules to serve
requests continuously without having to wait to transmit the response packet back
to the requesting processor before serving other requests.

When a memory request is issued by a processor, the request will traverse seg-
ment switches if the requested memory module is non-local or will be sent directly
to the memory module if the module is local. To make such determination, each
segment switch should “listen” to the segment bus. However, this may cause the
segment switch to suffer the unnecessary overhead of decoding every request. In

order to resolve this problem, we assume that the request has one extra bit which
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indicates whether it is an intra-segment (local) request or an inter-segment (non-
local) request. This eliminates unnecessary buffering of the request at a segment
switch.

The connection topology of the system could be a linear connection of g segments
or a ring with end-around connections. In a ring connection, each processor may
reach any distributed shared memory module by traversing at most |£| intermedi-
ate segment switches. The physical symmetry of the system can lead to a balanced
utilization of segment buses. When segments are connected in a ring topology, trav-
eling along one direction may be shorter than the other. However, because segments
are connected in a ring-like topology, deadlock may occur when wormhole routing
is employed. Deadlock comes from a circular waiting for network resources as we
discussed in Chapter 1. We can simply solve this deadlock problem by unbounding
the size of flit buffers. We consider only the case of infinite flit buffers in a ring-like
connection topology. However, the SMBS connected in a linear fashion would be
deadlock-free even when the size of a flit buffer is finite.

The arbiter of the system is naturally asynchronous because the SMBS will op-
erate in an asynchronous MIMD mode. While an asynchronous arbiter is more
suitable for the system, it is not reliable because inputs may change even if the
arbiter is not in a stable state. Designs for reliable asynchronous arbiters have been
developed and synchronization of asynchronous inputs has been studied. How-

ever, the synchronization process is still not perfect [25 — 28]. Details on arbiter
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reliability is out of the scope of this work. In the next section, we will discuss the
arbitration scheme of the SMBS in detail.

The SMBS is of interest for several reasons. By distributing the shared memory
modules among the segments, memory reference locality can be exploited to reduce
network traffic and network latency. Further, the segmented bus structure resolves
the bus loading problem associated with traditional multiple bus systems. Because
segment buses can be made short with limited number of connections, data transfer
over them can be very fast. Moreover, the overall bandwidth of the SMBS increases
proportionally with the number of segments although increasing the number of seg-
ments also increases latency by a corresponding amount. This architecture still
keeps many of the advantages of a traditional multiple bus system like shared mem-
ory (logically), high degree of fault tolerance, etc.. An SMBS which can support a
very large number of processors, can utilize wormhole routing which is less sensitive
to an increase in the number of segments. This results in a system with increased

scalability. We will elaborate on this aspect later in Chapter 5.

2.2 ARBITRATION MECHANISMS

2.2.1 PARALLEL ARBITRATION IN MULTIPLE BUS SYSTEMS

One of the most important design aspects of a multiple bus multiprocessor system is
the arbitration mechanism, which provides the control function for the system. We
assume that all memory modules are single-port memories, so that at most one access
can be made to a module at a time. The conventional connection in a traditional

multiple bus system (MBS) calls for all N processors and M memory modules to
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be connected to all B buses. For the MBS , circuit switching is usually assumed.
Thus, the path is set up until a response message returns. For such a system the

arbitration system could carry out the following functions in parallel [24]:

e Processor selection when simultaneous multiple requests for a shared memory
module occur.
This is solved by using an N-user l-server arbiter, denoted as N 1 1. The

number of such arbiters functioning in parallel is M.

e Assignment of buses from existing free buses to shared memory module re-
quests.
It is necessary to assign b buses (b < B) to i requests (i < M). Each request

corresponds to a request made by a processor to a given memory module.

The general structure of the arbitration system in a parallel arbiter implementation
is shown in Figure 2.2. Processor selection and bus assignment are carried out in
parallel in order to reduce arbitration and assignment delay.

The processor selection function is implemented using as many N T 1 arbiters
as memory modules. The responses of the N T1 arbiters, together with the output
of the M T B arbiter, make it possible to obtain the final grant signals in parallel.
Processor k requesting memory module ¢ (ri; = 1), obtains the final grant signal
(A = 1) if the arbiter for memory module i selects processor k¥ (ax; = 1) and

memory module ¢ is assigned to bus j (b;; =1 for some j) in the bus arbiter.
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Figure 2.2: Arbitration system structure of an MBS.
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2.2.2 ARBITRATION MECHANISM FOR THE SMBS

The SMBS is a cascaded connection of g identical segments. Each segment is similar
to a conventional multiple bus system except that these segments are connected via
a set of segment switches. A memory request from a processor may be directed
toward a local memory module or it may be transfered to a neighboring segment
through a segment switch. The former is called an intra-segment access and the
latter is called an inter-segment access. In the case of an inter-segment access, the
packet for a memory request traverses (possibly several) segment switches and is
eventually sent to the target memory module. A response packet from the memory
module takes a return path which could be different from the forward path. We
assume that a transient packet at a segment switch has priority over other packets
in bus assignment. This is intended to reduce network contention.

Instead of using a central arbitration system, which would hamper the scalability
goal for the SMBS, we employ a distributed arbitration mechanism. Each segment
has an identical arbitration system and arbitration in each segment is independent
of those in other segments. Hence, we can consider arbitration within a segment
only.

Resources within a segment consist of n processors, m shared memory modules,
b segment buses, and a total of 2b segment switches which are located on the bound-
ary of the segment. Notice that there are b segment switches on each side of the
segment (2b total) but only half of those can access segment buses and memory

modules in the segment. For simplicity, we assume that the number of buses in a
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segment is even. The segment buses are divided into two groups: an upper half bus
group and a lower half bus group. Each bus group is associated with a bus arbiter.
The upper bus group (lower bus group) consists of the first half (second half) of seg-
ment buses which are bidirectional. The segment switches which are unidirectional
are also divided into two groups of equal size but opposite direction.

Two sources of conflict exist, which are the same as those in a conventional MBS.
First, more than one request can be made to the same memory module. Second,
available buses may not be enough to accommodate all the requests. As in a con-
ventional MBS, the arbitration scheme in a segment employs a processor selection
function and a bus assignment function. These two functions can be implemented
partially in parallel, like those in an MBS, as we explain next.

In each segment, a two-phase arbitration scheme is employed to resolve the con-
flicts mentioned above. In the first phase, a segment bus is assigned to a segment
switch if a request exists at the switch. The request could be caused by a transient
packet or a terminating one. In the second phase, both processor selection and bus
assignment are needed. In the case of an intra-segment access, these two functions
can be implemented in parallel as would be the case in an MBS. Processor selection
is needed when simultaneous multiple requests for a shared memory module occur.
In this phas.e at most b outstanding requests from segment switches (selected in the
first phase) and at most n requests from local processors can coexist. Contention for
a given memory module is solved by using an (n + b)-user 1-server arbiter. Thus, a

total of m such arbiters is needed per segment. If the arbiter selects a request from

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

a segment switch that passed the first phase, the request is immediately assigned
to the memory module. If the selected memory request is from a processor, that
request must obtain the final grant from a bus arbiter in the same way as in the
parallel arbitration of the MBS discussed earlier.

Together with memory module arbitration, bus assignment for free buses is em-
ployed in the second phase. Each segment has two (2m + n)-user b/2-server arbiters
for bus assignment: one for the upper bus group and one for the lower bus group.
Each such arbiter assigns at most 5/2 buses by selecting requests from (2m + n)
request inputs. Among the 2m requests, up to m requests could come from memory
response packets and up to m requests could come from outstanding memory re-
quests selected by the memory arbiters. Notice that in each segment, there may be
(2m + n) different request inputs for bus assignment: n for inter-segment accesses
by processors, m for requests from memory output queues for reply packets, and
m for outstanding memory requests from intra-segment accesses. However, notice
that the maximum number of requests that could actually participate in the bus
assignment part of the second phase is (m + n) because the n inter-segment ac-
cesses from processors and the m outstanding memory requests from intra-segment
accesses must originate at the same set of n processors.

The bus assignment process is designed so as to immediately assign a bus (if
available) to a memory module with a response packet or to a processor request-
ing an inter-segment access. If a bus is assigned to an outstanding memory re-

quest, however, this bus assignment, together with the output of the corresponding
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(n 4+ 5) T1 memory arbiter, is used to produce the final grant. Thus, arbitration for
an intra-segment access is done in parallel as in the traditional MBS. The complete
arbitration system that each segment of the SMBS needs to have is built with m
arbiters of the (n + b)-user 1-server type and two arbiters of the (2m + n)-user b/2-
server type.

Even though the arbitration system carries out processor selection and bus as-
signment in parallel, it is critical that each arbiter be fast, efficient, simple and of
modular structure. For our system we need two types of arbiters which we can
generically denote as: NT1 and M 1 B.

Pearce, Field and Little [25] presented an implementation of an asynchronous
2 11 arbiter module suitable for implementing N-input arbiter trees. An N 11
arbiter can be constructed from 211 arbiter modules with an arbiter tree of depth
log,N. This arbiter tree is fast because the arbitration time grows as O(log,N).
When each 271 arbiter receives simultaneous requests the arbiter alternates priori-
ties between the two inputs to maintain fairness of arbitration. When a multi-input
arbiter tree is constructed from the 211 arbiter modules presented in [25], the delay
of each level would be 3A, where A denotes the nominal gate delay. Thus, the total
delay for an N T1 arbiter tree is 3A log, N. Therefore, the corresponding delay of
an (n + b) 11 arbiter tree for our arbitration system is 3A log,(n + b).

Lang and Valero [29] presented implementations of M | B arbiters. The M 1 B
arbiter consists of M combinational arbiter modules that produce the B bus as-

signments. The arbiter is cyclic in order to obtain a fair policy and the delay is
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proportional to M, the number of arbiter modules. Hence, the arbiter design is
simple but relatively slow. If each combinational module can be implemented by a
programmable logic array (PLA), with a delay of 3A, the total delay of the arbiter
would be about 3AM. For our arbitration system, we can approximate the corre-
sponding delay of a (2m + )t} arbiter to be 3A(2m + n).

Turning to the performance of the arbitration system we just described for the
SMBS, we observe that the total delay of the arbitration system is the sum of the
delays for the two phases. Delay for the first phase of the arbitration can be ig-
nored because the time for a bus arbiter to assign a segment bus to a segment
switch (if a request exists at the switch) is relatively small. The second phase of
the arbitration process consists of two parallel functions: processor selection and
bus assignment. Based on the above, the delay for the processor selection function
which is implemented by (n + b) 11 arbiters is 3A log,(n + b) and the arbitration
delay of a (2m +n) 1% arbiter, used for bus assignment, is 3A(2m + n).

There are two different cases for arbitration in the second phase:

1. A processor selection and a bus assignment functions in the case of an intra-

segment access, which could be implemented in parallel; and
2. A bus assignment function only, in the case of an inter-segment access.

Hence, the worst delay of the second phase arbitration is given by

maz(3A log,(n + b),3A(2m + n)).
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If b is smaller than n or m, the delay would be 3A(2m + n). Thus, the arbitration
delay in each segment becomes equal to the delay of the (2m +n)T$ arbiter.

In conclusion, the arbitration delay in the SMBS is dependent not on system size
but on the size of a segment because arbitration at each segment works indepen-
dently. Arbitration delay is not a function of the number of segments the system

consists of. This is a very attractive feature of the SMBS.
2.3 SCALABILITY OF THE SMBS

Each segment can be viewed as a conventional MBS. Thus, constraints on bus
loading apply to a segment in exactly the same way it applies to an MBS. However,
once each segment is expanded to the allowed maximum number of connections per
bus such that a given speed is reliably maintained, we can increase system size by
taking advantage of the topological characteristics of the SMBS. The system is a
cascaded connection of segments. For further scale-up of an SMBS with a linear
connection, segments can be added at the ends. In a ring connection of segments,
the ring can be opened and additional segments can be inserted into the ring.

An SMBS which supports wormbhole routing is likely to be less sensitive to the
increase in the number of segments. Unlike a conventional MBS, our proposed
segmented bus system can take advantage of the locality of memory reference. This
gives the designer more options when it comes to system scalability. Scalability

performance issues will be discussed later in Chapter 5.

v e—
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CHAPTER 3

QUEUEING ANALYSIS FOR SYSTEMS WITH
SINGLE FLIT BUFFERS

This chapter develops a performance analysis model for studying SMBS’s with single
flit buffers employed at each segment switch. We will first state all modeling as-
sumptions and discuss input model parameter selection in detail. Using approximate
Mean Value Analysis we then develop equations for mean residence time a packet is
expected to incur at each queueing network service center. Residence times at three
distinct service centers are evaluated; namely we will evaluate residence times at a

segment switch, a processor and a memory module.

3.1 ASSUMPTIONS AND NOTATION

Two types of messages are generated in the shared memory SMBS: a request and
a reply. A request message represents a memory read or a memory write request.
A reply message is either an acknowledgment message or a data reply message. A
data reply message carries data sent back to a processor from a memory module
in response to an earlier read request. For simplicity, each message is assumed to
be a single packet of a constant size, although our analysis can be extended to the
case of different request and reply sizes. The read and write requests are assumed
to be treated equally in the sense that a processor will remain idle after submitting

a request until it receives either data for a read request or an acknowledgment for
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a write request. Thus, the total number of packets in the system at any time is
constant and is equal to the number of processors in the system. Hence, the entire
system behaves like a closed queueing network.

The model we develop is general enough so as to allow analysis of systems with
uniform as well as non-uniform memory reference patterns. Memory requests within
a segment are assumed to be uniformly distributed. However, at the segment level,
references are assumed to be distributed arbitrarily. Each memory module is as-
sumed to have an input buffer and an output buffer so that the memory module
may serve requests continuously without having to wait to transmit reply packets
back to their requesting processors. The sizes of the memory input and output
buffers are assumed unbounded. A reply packet is assumed to be immediately con-
sumed as soon as it arrives at the requesting processor.

Requests from different segments issued to a certain memory module can expe-
rience different average response times because of a non-uniform memory reference
pattern or due to the non-symmetry of the network. However, requests generated by
processors within the same segment will experience the same mean response times
because the requests are indistinguishable. Hence, our proposed modeling approach
employs a closed multi-class queueing network model to represent the SMBS. The
number of packet classes is equal to the number of segments in the system. The
service centers of the model represent the processors, memory modules and segment
switches (together with their associated segment buses) of the SMBS. We make the

following additional assumptions:
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1. Each processor generates request packets with exponential distribution of

inter-request interval with a mean of 7,.

2. Read and write accesses in a memory module require the same service interval

and take a constant time, 7,,.

3. A transient packet has priority over other packets for bus assignment. This
assumption is based on the expectation that quickly delivered packets will

reduce contention for network resources.

4. Arbitration time is included in a bus cycle time and a fair selection policy is

utilized in each arbitration phase.

5. Bus service time is deterministic and is equal to a bus cycle time which is also

equal to the flit time.

6. The queueing discipline at each memory queue is first-come first-served
(FCFS). In the case when requests arrive simultaneously, these requests are

served in random order.

As we discussed earlier, the SMBS supports wormhole routing. A segment switch
begins forwarding a packet as soon as the header flit is received, provided that the
flit buffer in the next segment switch can accept that flit and the next segment bus
is available. Thus, the flits of a packet are transmitted from one segment switch
to the next in a pipelined fashion and may occupy several segment switches and
their associated segment buses along the path from source to destination. Only the

header flit contains routing information. If the header flit is blocked because the flit
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buffer in the next segment switch along the path is full or the associated segment
bus is occupied by another packet, all the trailing flits of the blocked packet are
blocked in place. Therefore, the segment switches and segment buses occupied by
the flits are also blocked. If more than one flit can be buffered at a flit buffer, flits
behind the header flit can catch-up at the flit buffer until the available buffer space
is filled. At this point, they become blocked and can continue only after the header
flit is unblocked. In the case that a header flit arrives at a target memory module,
the remaining flits will always catch-up with it at the target memory module. We
assume this method of routing throughout the dissertation.

When flit buffer capacity is unlimited, the wormbhole routing scheme is equiva-
lent to an optimized form of virtual cut-through switching. In virtual cut-through
switching, if the header flit is blocked at a switch, the entire packet has to be buffered
before the packet is forwarded. However, under the condition of unlimited flit buffer
capacity, wormhole routing allows a partially received packet to be forwarded as
soon as the header flit can advance.

Jackson [44] showed that when a queueing network conmsists of exponential
queues, its solution is separable. In separable (or product form) queueing net-
work models, each service center can be separated from the rest of the network and
its solution could be evaluated in isolation. Then the solution of the entire network
can be formed by combining these separate solutions. Our closed queueing network
model, however, has features that violate separable model assumptions such as non-

exponential queues, simultaneous possession of resources, etc.. Therfore, we will use
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Table 3.1: Model input parameters.

Parameter Description

g Number of segments in an SMBS

n Number of processors in a segment

m Number of memory modules in a segment
b Number of segment buses in a segment

L Packet length

Ly Length of a flit
t Number of flits per packet

Wpg Segment bus bandwidth

Tp Mean time of request intervals

Tm Memory service time

P, Probability that a request of class s is directed to

a target memory module in segment d

Approzimate Mean Value Analysis [16]). This technique has been shown to provide
efficient and accurate solutions for non-separable models (16, 41, 45].
Model input parameters are summarized in Table 3.1. The SMBS consists of
g identical segments numbered from 0 to g — 1. Each segment is composed of n
processors, m memory modules and b segment buses. The length of a packet is L.
Each packet consists of ¢ flits and each flit has length L;. W denotes the segment
bus bandwidth.
As we stated earlier, we assume that memory requests within a segment are
uniformly distributed. Processors in the same segment are indistinguishable be-
cause they all experience the same mean response time. Therefore, all requests from

processors in the same segment are of the same class. A request generated by a
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processor in segment s (i.e., a class s request packet) directed to a memory module
in segment d will have probability P,4. The subscript sd in P,4 signifies a request
of class s directed to a target memory module in segment d (in the forward path).
Similarly, the subscript ds in Py, will signify a reply to a class s request directed to
the requesting processor in segment s from the target memory module in segment
d (in the return path). If s and d are the same this would indicate an intra-segment
access. If s is different from d, the request would correspond to an inter-segment
access.

Sometimes, a segment switch in segment ¢ will simply be called segment switch
i. This convention can be applied to any system component like a processor, a seg-
ment bus or a memory module. An integer parameter which appears within square
brackets, (for example, s in R[s] or ¢ in Rpy.m[t]) denotes the class of the request.

The flit number will always appear within parentheses, as in r;(k).
3.2 PERFORMANCE ISSUES

We shall study the performance of SMBS systems in detail under the model de-
scribed in Section 3.1. We evaluate several parameters such as response time, pro-
cessing efficiency, scalability of the SMBS under various configurations (various sys-
tem sizes, flit buffer sizes and connection topologies) and under different workloads
(varying memory request rates and uniform or non-uniform memory reference pat-
terns). We begin by examining a baseline SMBS: a linear connection of segments.
We shall study baseline systems for both the single flit buffer and the infinite flit

buffer cases with a uniform memory reference workload. We shall also study baseline
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systems with memory reference locality. Further we shall study the performance of
an SMBS with a ring connection of segments with infinite flit buffers.

The flit buffer size is a design parameter that has cost and performance implica-
tions. The effect of flit buffer size on system cost is steadily diminishing because the
price of memory is steadily decreasing. We shall compare system performance with
single flit buffers against system performance with infinite flit buffers. These are the
two extreme cases that establish bounds on the performance of systems with finite
buffer sizes. The comparison will also help us to see how much system performance
can be gained by increasing flit buffer size.

For interconnection networks with pipelined routing, like wormhole routing,
modeling the performance with larger finite buffers is a difficult problem. This
difficulty comes from the pipelining property of wormhole switching and the fact
that blocking can take place due to the finite-sized flit buffers. In the SMBS with
finite-sized flit buffers, for example, the remaining flits of a packet whose header flit
is blocked simultaneously occupy several segment buses and switches. In addition,
while the remaining flits are catching-up, the header flit may advance as soon as
the next segment bus and flit buffer are available. All that makes it very difficult to
develop an analytical model for such cases. Therefore, we study performance using
simulation results only for the case of an SMBS with packet-sized flit buffers.

Our assumed model allows us to handle many types of memory request distribu-
tions. Figure 3.1 shows the relative segment bus traffic of an SMBS with 9 segments

under the assumption that bus contention does not exist. Notice that segment bus
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Figure 3.1: Relative segment bus traffic in an SMBS with 9 segments.

traffic is very unbalanced; the traffic is more congested in the middle than near the
ends.

Applications exhibiting memory reference locality can take advantage of archi-
tectural features of the SMBS to realize performance gains. Applications with
low locality place increasing bandwidth demands on the system. Increase in the
bandwidth requirement in turn causes contention effects to become more profound.
Hence, applications exhibiting reasonably high locality are likely to experience re-
duced network latency and contention. Figure 3.2 shows the relative segment bus
traffic for an SMBS with 9 segments when memory reference locality is considered.
Here, 75% locality means that probabilistically, 75% of requests are directed to local

memory modules within a segment and the remaining 25% are evenly distributed to
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non-local memory modules (modules outside the segment). As can be clearly seen,

bus traffic balance is improved considerably as locality rate increases.
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Figure 3.2: Relative segment bus traffic in an SMBS with 9 segments with varying
locality.

3.3 OVERVIEW OF THE MODEL

The mean response time of a request issued to a target memory module will be used
as a performance measure. Processors belonging to different classes may experience
distinct response times because of the non-symmetry of the network as well as,
possibly, non-uniform memory reference patterns.

Consider a request of class s for a memory module located in segment d. A
processor will generate a request packet of class s traveling in its forward path from
s to d and will receive a reply packet of the same class from the targeted memory

module in segment d. The mean residence time experienced by the request in its
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forward trip to the target memory and that experienced by the reply in the return
trip is dependent on the request’s class. Hence, the mean response time of a request

from a processor in segment s (a class s request) is
R[s] = Rproc[s] + Ructwork[s] + Rmem[s] s=0,...,9—-1. 3.1)

R[s] is the sum of the mean residence times (queueing and service) for a class
s request packet in the processor Rproc[s], in the network Rn.twork[s] and in the
memory module Ry,.m[s]. In short, we call R[s] the mean response time of a class s

request. The overall mean response time is given by

g9-1

= ig R[s]. (3.2)

Ryroc[s] denotes the mean residence time that the header flit of a class s packet
experiences at the head of a processor output queue. This includes the mean waiting
time for a segment bus plus the time for transferring the header flit to the first
segment switch (in the case of an inter-segment access) or the time for transferring
the header flit on a segment bus to a local target memory module (in the case of an
intra-segment access).

The residence time in the network is the weighted sum of the mean residence

times in the forward path (for a request packet) and in the return path (for a reply).
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Thus,

g-1

Rnetwork[s] = Y Pua(Rudnetwork + Rismetwork) 8=0,...,9—1, (3.3)
d=0

where 2,’,_:_“, P,y = 1. R,4nctwork denotes the average residence time in the network

of a class s request packet from the first segment switch on the forward path to the
target memory in segment d. R,dnetwort denotes the average residence time in the
network of a class s reply packet from the first segment switch in the return path
to the processor that originated the request.

The residence time at a segment switch consists of the mean delay spent in the flit
buffer waiting for a segment bus and the time for transferring the header flit to the
next switch (for intermediate segment switches) or to the target memory module (for
the final segment switch in the forward path) or to the original requesting processor
(for the final segment switch in the return path).

The residence time in the network includes the catch-up times which occur both
in the forward and return paths. The catch-up time in the forward path is defined
as the mean delay until all the remaining flits reach the destination after the header
flit arrives at the target memory module. The catch-up time in the return path
is defined as the mean delay until all the remaining flits reach the processor after
the header flit returns to the requesting processor. In the case of an intra-segment
access, the residence time in the network is the sum of the catch-up times in the

forward and return paths because a packet does not traverse any segment switches.
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The residence time in a memory module is given by

g-1

Rmem[-’] = dé:opd(Rﬂa.mem.-. + Rdla,mem...) s=0,...,9—-1 (3'4)

Rijsmem;, i8 the sum of the average delay that a class s request packet experiences
in the input queue of the target memory module (in segment d) and the memory
service time, Tm. Ryl mem... CONSists of two parts. For an inter-segment access, it
includes the mean queueing delay of a class s reply packet in the memory output
queue, the mean waiting time for a segment bus at the head of the memory output
queue and the time for transferring the header flit to the first segment switch in the
return path. For an intra-segment access, it consists of the mean queueing delay at
the memory output queue, the segment bus waiting time at the head of the memory
output queue and the time for transferring the reply header flit back to its local
processor.

We will also utilize another performance metric known as processing efficiency to
evaluate SMBS’s. Processing efficiency is defined as the fraction of time a processor
is busy. If a processor generates request messages with the mean interval, 7,, then

the mean processor utilization of class s, pproc[s], can be expressed as

T

Porocls] = ;p_-l-’R_M =0,...,9-1, (3-5)
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where R[s] is the mean response time of a class s request. Notice that the above
expression does not distinguish among processors in the same class (segment) which

is consistent with our model.
3.4 RESIDENCE TIME IN THE NETWORK

In this section, we evaluate network residence time for the SMBS. In the case of an
inter-segment access, R,d network a0d Rys network correspond to the average residence
times for a packet of class s in the network in the forward and return paths, respec-
tively. The mean residence time for a class s packet in the forward path consists of

the following two elements:

e The sum of the mean residence times of the header flit of a class s packet
at all segment switches in the forward path from s to d, L_r;.i(1) , where
ri.sd(1) refers to the mean residence time of the header flit of a class s packet

at segment switch 7 in the forward path from s to d.

e The catch-up time, defined as the mean delay until all the remaining flits
reach the destination after the header flit has arrived at the addressed target

memory module in segment d (Q’W%'L)

Therefore, the mean residence time in the forward path can be written as

L-L
Redpetwork = 2‘: ried(l) + Wa !,

The limit of the summation index in the first term is dependent on the fact that

a request may take a downstream path (d — s < 0) or an upstream path (d —s > 0).
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For a forward path, the mean network residence time is given by

¢ d -
Y risa(l) + LWBL! ifd—s>0,
=341
de.nztmork =4 (3'6)
3 ria(l) + L‘;,L’ ifd—s<0.
L i=d41 B

For a return path, the mean network residence time is

4 d -
3 ria(l)+ LWBL! ifd—s>0,
i=stl
Rd:,netumrk = 9 (3.7)
2 L-L; .
r.-",(l) + ifd—s<0.
{ .'=§1 Ws

In the case of an intra-segment access (s = d), r;,4(1) and r;4,(1) are equal to

Z€ro.

3.4.1 MEAN FLIT RESIDENCE TIME AT A SEGMENT SWITCH

Suppose that the k* flit, k > 1, resides at segment switch i. Recall that a segment
switch in segment i will simply be called segment switch i. A segment switch on
the path to a given destination which is traversed last by the header flit will be
called the last segment switch. If the last segment switch is k — 1 or more hops away
from the current segment switch i, the mean residence time of the k** flit at the
latter segment switch can be estimated as the mean residence time of the header
flit at segment switch ¢ + k — 1 in the case of an upstream forward path or that at
segment switch ¢ — k + 1 in the case of a downstream forward path. This method

for calculating the k** flit’s residence time by estimating the header flit’s residence
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time is similar to that used in {41]. This is clearly due to the pipelining property of
the wormbhole routing technique. Here, the number of hops is defined as the number
of segment buses that a header flit must traverse to reach the destination. If the
header flit has already reached the addressed target memory module, the residence
time of the k** flit at a segment switch is the same as a single flit transfer time on
a segment bus.

Let r;,4(k) denote the mean residence time of the k** flit of a class s request
packet at a segment switch in segment ¢ in the forward path from s to d. Then

ri,sd(k) is given by

risk-1,4d(1) if d is k — 1 or more hops upstream away from i,

Tisd(k) = § ri_g4144(1) if d is k or more hops downstream away from i, (3.8)
% otherwise.

.

Similarly, let r; 4,(k) denote the mean residence time of the k** flit of a class s reply
packet at a segment switch in segment i in the return path from d to s. r;4,(k) can

be expressed as

.
risk-1,4s(1) if s is k — 1 or more hops upstream away from ¢,

rids(k) = § ri_k41,4,(1) if s is k or more hops downstream away from i, (3.9)

T’;,J- otherwise.
B

.

The mean residence time of the header flit of a class s packet at segment switch :

in the forward path from s to d, r; ,4(1), consists of the following three components:
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1. The average waiting time for a segment bus at segment i (w;(1)).

2. The mean residual residence time of the tail flit (of a preceding packet) at the

next switch along the path.

3. The time for transferring the header flit to the next segment switch: a flit time
(#%)-

Note that when the header flit arrives at the last segment switch (either segment
d on an upstream forward path or segment d 4 1 on a downstream forward path),
risd(1) will not include the mean residual residence time of a tail flit because the
flit finds an unbounded memory input queue. Similarly, on a return path, r; 4(1)
will not include the mean residual residence time of a tail flit when ¢ equals s for
upstream flow or when : equals s + 1 for downstream flow.

The calculations of those terms are dependent on whether the header flit takes an
upstream or a downstream path. Depending on D (= d — s), the path will consist
of segment buses either from the upper bus group (if D > 0) or from the lower
bus group (if D < 0). Hence, r;,i(1) can have two different values, depending on
whether the header flit takes an upstream path or a downstream path. We shall use
ri,sd(1) without using an explicit indication as to whether the path is an upstream
or a downstream path. When an explicit distinction is necessary, the superscripts
+ and — will be used to denote upstream and downstream flow, respectively.

Let r;(k) denote the average residence time of the k** flit at a segment switch in
segment i. u;(k) is defined as the k** flit’s mean utilization of the segment switch.

Upstream flit buffers are utilized when a packet takes an upstream forward path or
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an upstream return path. Downstream flit buffers are utilized when a packet moves
downstream (whether it is a forward or a return path). At upstream flit buffer 1,

ri(k) and u;(k) are expressed as

L L Puria(k)+ E Z Puarias()
#=04deD},, D
ri(k) = oy = ) (3.10)
Y Y Put+tY X Pu
=0 JGD;"’ . =04eD_,,

wi(k) § > nPyri.i(k) 'z-f > nPsd"i,ds(k). (3.11)

s=o4epy, T Ht+RlE &5 dep;,, + R3]

At downstream flit buffer i, r;(k) and u;(k) are expressed as

-1

T 5 Puria(k) +’§ 5 Purca(k)

#=04eD- s=0deD}

ri(k) = = —— : (3.12)
2 E od + E Z P, sd
=0 JepD =0 4ep}t

5,sd t,0d

ui(k) E Y 2furinlt) ,};:: Y tharia(k) (3.13)

=0 deD._- TP + R["] JED?.‘,‘ TP + R[S]
where
D!,y = {d| packets traveling from s to d will visit upstream flit buffer i}
D;,;, = {d| packets traveling from s to d will visit downstream flit buffer ¢}.

Next, we discuss the derivation of each term in the flit residence time. For this

discussion we assume that a packet is on its upstream forward path. We call a

o em————
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header flit waiting for a segment bus at segment switch i the tagged header flit, in
order to distinguish it from others. The tagged header flit must wait for a segment
bus to be available if all buses are occupied by other packets. The waiting time for
a segment bus, w;(1), will be discussed later.

Once the tagged header flit acquires a segment bus, it may observe the tail flit
of another packet in service at the next flit buffer (which is located at segment
switch ¢ + 1). The residual residence time of a tail flit is a random variable whose
distribution depends on the distribution of the original residence time. To estimate
the residual residence time, we assume that the tagged header flit is equally likely
to arrive at a flit buffer at any point during the residence time interval of a tail flit
in the next flit buffer along the path. Under this assumption, the residual residence

time is given by
risa(t) + a?
2 2r,-+1(t)

where o2 is the variance in the average residence time of a tail flit at segment switch
1+ 1

A reasonable determination of the residual residence time is not easy because
the first and second moments of the residence time distribution (which is unknown)
must be calculated. Hence, we assume that the residence time of each flit at flit
buffer i is deterministic and that its value is given by r;(k). Under this assump-
tion, the residual residence time would be equal to one half of the residence time,

i.e., ri41(t)/2. The error introduced by this assumption would be small and could be
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ignored because the mean residual residence time is a small component in the mean
residence time of the tagged header flit.

The term for the mean residual residence time relates directly to the pipelining
property of wormhole routing. The tagged flit may only observe the tail flit of a
preceding packet in the flit buffer of the next segment switch, if it observes any.
Hence, the mean residual residence time can be calculated by multiplying the mean
utilization of the flit buffer by a tail flit, u;4;(¢), and the mean residual residence time
of a tail flit, r;;,(¢)/2. Note that when a segment switch in segment ¢ becomes the
last segment switch on the path to the destination (¢ = d on an upstream path and
t = d+1 on a downstream path), r; ,4(1) will not include the residual residence time
of the tail flit because the flit finds an unbounded memory input queue. Therefore,

the residence time, r;,4(1) on an upstream forward path is given by

o) +uen @D I iz

ri.d(l) = (3.14)
| Ly .
‘ wi(l) + Wa for i =d.

The residence time, r; 4,(1) on a downstream return path is given by

4

wi(1) + v (t)—— r"'l(t) WB fori #s+1,
rigs(1) = | (3.15)
L .
‘ w,(1)+WB fori=s+1.
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Similarly, the residence time, r;,q4(1) on a downstream forward path is given by

( wi(1) + uia (£) = ""(t) W’ fori#d+1,
B

r.-',‘(l) = 4 (3°16)

wi(l) + — L"

‘ W fori=d+1,

and r;4,(1) on an upstream return path is given by

( wi(l) + uia (t)—— r'ﬂ(t) PV; for i # s,

rids(1) = | (3.17)

Ly
\ w'(l) twe WB

for t=a3s.

3.4.2 AVERAGE WAITING TIME FOR A SEGMENT Bus

In computing the average waiting time for a segment bus, we must examine the
arbitration scheme. We still maintain the assumption that the tagged header flit
is on its upstream forward path; that is, the flit is in an upstream flit buffer of
a segment switch connected to a bus in the upper bus group. That implies that
the flit will be involved in the upper bus group arbitration. The tagged flit at a
segment switch is always involved in the first phase of arbitration. According to our
model, if a segment bus is not occupied by another packet, the concerned segment
bus will always be available to the tagged flit. Hence, waiting for a segment bus is
experienced by the tagged flit only when the segment bus is occupied. For such a

case, the tagged flit must wait until the segment bus is released.

i ——
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Let u;,_, (k) denote the mean utilization of a processor output queue by the k**
flit of class i. Also let u;m,, (k) denote the mean utilization of a memory output
queue in segment i by the k** flit.

Now, let us try to find the average waiting time. Note that the waiting time
will be different for different segments. We begin by examining the last segment.
Suppose that the tagged header flit is blocked at the segment switch of segment
g — 1. This would occur when a local processor or a local memory module occupies

the segment bus. For this case, the average waiting time is given by

[ Ug—1p0ee(K)  Yg—1,me(K)\ Pym1g-1 ( L L
wg-l(l)zkzz:z(’l'; ()+ gl2 ()) ’;”1 2“£B+(t—k)V;).

The two terms in the first pair of parentheses represent the probability that when
the tagged header flit arrives at a segment switch, it observes its associated segment
bus occupied by the kf* flit of a memory request packet from a processor in segment
g — 1 or the k** flit of a reply packet from a memory module in segment g — 1,
respectively. The reason why the summation index & begins with “k = 2” is that a
transient packet at a segment switch has priority over other packets (i.e., the packet
can only observe an already occupied segment bus).

Let the flit observed by the header flit when it arrived at a segment switch in
segment g — 1 be the k** flit. Then the terms in the second pair of parentheses
correspond to the mean residual segment bus access time observed by the tagged
flit including the k** flit it observed on arrival. At segment g — 1, the mean residual

time is contributed to by one half the probability of an intra-segment access: f’=‘;‘i.

. ——
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The average waiting time for a segment bus at segment g — 2 is expressed as

wy—a(1) =

(u’_.% @ | u,.z,.;,..(2)){ a-;.y-2 ;é +(t-2)=L )

Toe1.(e—2)e-1)(1 L
+P,-2.,-1(’ 1,(g 32)(! l)()+(t_2)_v%)}

Ug—2p.u(k u..',,.mk —2,g9— L L
+Z( ,z'; (&) ’22 ())( ,;"2+Pg-2a-l) 2“£ +(t— )V—V%)

Suppose that the tagged header flit observes the second flit of a request or a reply
packet occupying the segment bus of segment g — 2. In the case of an intra-segment
access, the mean residual bus access time of the remaining flits, including the second
flit is, ;ﬁ-'vl;-+ (¢ -2)—:!;. In the case of an inter-segment access, the tagged header flit
will, on average, wait for a period equal to the average residence time of the header
flit at segment switch g — 1 plus the residual bus access time of the remaining flits.
The last term in the above expression represents the mean time elapsed until the
segment bus is released by the remaining flits assuming that the incoming tagged
flit observed the k* flit (k > 3) occupying the segment bus.

Before we generalize, we go one step further and express the waiting time at

segment g — 3 as
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wy—3(1) =

("!-3-p2o-c(2) + “3-3.1;-:(2)) { y-;a-!i 2;& +(t-2) _é’_,{; )

Tg-2,(g-3)(g-2)(1 L
+P,-3,,-z( -2 32)(9 2)( )+(t‘2)_u%)

T9-2,(3-3)(g-1){1 L
+Py-3.g-l( g 3Lg(! l)( )+(t—2)V;)}

. (u,-a,;,.,(:i) N u,-a..;.,..(:a)) {(&% + Prosgea) (;V +(t-3) )

rg—-1,(9-3)(g-1){(1 L
+P,.3,,_1(’ 1(_,32)(1 1)( )+(t-3)ﬁé)}

+ Z (""”‘"‘(k) + “"3"’2'“‘(’°) ) ( =+ 5 P,-s.,) ;Vla +(t- k)vf,—;) .

2 j=9~2

Generalization of the expression for the average waiting time for a segment bus of

the upper bus group at segment i is thus given by

w.-(l) =

min(t,g—i) Ui pous Ui mout
> ( (h) 2('=)){2 s + (= BDEL)

I
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+ ’2.1 P; (r'*"‘""(l) +(t—k) )}

J=itl

+ i (M(k) u-.mo.n(k)) ("Z.:l P;j+ “) 25; +(t- k)-V€’_!

k=g—i+1 2 j=id+1
(3.18)

Similarly, the expression for the average waiting time for segment bus ¢ of a lower

bus group is given as

w.-(l) =

miﬁg(:i) (,,.._,',2“,(1:) +u‘-1,,.;..(’=)){ Lizl (2 =+ (t—k) '_;)

=2 Fit1—k,(i-1)5(1) L
D (e +(t-k)—’-)}
,§ i 2 Ws

d Ui~1,p0ut Ui—1,mous =2 l-l i-1
+ ) ( ] (®) ) mon (k)) (EP.-L, 3 ) 25‘; +(t-k)%).
(3.19)

3.5 RESIDENCE TIME IN A PROCESSOR

Suppose that a memory request at the head of a processor output queue is looking
for a segment bus of an upper bus group in segment :. This request could be an
intra-segment or an inter-segment access request and must participate in the second

phase of the arbitration.

I
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In the case of an intra-segment access, the processor must undergo memory ar-
bitration as well as bus arbitration. A request from processor i participates with
probability p;procimem = Uipo(1)Pii/m in memory arbitration. Up to n such re-
quests could participate in memory arbitration. To simplify the notation, we will
drop the subscript i denoting segment i in the expressions to follow. If a segment
switch at segment i contains a flit directed to a memory module in segment :, then
this switch must also participate in memory arbitration. The probability that such
a segment switch will have to participate in memory arbitration is given by

i1 p.
ui(l) X 4
_ =0
Prweplmem = 5577

E_Pad
=0 d=i

(3.20)

The above probability represents the fraction of segment switch utilization con-
tributed by terminating packets (packets terminating at the segment under consid-
eration). In a lower bus group, the probability that a segment switch will participate

in memory arbitration is given by

= (3.21)

We will assume that the requests from processors and segment switches are inde-
pendent Bernoulli trials. Therefore, we can consider a distribution which deals with
the number of requests issued to local memory modules by processors or segment

switches, separately. Let u; denote the number of requests issued to local memory
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module ¢ (1 € i < m) by processors. We will conveniently denote the state of
memory requests by processors using an m-tuple vector i, = (1,..., #m) in which
0<pu<nforl <i<mand 0 < g = ¥1cicm#i < n. Each y; represents
the number of processor requests issued to memory module : in the segment un-
der consideration. Thus, the set of all feasible states corresponding to the number
of requests issued to each of m local memory modules by n processors in a given

segment is defined as

Sz,(m,n) =

(3.22)

Notice that g corresponds to the total number of requests issued by processors
to the m memory modules in the segment under consideration. As we mentioned
earlier, processor requests are modeled as Bernoulli trials. Thus, the requests follow

a multinomial distribution, denoted by FP;,(n) and can be expressed as

n!lfp‘roclmm(l - mp?'“lmm)n-“
(n—p) I1 w!
1<i<m

Pz, (n) = (3.23)

Let v; and §; denote the number of requests issued to local memory module ¢
(1 £ i £ m) by the segment switches of the upper and lower bus groups, respectively.
The states representing the number of requests issued to each of the m local memory

modules by the /2 upper segment switches and 5/2 lower segment switches will be
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represented as m-tuple vectors ¥, = (14,...,vn,) and £ = (&,-.-,&n), respectively,
where each v; (§;) corresponds to the number of requests to memory module ¢ from
the upper (lower) bus group. The set of all feasible states corresponding to the

number of requests issued to each of m local memory modules by the b/2 upper

segment switches is thus

Sal (m? g) =

b . b
{(ray-.-svm) | 0L y; < forl1 €i<mand0<v = E vi<=}
2 1<i<m 2

Similarly, the set of all feasible states corresponding to the number of requests issued

to each of m local memory modules by the b/2 lower segment switches is given by

b
Se.(m, 5) =

= d

{(fh-»-,fm)loSfngforISiSmand()g{: Y &<

1<i<m 2

(3.25)

As with processor requests, the requests by the b/2 upper segment switches and
b/2 lower segment switches will also follow multinomial distributions, denoted by

ps, () and P, (%), respectively, and can be expressed as follows.

b — Q!p‘:w..,[mem(]' - mplw-’lmem)%-y
P-?.('f) =32 e V)!l<11 ~ (3.26)
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s
%!pfwtolmem(l — mpm,.[mm)ﬂ ¢

b
L S

1<i<m

(3.27)

Without loss of generality, we can assume that the m™ memory module is the
tagged memory module because the m memory modules in a segment are indis-
tinguishable from one another for the purpose of our analysis. Let I?.., denote a
vector representing the number of requests issued to the tagged memory module by
processors and segment switches using the upper and lower bus groups. A feasible
state for module m can be described by a ternary vector I?..., = (BmyVm,€m) In
which 0 < g <n,0< v, 5%,03{,,. S%a.ndOSKg.,,=p,,.+u,..+Em <n+b
Clearly K., corresponds to the total number of requests from any source to module
m. The set of all feasible states which represent the number of requests issued to
the tagged memory module by n processors, b/2 upper segment switches and b/2
lower segment switches in a segment can thus be defined as

Sz,0.6(m %v ';’) =
(s ¥ n) |0 S pim < ,0 < vy b < 3 a0 0 < Kogg <7+ 8}

(3.28)

where Kg., = pim +Vm + fm-
To the tagged memory module, a total of K;,y memory requests is issued. There-

fore, the probability that a request from a processor succeeds in memory arbitration
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given that up to n processors and b segment switches might compete is given by

1 b b
Pruscelmem = 3. —=—Dg,(n — 1)ps.(5)pe,(5)- (3.29)
< 1+ Kooy 3/Pe\3
*0€S2,0,6

Now let us find the cases which require participation in the upper bus group
arbitration of segment i. Each inter-segment request by a processor will participate

in bus arbitration with probability

g-1

Pprocibus = Ui,poe(1) 2 P;. (3-30)

j=itl

Similarly, a reply packet from a memory module takes part in bus arbitration with

probability
P; =
Pmemjbus = Uimouc(1) —2—+ Z P;jl). (3.31)
j=itl

In the above equation, the probability P;;/2 represents the proportion of cases
in which a reply packet (of an intra-segment access) participates either in the upper
bus group or in the lower bus group arbitration.

As discussed before, in the case of an intra-segment access, an outstanding re-
quest from a processor which succeeds in memory arbitration must take part in

bus arbitration to eventually get access to a segment bus. Therefore, the effective
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probability that a processor successfully participates in bus arbitration is given by

P;
pf'“"‘“cﬂ = ?ufuﬁuc(l)Ppnulmem + Pprocibus- (3.32)

The first term gives the probability that an intra-segment memory request will
succeed in memory arbitration and will participate in bus arbitration. The second
term represents the probability that an inter-segment request participates in bus
arbitration.

The delay experienced in a processor output queue by a class s header flit,

basically, consists of the following two components:

1. The mean waiting time of the header flit of a class s packet directed to d in

order to compete for a segment bus at the processor output queue in segment

3 (Sdjs.poue)-

2. The flit time for transferring the header flit to the first segment switch on the
path to d, for an inter-segment access, or the time for transferring the header

flit to its addressed local memory module, for an intra-segment access ( ;[;,-';).

In the case of an inter-segment request, the residence time must include the mean
residual residence time of a tail flit in service because the header flit may observe
the tail flit of a preceding packet when it arrives at the first segment switch in the

path from s to d (74jsp...). Hence, the mean residence time for the header flit of
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class s at the processor output queue is given by

g—-1 -1 L
Bprocls] = 3~ PuaSdispone + 3 PodValsipns + WL s=0,...,g-1. (3.33)
d=0 ﬁ B

The mean residual residence time, vy, 5..., is calculated in the same way as in

the previous section and can be expressed as

u,ﬂ(t)"'—*;(-‘l ifd—s>0,
Ydls.pose = (3.34)

u,(t)r'g) fd—s<0.

Consider a class s request. When such a request arrives at the head of a processor
output queue, it will observe K, ..., other requests occupying the heads of their
respective queues, where K, .., is an integer random variable. The occupied queue
heads are from a mix of processor output queues and memory output queues. Here,
the term “occupied queue head” implies a state in which a request that already
arrived at the head of an output queue waits for segment bus assignment. If K, ,...
is smaller than the number of available free segment buses in a bus group, the request
doesn’t need to wait for a segment bus assignment. However, if K, ;... is equal to
or greater than the number of free segment buses, the request should wait until a
free segment bus is available. Suppose that ¢ is the number of free buses observed
by the header flit when it arrives at the head of a processor output queue. If K, ..,
is greater than i, the request should wait (K,,.. — i) service completions before

it can get access to a segment bus. This is because when a bus becomes free, the
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next request to be granted the bus is selected according to a FCFS policy. Cyclic
selection is used for simultaneous arrivals.

The mean segment bus access time is the time for transferring a request or a
reply packet on a segment bus. For an intra-segment request, the segment bus
access time will be L/Wp. For an inter-segment request, the bus access time is the
sum of the transfer time of a header flit on a segment bus and the mean residence
time of the k™ flit for 1 < k < ¢ at the first segment switch. This is equal to the
time elapsed until a segment bus is released. The mean segment bus access time at
segment s will be denoted by ¢, tu,,, OF ¢, bus,,, Where the subscript bus,, implies a
segment bus in the upper bus group and bus;, implies a segment bus in the lower

bus group. These times are given by

wBy L % L ¢
t ~ T’:LW-; + d:%; nP.d {W!; + kgl ra+l,ad(k)} 35
sbusyy = 9=-1 ’ (3' )

nPyy nP,
Im +d=za;n ¢

and
s~1 t—1
Bul + Y nPy {v—[&’- + 3 r..ad(k)}
tyiuey, = ——— 450 2 k= 3.36
ity = L S . (3.36)
9—2’;“" + dgonp.‘

Note that the mean segment bus access time is independent of whether the packet
is a request or a reply packet.

In the first phase of arbitration, a segment bus is assigned to a request if the
header flit of the request is in a flit buffer of the corresponding segment switch.

Therefore, at the beginning of the second phase, a segment bus from the upper bus

b e—
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group in segment s is free with probability (1 -Yia u.(k)/t) and a segment bus
from the lower bus group is free with probability (1 — iy Ui (K)/ t) , On average.
This probability is reflected in the inflated (larger than the nominal value) bus access
time. Hence, the expected time interval between consecutive bus service completions

in the upper bus group in segment s is given by

: t‘l":" : (3.37)
5(1— 7 2 ua(k))
k=1

to.bu:.,acceu =

Here, u,(k) is the utilization of an upstream flit buffer in segment s by the kt* flit.
Similarly, the expected time interval between consecutive bus service completions

in the lower bus group in segment s is expressed as

- lt"":"° . (3.38)
5(1 - ? E ua+1(k))
k=1

ta,bu:,,ca:eu =

Therefore, the mean time until the request of class s can get access to a segment

bus while K, ;... other queue heads are occupied, is given by

b &, access
(Kspous — E)tc.hn.,accen + t—‘-'“'2’——- at the upper bus group,
T["-’uc] =
(Ko poue — ';’)tl.bu.,acceu + t—'—‘-“—'g‘“—“- at the lower bus group.

(3.39)
The second term in the RHS of each of the above expressions represents the mean

residual bus access time. Equation (3.39) indicates that the bus server is load-

b e——
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dependent; that is, the mean bus service time depends on X, ,..,-

Now consider the random variable K, ,_,, and assume that a request at the head
of a processor output queue participates in the upper bus group arbitration. Re-
call that in each segment there is a total of (2m + n) different request inputs for
bus assignment because up to n inter-segment requests from processors, up to m
requests from memory output queues for reply packets, and up to m outstanding
memory requests chosen from memory arbiters can participate. However, the actual
number of requests that can participate in bus assignment of the second phase is
at most (m + n) because up to n inter-segment requests from processors and up to
m outstanding memory requests chosen by memory arbiters must originate at the
same set of n processors. Hence, the value of K, ,.,, is bounded above by (m+n—1).

Let 7,, denote the number of occupied processor output queue heads observed
by a request that has just arrived at the head of a certain processor output queue
in segment s (not in the set of 5, , queues). Similarly, we define 7, ,, as the number
of occupied memory output queue heads observed by a request that has just arrived
at the head of a processor output queue in segment s.

The random variable K, ;,,, can be expressed as the sum of non-negative inte-
gers n,, and 7, m, and is bounded above by (m + n — 1). The set of all feasible

combinations of 7,, and 7,m, is

Kipou = {('h.y + Na,m) | 0< Mp <n—1and 0 < 9, m <m}.
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Then, K, ;... has a multinomial distribution given as follows

(m 41— )P0 sy Prmmibus (1 — Porocibus.g — Pmemipus )™+ 170 =70m)

(m +n—-1—n,p, — 'h.m)!'h.p!ﬂa.m!

PKspeu] =
(3.40)
The delay encountered by the header flit of a class s request at the head of a processor

output queue until a segment bus is allocated to it is given by

mén~-1
Sdlspous = Z T[K:.,,,,_, = i] E pP [K:mm = i]' (3.41)
'.:b/ 2 K:'-’o.t

Now, we return to the calculation of unknown u,,. (1). %,p,..(1) is simply the
ratio of the residence time of a class s header flit at the head of a processor output

queue to the round trip time of a class s request. Hence,

r'-?o-t(l) —_ RP'OC[S] (3.42)

u:.po.c(l) = 7 + R[s] - L) + R[‘q].

The residence time of the header flit of class j at the head of a memory output
queue in segment s will be denoted by r,jjm...(1) and will be discussed in the next
section. Then, the mean utilization of a memory output queue in segment s by a

header flit is

U 1)= 'il %EM.(I_) (3.43)
et »+Rjj] .

=0
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Using the pipelining property of wormhole routing, the residence time of the k**
flit (k > 1) at the head of each output queue is the same as the residence time of
the (k — 1)* flit at the flit buffer of the first segment switch in the supposed path.
Thus, rip...(k), £ > 1, is the same as the residence time of the (k — 1)** flit of class
¢ at the flit buffer of the first segment switch in the forward path. r;,, . (k) is the
same as the mean residence time of the (k — 1)* flit at the flit buffer of the first

segment switch in the return path. r;, . (k) and r;n,..(k), for £ > 1, are given as

follows:
Pigt ws t 2 Pariia(k—1) + 2 P.ur.'.‘,l_;g(k -1)
Ti,po_,(k) =
I’u + 2 Rd + E Pgd
d=i41
L! i=1i~1
= P + Z Rdrl ld(k - 1) + E Rdr:+l sd(k - 1) (3.44)
d=i+1
and
L! -1 9—-1
Timone (K) = P +)'_:P..r.,..(k 1)+ Y Puripri(k-1). (3.45)
s=i4l

The utilizations u;p,. (k) and 4;m,, (k) can be calculated easily as

iame(8) = =) (3.46)

]
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and
N ()

u.-,,,.,.,(k) = z =

& " Rls] (3.47)

3.6 RESIDENCE TIME IN A MEMORY MODULE

The residence time in a memory module is the sum of mean memory input queue

delay and mean memory output queue delay and is given by

-1

Rmcm[sl = E P cd(Rdh.mem.-.. + Rdl:.memo.x) s
d=0

0,...,9-1.

3.6.1 MEMORY INPUT QUEUE DELAYS

Mean memory input queue delay, Ryjs mem,,, includes the mean time a class s request
spends in the input queue of the addressed target memory module in segment d
(w4js,m;.) and the memory service time (7,,). We assume that a request is queued

for memory access only when its tail flit arrives at a memory input queue.

Rdln.mem.-.. = Wdls,min +Tm

= Qdls,minTm + YdlsmTm + Tm (3.48)

Wqjs,m;, consists of the queueing delay in the memory input queue (g4js,m;, Tm)
and the mean residual lifetime of a memory request in service (u4;;mYm). The mean

memory input queue length, g4j,,m;,, observed by a class s request packet when it
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arrives at the memory input queue in segment d, is given by

g-1 RP. d

— m' w‘l" il
Ulomin = .:E:o TR (3.49)

In calculating the mean queue length, one should not count the contribution by
the class s request that has just arrived. However, this fact can be ignored because
the contribution is expected to be very small considering typical values for n and
g- Notice that there exist g classes in the model and for each class n requests are
generated on average. The probability that a memory module is busy serving a
request when a class s packet arrives at the memory module in segment d is given

by

-1 nP,
) —"f‘rm

.go AR (3.50)

Udlym =

We now turn our attention to the derivation of the mean residual lifetime of a
memory &qumt at a memory module in service. Recall that a memory request is
queued up only when its tail flit arrives at the memory input queue. Hence, the
residual lifetime of a memory request should be calculated as seen by the tail flit
rather than as seen by the header flit. As before, we assume that the header flit is
equally likely to arrive at a memory input queue at any point during the memory
service time interval. Define ¢. to be the amount of time which has already elapsed
in serving a request when the header flit observed a memory request in service.
For simplicity, each component in the calculation of the residual lifetime will be

expressed in terms of the flit time (‘—{‘,’;)
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Suppose that £, is less than one flit time. In this case, the residual lifetime seen
by the header flit would be (7, — z—fvl;) on average. If a constant T is set to 7.,/ ,—f,’;,
the residual lifetime can be expressed as (T — 1)#£. However, the actual residual
lifetime should be calculated as seen by the tail flit. The probability that the request
in service observed by the header flit will still be in service when the tail flit arrives
at the input queue is given by

T-3-(-1
T-3

where t is the number of flits per packet. Therefore, when 0 < ¢, < %, the mean

residual lifetime seen by the tail flit is

(T'%)( i*( )) Wa)'

Similarly, for —J- <t. < , the mean residual lifetime is given by

o) .

If % <t. < Q':—;%I-‘l-, the mean residual lifetime is expressed as

r-3-0 (==Y (#)-
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This procedure continues while the tail flit can observe the request in service. In

other words, the tail flit can observe a request that is still in service only while

1
T—E—-k—(t-l)>0. (3.51)
Conditioned on this, k is given by T — ¢ and is assumed to be a positive integer.
Since the header flit is equally likely to arrive at a memory input queue at any
point during the memory service time interval (7,,), the mean residual lifetime of a

memory request can be determined as

LyweT= 1  (T—-i-k-(t-1) /L
BT (%)

™ =5 T-3-
1 =t 1 Ly 2
- ;g(r-t+§-k)(—ﬁ;)

%[(T‘H'%)(T—H-l)- (T“)(’—g*tﬂ)] (,f,;)z

(T-t+1)? f Ly )2
2Tm Ws

(m — S22
2TW . (3.52)

Thus, the mean residual lifetime of a memory request in service, as seen by the tail
flit, is given by

Yo = ——— BB (3.53)
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3.6.2 MEMORY OUTPUT QUEUE DELAYS

Mean memory output queue delay, Ry, memen.; 18 the sum of the mean queueing

delay, wgjsm..., and the mean residence time of the header flit at the head of a

memory output queue, |y me..(1). Thus,
Rﬂt.memo-c = Wls,mone + Td].,m...(l)- (3.54)

Wdls,moe. 18 the time until the header flit of a reply packet of class s arrives at the
head of a memory output queue in segment d.

As we discussed earlier in the case of r,,...(1), Tds,mee (1) includes the mean
waiting time for the header flit of a class s packet at the head of the memory output
queue to get access to a segment bus in segment d (S4js,m..,), the mean residual
residence time for the tail flit in service (74js,m...) (a8 the header flit arrives at the
first segment switch in the return path), and a flit time for transferring the header
flit to its first segment switch for an inter-segment access or to its processor for an
intra-segment access.

The mean queueing delay is given by

t
w‘l.,ﬂlug = q"l.Mmt z r‘vmo.( (k)
k=1

t

+ Zt:ua......,.,(k) ("L;QJr ! rd,,,.,_.(j)) . (3.55)
k=1

J=k+1
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The mean memory output queue length observed by the header flit of a class s reply

packet when it arrives at a memory output queue in segment d is given by

9-1 nPuy wy
m G5 ,Mous Is* vmﬂt
q‘ 8, Mous 3.56
e = 2 LR (3.56)

As before, since the amount contributed to the queue length by a class s request
that has just arrived is insignificant, it will be ignored. The mean residence time of
the k** flit of a reply packet at a memory output queue in segment d, rqm_..(k) for

k > 1, was discussed in Section 3.5. Here, we rewrite it for convenience as

L f d-1 g-1

Tdmou (k) = P, W + Z Puirag,(k~1) + z: Pogrqsa,ds(k —1). (3.57)
s=d+1

The mean residence time experienced by the header flit of a reply packet (of any

class) at a memory output queue in segment d is expressed as

np, I nPy Ly
Fameu(1) = = ‘sal.,...,.. + Z ——-w;.,,..,,.. + -W— (3.58)
=0 B

:;ed

In Equation (3.55), the second term shows the mean residual service time of a
reply packet in service. The arriving packet at the memory output queue observes

the k** flit utilizing the memory output queue with probability

8t 2By e (K)

Udfs,moue (k) = .go T+ R[S']

(3.59)

i

i e—————
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In this case, the mean residual residence time of that packet is

TmeeB) | 5 )
J=k+1

The residence time of the header flit of a class s reply packet at the memory

output queue in segment d, r4js,m...(1), is given by

Tdlsymous (1) = Sdjsmons + Vdlomous + —‘%- (3.60)
Calculation of r4jsm..(1) could be done in a very similar way as in Section 3.5,
where the residence time of a header flit at a processor output queue was estimated.
Similarly, we define 0;, as the number of occupied processor output queue heads
observed by a reply packet when it arrives at the head of a memory output queue
in segment d. We also define 84, as the number of occupied memory output queue
heads observed by a reply packet when it arrives at the head of a memory output
queue in segment d.
The random variable Ky m,,, can be written as the sum of non-negative integers
04, and 04, and is bounded above by (n + m — 1). The set of all feasible values

for K4m... can be expressed as

Kime: = {(04', + 04',,.) | 0< 04', <Snand0<0;,, <m-— l}.
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Then, K¢ m.., follows a multinomial distribution given by

8, Odm —1—0g -
(41— 1)yl s, g Pracemiins (1 — Prrocibus g = Pemipus) ™71 =040 =0im)

P K TMout = e
[ e ] (m +n-1-— 0‘., - 9",“)!0",!0",,.!
(3.61)
The delay, $4js,m..., i8 given as follows
m+n~1
Sdls,mone = E T[K:d.Muc = i] E P [xd.rno.c = i] (3-62)
i=b/2 x‘,m“‘
where
b td,hu.,ccceu
(Kdmoue — E)td,bu.,cwcu + ——a at the upper bus group,
T[xd'm“‘] =
( K: b ¢ td.lm:(ocwu:
dimoue = 5) d,busioaccess + —a at the lower bus group.

The mean residual residence time, Y4j;,m ., i8 calculated in the same way as in

the previous section and can be expressed as
u,(t)zﬁ ifd—s>0,
Ydls,moue = (3'63)

t
u4+1(t):d+—2l(-l ifd—s<0.

Here, Yd)s,m... becomes zero for s = d as we discussed earlier.
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CHAPTER 4

QUEUEING ANALYSIS FOR SYSTEMS WITH
INFINITE FLIT BUFFERS

This chapter develops a performance analysis model for studying SMBS’s with in-
finite flit buffers. We develop equations for mean residence times at three distinct

infinite queueing centers: the segment switch, processor and memory module.
4.1 OVERVIEW OF THE MODEL

Model assumptions for this case are very similar to those stated in Chapter 3 for the
single flit buffer model, with the exception of buffer size, of course. The assumptions

are as follows:

1. Each processor generates request messages with exponential distribution of

the inter-request interval with a mean of 7,.

2. Read and write accesses in a memory module require the same service interval

and take a constant time, 7,,.

3. A transient packet has priority over other packets for bus assignment. This
assumption is based on the expectation that quickly delivered packets will

reduce contention for network resources.

4. Arbitration time is included in the bus cycle time and a fair selection policy

is utilized in each arbitration phase.

81

!
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5. Bus service time is deterministic and is equal to a bus cycle time which is also

equal to the flit time.

6. The queueing discipline at each memory queue is first-come first-served
(FCFS). In the case when requests arrive simultaneously, these requests are

served in random order.

In addition to the above mentioned assumptions, we assume that the capacity of a
flit buffer is unlimited. The flit buffer’s queueing discipline is FCFS as well. There-
fore, the whole packet can be buffered at one flit buffer when a header flit is blocked;
unlike the case of a finite flit buffer when the trailing flits are blocked in place and
occupy simultaneously several segment switches. Under the condition of unlimited
flit buffer capacity, a header flit can go forward without the entire packet being
buffered as soon as the next segment bus and segment switch are available. This
guarantees that a network with infinite flit buffers will, in general, offer less network
latency than a network with finite flit buffers. We assume wormbhole routing with
infinite flit buffers throughout this chapter.

We maintain the assumption that memory requests within a segment are uni-
formly distributed and segment referencing is distributed arbitrarily. Each memory
module is assumed to have an input buffer and an output buffer so that the memory
module may serve requests continuously without having to wait to transmit reply
packets back to their requesting processors. The sizes of memory input and output
buffers are unlimited. A reply packet is assumed to be immediately consumed as

soon as it arrives at its requesting processor.
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Unlike the single flit buffer model, the infinite buffer model does not consider the
mean residual residence time of a tail flit and the blocking delay because a packet
arriving at a segment switch will not experience shortage of buffer space.

Consider a class s request for a memory module in segment d. A processor will
generate a class s request which will travel (in a forward path) from s to d and
will receive a reply packet, of the same class, from the targeted memory module in
segment d (in a return path). The residence time experienced by the request will
be the sum of mean residence time (queueing and service) in the processor, in the
network and in the memory module. Hence, the average response time of a class s

request becomes

R[s] = Rproc[s] + Ructwork[s] + Rmem[s] s=0,...,9—1. (4.1)

Ryroc[s] denotes the mean time that the header flit of a class s packet spends at the
head of a processor output queue. This is the sum of the mean waiting time for a
segment bus and the time for transferring the header flit to the first segment switch
(in the case of an inter-segment access) or the time for transferring the header flit
on a segment bus to a local target memory module (in the case of an intra-segment
access).

Roctwork[s] is the weighted sum of the mean residence times in the forward path

(for a request packet) and in the return path (for a reply). Rnciwork[s] is given by
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Rpctwork(s] = :Z;:: Puy(Rudnetwork + Rispetwork) $=0,...,9 -1, (4-2)
where Zﬁ;‘, Py = 1. R,4network denotes the average residence time in the network
of a class s request packet from the first segment switch in the forward path to the
target memory in segment d. Ry, network denotes the average residence time in the
network of a class s reply packet from the first segment switch in the return path
to the requesting processor.

The residence time at each segment switch consists of the mean queueing delay
at a flit buffer queue and the time for transferring the header flit to the next switch
or to the target memory module (for the final segment switch in the forward path) or
to the original requesting processor (for the final segment switch in the return path).
Once the header flit arrives at a target memory module in the forward path, the
remaining flits will follow (catch-up) and reach the target memory. Similarly, once
the header flit arrives at the requesting processor in the return path, the remaining
flits will follow (catch-up) and reach the processor. This is known as catch-up time.

Rmem[$] is the residence time in a memory module and is given by

g-1

llmem[sl = E Pd(Rdla,mem.'.. + Rdla,memo.g) $ = 01 e g — 1. (4-3)
d=0

Rpmem[s] is exactly the same as in the single flit buffer model case. Ry, mem,, is the
sum of the mean delay for a class s request packet experienced in the memory input

queue in segment d and the memory service time, 7. Rdjs,memoe: 18 the average
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delay that the reply packet of class s spends in the memory output queue. In the
case of an inter-segment access, this consists of the mean queueing delay at the
memory output queue, the mean waiting time for a segment bus at the head of
the memory output queue and the time for transferring the header flit to the first
segment switch. In the case of an intra-segment access, Ry mem... consists of the
mean queueing delay, the segment bus waiting time and the time for transferring
the reply header flit back to its local processor.

We will also utilize the same performance metrics in this case, as thase utilized
in the single flit buffer model: the overall mean response time (R) and processing

efficiency (pproc)- These are given by

192
R=- Z R[s] (4.4)
9 =0
and
1]
Pproc = — z Pproc[-’]s (4.5)
[
where
=™
Proc["] - Tp + R[s]'

4.2 RESIDENCE TIME IN A PROCESSOR

Residence time of a header flit in a processor output queue, basically, consists of the

following two elements:
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1. The mean waiting time for a header flit of a class s request directed to d in

order to compete for a segment bus at a processor output queue in segment s
(Sd1e.poue)-

2. The flit time for transferring the header flit to the first segment switch in the
forward path to d, for an inter-segment access, or the time for transferring the

header flit to its addressed local memory module, for an intra-segment access
L
(w5)-
Unlike the case of the single flit buffer model, a header flit does not observe any
residual residence time of a tail flit in service at the next segment switch because

the size of a flit buffer is unbounded. Hence, the mean residence time of the header

flit of class s at the processor output queue is given by

g9-1 L
Rproc[s] = Y PudSdjepon: + 'u7f‘ s=0,...,g-1. (4.6)
d=0 B

Consider a class s request. As we discussed in the single flit buffer model in
Chapter 3, we assume that a request packet observes K, ;.. other requests occupying
the heads of their respective queues when the request packet arrives at the head of
its processor output queue, where K, ;... is an integer random variable. We follow
the same analysis as in the single flit buffer model of Chapter 3. If K, .., is smaller
than the number of available free segment buses in a bus group, the request doesn’t
need to wait for a segment bus assignment. However, if K, ;... is equal to or greater

than the number of free segment buses, the request must wait until a free segment
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bus is available. Suppose that ¢ is the number of free buses observed by the header
flit when it arrives at the head of a processor output queue. If K, ,_, is greater than
i, the request will wait (K, ,,,. — i) service completions before it can get access to
a segment bus. This is because when a bus becomes free, the next request to be
granted the bus is chosen according to a FCFS policy.

The mean segment bus access time is the time for transferring a request or a
reply packet on a segment bus. The segment bus access time will be simply L/Wp
because here we do not have to consider the blocking effect caused by a finite flit
buffer capacity.

In the first phase of arbitration, the segment bus is assigned the header flit of
a request in the corresponding segment switch if such request exists. Therefore, at
the beginning of the second phase, the probability that a segment bus (supposedly,

of the upper bus group in segment 1) is busy serving a transient packet, denoted by

Ui bus, I8 given by

Ly Puaw- sdw
Uitws = —'— A7
= R R .§,,3,3. o+ Rl “n
where
D}y = {d| packets traveling from s to d will visit upstream flit buffer i}
ied = {d| packets traveling from s to d will visit downstream flit buffer }.

This probability reflects a larger bus access time than the nominal value of -

Hence, the expected time interval between consecutive bus service completions in
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the upper bus group of segment s is given by

L
P - 49)
5(1 — Ygbus)

Similarly, the expected time interval between consecutive bus service completions

in the lower bus group of segment s is expressed as

L

ta.hugoccceu = b L/ . (4'9)
5(1 — Ugilbus)

Therefore, the mean time until the class s request can get access to a segment

bus while K, ., other queue heads are occupied, is given by

b ta,bu.,ceceu

(Kspoue — E)ta.h:.,aeou. + ——a at the upper bus group,
TKepouel =
t .
(Kapous = g)tl,bua“cmeu + ‘—Mﬂ;ﬂ at the lower bus group.

(4.10)

The equation shows that the bus server is load-dependent; that is, the mean time
depends on K, .., .

Now consider the integer random variable K, ;... We use the same variable

definitions and notation (without any modifications) as those defined in the single

flit buffer model. Thus, K, ,_,, is given as

(m + 7 = 1) s, g Premtpus (1 = Pproctiusey — Pmemipns) (™71 7100 =00m)

PlK s poue] = m+n—-1-9,, - Naym ) Ms.p!00,m!

(4.11)
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The delay experienced by the header flit of a class s packet at the head of the

processor output queue, until a segment bus is allocated to it, is given by

m$n-~1
Sdis.poue = 2 TKspoue = 1] E P, poue = t]- (4.12)
i=b/2 "-’o-t

4.3 RESIDENCE TIME IN THE NETWORK

The residence time in the network is the weighted sum of the mean residence times
in the forward path for a request packet and in the return path for a reply packet,

as given below:

g-1

vatwork["] = Z PM(Rod.network + Rda,nctwork) 8§ = 0, ey g — 1, (4.13)
d=0

where Y93 P.g = 1.

R4 network corresponds to the average residence time in the network of a class s
request packet from the first segment switch in the forward path to an addressed
target memory module in segment d. Similarly, Ry, network corresponds to the aver-
age residence time in the network of a class s reply packet from the first segment
switch in the return path to the original requesting processor.

The mean residence time for a class s packet in the forward path (or in the return

path) consists of the following two elements:
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1. The sum of the mean residence times of the header flit of a class s packet at all
segment switches in the forward path from s to d, ¥ r;.4(1) (or in the return

path from d to s, T r;4(1)).

2. The catch-up time, —L'—I'L, at the addressed target memory module in the case
Wp

of the forward path or at the requesting processor in the case of the return

path.

Therefore, the mean residence time in the forward path can be written as

¢ d _
3 riaa(l) + LWL" ifd—s>0,
=+l
Rad.network =4 (4—14)
2 L-L;
ri.a(l) + ifd—s<0
\ f:%»l * WB

r d -
Y ria(1) + LWL’ ifd—s>0,
i=s+l
Rys network = | (4.15)
Y ria()+ L;,:’ ifd—s<0
\ i=d+1

In the case of an intra-segment access (d = s), r; ,4(1) and r; 4,(1) are equal to zero.

Suppose that a class s packet waits for a segment bus at segment switch ¢ in the
upstream forward path from s to d. We call such packet the tagged packet. The
mean residence time of the header flit of the tagged packet at segment switch ¢ in

the forward path, r;,4(1), consists of the following three elements:
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1. The mean waiting time for packets which were queued earlier at the flit buffer

queue.

2. The mean residual service time for a packet if the tagged header flit finds the

segment bus busy.
3. The time for transferring the tagged header flit to the next segment switch: a
o 4o L
flit time (%)
Again, please observe that in this case we do not include the mean residual residence

time of the tail flit of a previous packet because the flit buffer is assumed unbounded.

Thus, the residence time, r;,4(1), in the upstream forward path is given by

L L L
ri',ad(l) q:,cww +pbu:. busyzW + W; (4'16)

r;ds(1) in the upstream return path has the same expression as that of r; (1) in

the upstream forward path.
The mean queue length seen by the arriving tagged header flit at the flit buffer

queue in segment i, denoted by ¢; ,., is given by

G = ’z-f z: Pd’od(l) +,Z.l Z ldrcd:(l) (4.17)

=0 JGD? TP + R["] =0 ‘eD- fP + R[S]
where

D,y = {d| packets from s to d will visit upstream flit buffer i}

D7 4 {d| packets from s to d will visit downstream flit buffer i}.
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Once the tagged header flit arrives at the head of the flit buffer queue, the header
flit may wait for a segment bus. When the segment bus is occupied by a local pro-
cessor or a memory module, the tagged header flit must wait until the segment bus
is released. In Equation (4.16), 35— is the mean residual service time of a packet.
Phus; busy denotes the probability that the tagged flit observes segment bus ¢ busy
serving a request from a local processor or a memory module.

Let the integer random variable ®, denote the number of requests that will par-
ticipate in bus assignment of the second arbitration phase at segment s. Recall that
in each segment the actual number of requests that participate in bus assignment
is at most n + m: up to n inter-segment requests from processors and up to m
outstanding memory requests chosen from memory arbiters. Hence, ®, is bounded
above by n + m.

Let ¢,, and ¢, mn denote the number of processors and memory modules par-
ticipating in bus arbitration, respectively. ®, can be expressed as the sum of the
non-negative integers ¢,, and ¢,» whose sum is bounded above by n + m. The set
of all feasible combinations of ¢,, and ¢, , is given as ®, = {(d,p + Psm) |0 <
Psp <nand 0 < ¢, ,m < m}. If we assume that the trials performed by processors
and memory modules are independent Bernoulli trials, then ®, has a multinomial

distribution given as follows

(n+ )'p::o"dbvu,l memlbu(l Pproclbus g ‘Pm.:mp“)("‘“"“'-r"-.m)

(n +m - ¢n,p ¢:,m)!¢:.p!¢a,m!

P [Qo] =
(4.18)
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where the probabilities Pprocibus g and pmemjtus are the same as those discussed in
Chapter 3.

If s requests, 1 < %, participate in bus assignment of the second arbitration phase,
the tagged header flit will observe the corresponding segment bus being occupied
with probability i/%, on average. If the number of requests is greater than the
number of segment buses per bus group (5/2), the tagged header flit will always find
the corresponding segment bus busy. Therefore, the probability that the header flit

observes the corresponding segment bus busy is estimated as

;"1 § nm
Pous, busy = };1 P[®, =i]3 + 2; P[®, =1]. (4.19)

Similarly, the residence time, r; ,4(1) in the downstream forward path (or r; 4,(1)

in the downstream return path) is given by

L L Ly
ri.d(l) = q.',mWB' + Pous;_, ,Mm —u—-,;. (4.20)

As before, we state r;,q4(1) without using an explicit indication as to whether the

path taken is an upstream or a downstream path.
4.4 RESIDENCE TIME IN A MEMORY MODULE

The residence time in a memory module is given by

9-1
Rvnem[3] = 2 PlJ(Rdla.mem.',. + Rdla.memo.g) s=0,...,9-1. (4.21)
d=0
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The residence time in a memory module is the same as that derived in the single
flit buffer case, except that the residence time for the header flit of a reply packet at
a memory output queue does not include the tail flit residual residence time. Mean
memory input queue delay, Ryj, mem,;,, includes the mean time that a class s request
spends in the input queue of the addressed target memory module in segment d
(Wdjs,m;,,) and the memory service time (7).

As we did in the single flit buffer case, we assume here that a request is queued
for memory access only when its tail flit arrives at the memory input queue. Mean

memory input queue delay, Ryjomem.;,, is given by

Rdl:,mem.’,. = Wllem;n +Tm

= qdl:.m.',‘fm + "dlc.m‘Ym + Tm- (4.22)

Wy)s,m;, consists of the queueing delay in the memory input queue (g4i5,m;.Tm) and
the mean residual lifetime of a memory request in service (u4j;,m¥m). The mean
memory input queue length, ¢4}, m,., observed by a class s request packet when it

arrives at a memory input queue in segment d is given by

-1 nP,
9 _.luwd",

Qdjs;min = ,go T, + R[;,]‘"- (4.23)

As in Chapter 3, the mean queue length does not include the amount contributed by
the class s request that has just arrived. The probability that the memory is busy

serving a request when a class s packet arrives at a memory module in segment d,
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is expressed as
-1 nP,
g _A'.‘-r

aem = X R RT

(4.24)

The mean residual lifetime of a memory request in service, v,, (derived in Chapter

3), is given by

(tm — S5L)?

m W,

Y = LB (4.25)
2Tm

Mean memory output queue delay, Ryj;memou, i the sum of the mean queueing
delay (w4js,m...) and the mean residence time of the header flit at the head of the

memory output queue (rgj,mo. (1)) Thus,
Rdl‘vmmo-t = wd'l,m“c + rd".mout (1)' (4'26)

The mean queueing delay is given by

t
Wilamout = Gdjs,mone Z Td,moue (k)
k=1

+ Z“dla.m,..(k) (""""‘(") ) r.;....,..(f))- (4.27)

I=k+1

The mean memory output queue length which is observed by the header flit of a

class s reply packet when it arrives at a memory output queue in segment d is given
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¥ T Ddleimes (4.28)

Qdls,;mons =

The mean residence time of the k** flit of a reply packet at a memory output in

segment d, rym,.. (k) for £ > 1 is given by

L d-1 g-1
Tdmone (K) = P“P—VL + Y Purqa(k—1)+ Y. Purara(k—1). (4.29)
B =0 s=d+1

The mean residence time of the header flit of a reply packet at a memory output

queue in segment d is expressed as

Ly nP,.g L f
Tdmou(l) = g T-‘-‘dls.m,.. + VB. (4-30)

In Equation (4.27), the second term shows the mean residual service time of a
reply packet in service. The arriving packet at the memory output queue in segment

d observes the k* flit utilizing the memory output queue with probability

= ﬂ‘rdl" yMout (k)

Udle,moue (K) = Z =

s T t+A[ (4:31)

In this case, the mean residual residence time of the packet in service at a segment

bus in segment d is
t

rd,m;z (k) + E "d,m,.,(j)~
j=k+1
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The residence time of the header flit of a class s reply packet at a memory output

queue in segment d, 4 m...(1), is given by

it (1) = S + - (4.32)
Tdjs,mous (1) iRcludes the mean waiting time for the header flit of a class s packet to
get access to a segment bus in segment d (34is,m..,) and the flit time, for transferring
the header flit to its first segment switch for an inter-segment access, or to the
requesting processor for an intra-segment access.

Let 04, denote the number of occupied processor output queue heads observed
by a reply packet when it arrives at the head of a memory output queue in segment
d. Let 04, denote the number of occupied memory output queue heads observed
by a reply packet when it arrives at the head of a memory output queue in segment
d.

The number Ky m,,, can be written as the sum of non-negative integers 8,, and
04,m whose sum is bounded above by (n + m — 1). The set of all feasible values for

Kdmo. 18 given by

Kimoe = {(02p +04m) | 0<04, <nand0< 0y, <m-—1}.
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Then, Ky m,.. follows a multinomial distribution given by

@ Odm —l—fgy—
(m 41 ~ 1) Pproctousg Pmemipus (1 = Porocibussg = Pmemipus) (4771045 =04m)

PlK4gmo.] =
Kame] (m+n—1—0s, —07,,)'04,04
(4.33)
The delay, s4js,m..,, is given as follows
m4n—1
Sdlomone = 3 TKdmoue =] Y. PlKimo =i (4.34)
=b/2 Kdm out
where
b td bus access
(Kdmome — E)td.bu:.,aeun + + at the upper bus group,
T[xd'mout] =
b td,bvu.,,coceu
(Kamoue — 'i)td,m,.,aa:u: + e at the lower bus group.
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CHAPTER 5

NUMERICAL RESULTS AND DISCUSSION

In this chapter, we verify the correctness of our analytical models and obtain numer-
ical data to study SMBS performance. Model input parameter values used in our
experiments are presented. We use event-driven simulations to verify the correctness
of our analytical models. We will show that the results obtained from analytical
models are very close to those obtained from simulations.

We evaluate the performance of the SMBS under various configurations (various
system sizes, segment configurations, flit buffer sizes and connection topologies) and
under different workloads (varying memory request rates, number of flits and ref-
erence patterns). We study the performance under uniform memory reference and
then examine the impact of memory reference locality on scalability for both the
single flit buffer and infinite flit buffer models.

We address how the performance changes with different flit buffer sizes: namely
single flit buffers, packet-sized flit buffers and infinite flit buffers, and also study
the performance of two SMBS configurations: a ring connection of segments with
infinite flit buffers and a linear connection of segments with single flit buffers and
infinite flit buffers. Performance analysis will show that network latency is more
influenced by bus contention than network distance. Sets of data obtained from
both the packet-sized flit buffer model and the ring connection model are based on

event-driven simulations.

99
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Finally, we study the performance impact of the number of flits per packet and
the number of segment buses per segment. Our results will show that the SMBS

favors small number of flits per packet and wide bus width.
5.1 MODEL INPUT PARAMETERS

Model parameters which have to be specified numerically can be classified into
two basic categories: those that describe a particular system configuration and
those that describe expected workloads. When we model a design that has not
been built, parameter values will have to be estimated. In particular, determining
workload parameter values properly is a difficult part of the analysis process. System
configuration and workload parameters used in our model are listed in Table 3.1 in
Chapter 3.

For our purposes here, a baseline system is configured as an SMBS with a linear
connection of segments. Each segment is composed of 10 processors (n = 10), 10
memory modules (m = 10) and 10 segment buses (b = 10). For both the single
flit buffer and infinite flit buffer cases, the baseline system is studied. To examine
the impact of increasing system size on system scalability, we increase the number
of segments in the SMBS for two different segment configurations: one for n = 10,
m = 10 and b = 10, and the other for n = 20, m = 20 and b = 10. For studying
the effect of the number of segment buses per segment on performance, we vary the
number of segment buses in a segment from 6 to 12.

The flit time of % will be used as our basic timing unit. Thus, we normalize

,—I;!; to one unit of time, where Ly is the length of a flit and Wp is the segment bus
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bandwidth. The mean memory request interval (7,) and memory service time (7,)
will be in units of flit time. Considering a 32-bit wide segment bus and the fact
that message length (packet length) is expected to be about 100 bits on average in a
shared memory multiprocessor [46], we assume basic packet length to be three flits
(t = 3). However, to study the effect of number of flits per packet, the number of
flits per packet will be varied from 3 to 5.

The mean time of the request interval, 7,, is varied from 30 to 200 time units.
Values of 7, higher than 200 show very little performance improvement. For values of
7, < 30 time units, some segment buses, most likely in middle segments, are nearly
saturated particularly in experiments dealing with a baseline system with finite flit
buffers. For such low values of memory request intervals, our model does not show
a reasonable evaluation functionality. However, through extensive simulations, the
given range for 7, is shown to be reasonable enough to study the performance of our

model. The mean memory service time, T, is set to 4 units of time.

5.2 VALIDATION OF THE ANALYTICAL RESULTS

We used event-driven simulations to verify the correctness of our analytical mod-
els. The simulations modeled the actual behavior of the SMBS for both the single
flit buffer and infinite flit buffer cases, without any simplifying assumptions. The
simulator implemented wormhole routing and bus assignment priority of a transient
packet exactly. Our simulation program (about 3,700 lines long) was written in the
C programming language. It was driven by the multiplicative congruential random

number generator [47, 48].
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The chosen 95% confidence interval was observed to be within 10% of the mean;
that is, if the confidence interval half width was within 10% of the mean, the desired
accuracy was considered satisfactory. Simulation estimates were derived by using
the method of batch means. Simulation results were finally obtained by averag-
ing the results of ten batch simulations. Each processor generated 1,000 memory
requests in each batch. Considering 10 indistinguishable processors in the basic
segment configuration, each batch is equivalent to the case obtained by generating
10,000 memory requests of each class.

To deal with the start-up transient of the simulation, we truncated the first 10%
of memory requests. This was observed to be long enough to make any start-up
transient negligible. In terms of execution time, a simulation estimate of a baseline
system requires about twenty hours of CPU time on a Sun SPARC-5 computer;
however, numerical evaluations based on our analytical model took less than ten
minutes each.

Simulation results are presented along with analytical results in Tables 5.1 — 5.4.
Tables 5.1 and 5.2 present comparisons of analytical performance measures with
simulation results for SMBS’s of two different sizes with single flit buffers. For the
case of infinite flit buffers, the results are presented in Tables 5.3 and 5.4 for two
different sizes.

As can be seen, the differences between simulation results and analytical results are
insignificant for both the single flit buffer and infinite flit buffer cases. Both are

shown for 7, = 4 and ¢t = 3, and two different system sizes: g =5and g=7. In

- —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

Table 5.1: Comparison of performance with simulation results: SMBS with single
flit buffers,n =10, m=10,6=10,9g=5, 7m =4 and t =3.

Request “Processing efficiency " Response time
interval, 7, | Analysis | Simulation | Analysis | Simulation
40 72.226 | 72472 +£.030 | 15.381 | 15.193 £ .023
50 76.981 | 77.147 £ .021 | 14.950 | 14.812 + .018
70 82.885 | 82.923 + 017 | 14.453 | 14.416 + .017
100 87.658 | 87.604 + .011 | 14.078 | 14.150 £ .015
150 91.582 |[91.498 + .009 | 13.786 | 13.937 + .017
200 93.615 | 93.524 + .006 | 13.640 | 13.849 + .014

Table 5.2: Comparison of performance with simulation results: SMBS with single
flit buffers, n =10, m=10,6=10,9g=7, T =4 and t =3.

Request Processing efficiency Response time
interval, 7, | Analysis Simulation | Analysis [ Simulation
40 67.668 | 67.612 + .051 | 19.111 | 19.161 + .045
50 73.466 | 73.663 + .035 | 18.058 | 17.876 + .032
70 80.511 | 80.587 + .031 | 16.944 | 16.862 £ .033
100 86.079 | 86.027 + .011 | 16.172 [ 16.242 £+ .014
150 90.575 | 90.450 £+ .008 | 15.608 | 15.837 + .015
200 92.877 | 92.744 + .003 | 15.338 | 15.647 £ .008

Table 5.3: Comparison of performance with simulation results: SMBS with infinite
flit buffers, n =10, m =10,b=10,g =5, o =4 and t = 3.

[ Request Processing efficiency “Response time
interval, 7, [ Analysis | Simulation | Analysis | Simulation
30 66.877 | 67.011 + .016 | 14.857 | 14.768 £ .011
40 73.359 | 73.505 + .012 | 14.525 | 14.417 £ .009
50 T77.754 | 77.878 + 011 | 14.304 | 14.202 & .009
70 83.304 | 83.363 + .008 | 14.028 | 13.969 + .008
100 87.870 | 87.884 + .009 | 13.803 | 13.785 £ .012
150 91.678 | 91.655 + .008 | 13.616 | 13.655 + .014
200 93.668 | 93.648 + .003 | 13.518 | 13.563 + .007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

Table 5.4: Comparison of performance with simulation results: SMBS with infinite
flit buffers, n =10, m=10,6=10,g=7, Tm =4 and t = 3.

" Request | Processing efficiency Response time

interval, 7, | Analysis | Simulation | Analysis | Simulation
30 63.454 | 63.634 £ .023 | 17.277 |17.144 £ .017
40 70.472 | 70.813 £+ .020 | 16.759 | 16.486 + .016
50 75.295 | 75.621 £+ .018 | 16.404 | 16.118 + .016
70 81.440 | 81.682 £+ .011 | 15.952 | 15.697 £+ .011
100 86.521 | 86.649 £ .007 | 15.577 | 15.407 + .010
150 90.763 | 90.805 + .004 | 15.264 | 15.188 + .007
200 92.980 | 92.989 + .004 | 15.099 | 15.078 + .011

all these cases, the analytical and simulation results match very well and are within

5% of one another.
5.3 NUMERICAL RESULTS

To examine how SMBS’s scale with increasing system size, we evaluated processing
efficiency of the systems with single flit buffers under uniform memory reference as
a function of the number of segments (g) for different request rates (1/7,). The
results are shown in Figures 5.1 and 5.2 for two different segment configurations:
one forn = 10, m = 10 and b = 10, and the other for n = 20, m = 20 and
b = 10, respectively. Both figures show that the performance in both cases is poor as
processing efficiency decreases rapidly with increasing number of segments (system
size) at moderate or high request rates (1/7, > 0.02 in Figure 5.1 and 1/7, > 0.01
in Figure 5.2). We observe that the low processing efficiency is primarily due to
the increase in bus contention as request rate increases, as we can easily imagine

particularly since buffer size is finite.
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Figure 5.1: Processing efficiency of single flit buffer model under uniform memory
reference: n =10, m=10,6=10, r,, =4and t = 3.
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Figure 5.2: Processing efficiency of single flit buffer model under uniform memory
reference: n =20, m=20,6=10, 7, =4 and t = 3.
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As we mentioned earlier, the pipelining property of wormhole routing could make
the network latency largely insensitive to path length if there is no contention. Adve
and Vernon [41] showed that poor performance in the torus network with wormhole
routing is mainly caused by the inherent latency of communication rather than by
contention in the network. Thus, performance in such low dimensional direct net-
works is likely to be latency-limited rather than bandwidth-limited when processors
block after each request.

In an SMBS with finite flit buffers, however, bus contention tends to contribute
to blocking to a greater extent. When contention is an issue, the pipelining prop-
erty contributes greatly to low system performance, along with the finite size of flit
buffers. Hence, the effect of bus contention in the SMBS is expected to be more
profound because processors must share segment buses with memory modules as
well as with segment switches. The effect of bus contention on performance in bus-
based systems could be as significant as distance related latency in direct networks.
Hence, a plausible way for reducing the probability of contention is to increase flit
buffer size.

To study how performance changes with different flit buffer size, we examined the
two extreme cases that set bounds on the performance of systems: namely systems
with single flit buffers and systems with infinite flit buffers. We also studied the
behavior of systems with packet-sized flit buffers based on event-driven simulations,
along with the two extreme cases. Figures 5.3 and 5.4 show respectively, a compari-

son of the behavior of mean response time and processing efficiency, with different
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Figure 5.3: Comparison of mean response time with different flit buffer sizes: n = 10,

m=10,b6=10,9g=9, 7, =4 and t=3.
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Figure 5.4: Comparison of processing efficiency with different flit buffer sizes: n =

10,m=10,06=10,9g=9,Tm =4and t =3.
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flit buffer sizes. In both figures, there are no significant performance changes among
different flit buffer size cases when request rates are low (1/7, < 0.015). As the
request rate becomes higher, the performance gap between the infinite flit buffer
and finite flit buffer cases becomes progressively larger. However, the performance
gap between the single flit buffer and packet-sized flit buffer cases is relatively small
for different request rates. The performance degradation of the finite flit buffer case
as request rate increases is largely attributed to increased blocking caused by the
finite buffering spaces. Thus, we conclude that the performance of the SMBS with
finite flit buffers deteriorates by contention rather than by network distance. In an
SMBS, increasing flit buffer size reduces the probability of contention and provides
performance improvement. Furthermore, this property allows the cut-through ad-
vantage of wormhole routing to be fully exploited.

We examine how well the SMBS with infinite flit buffers scales. Figure 5.5 shows
that the scalability of the infinite flit buffer model under even uniform memory ref-
erence is good as processing efficiency decreases slowly with increasing number of
segments. For larger segment size in Figure 5.6, we observe that processing efficiency
exhibits a slow linear down-slope, even though its overall absolute value is generally
lower than that in the case in Figure 5.5 (with smaller segment size). Although
performance decrease becomes larger at high request rates (1/7, > 0.02), the lin-
ear down-slope in Figure 5.6 shows clearly that decrease in processing efficiency is
mainly due to the increased network distance that a packet must encounter rather

than bus contention.
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Figure 5.5: Processing efficiency of infinite flit buffer model under uniform memory
reference: n =10, m =10, b=10, 1, =4 and t = 3.
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Figure 5.6: Processing efficiency of infinite flit buffer model under uniform memory
reference: n =20, m =20,b=10,1, =4 and t = 3.
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Next, we compare the performance of the two SMBS configurations, a ring con-
nection of segments and a linear connection of segments under a uniform memory
reference model. The ring connection offers an average of about 33% reduced net-
work delay over a linear connection. Figures 5.7 and 5.8 depict the change in mean
response time and processing efficiency of a linear connection and a ring connection
of 9 segments for different request rates.

In Figure 5.7, the difference between the two lines in the infinite flit buffer case
indicates the amount of the reduced network delay contributed by the reduced net-
work distance due to the symmetry of the ring connection. Of course, the reduced
network delay also includes the effect of balanced utilization of segment buses con-
tributed by the symmetry of the ring connection. We can observe from the figures
that increase in contention due to higher request rates is not sufficiently compen-
sated by some reduction in network distance. Figure 5.8 depicts the processing
efficiency difference between the two connection topologies under uniform memory
reference. Figures 5.7 and 5.8 assure us, once again, that (segment bus) contention
in the SMBS is as significant as the effect of network distance latency in direct net-
works.

The results presented thus far assume a uniform memory reference model.
We next examine thc; impact of memory reference locality on performance. Ap-
plications exhibiting memory reference locality can take advantage of architectural
features of the SMBS to realize performance gains. An application with high local-

ity is expected to reduce bandwidth demands on the system. This in turn could

f e———

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



111

0.006 0.01 0015 0.02 0.025 0.03 0.035
Request res (1/t,)

Figure 5.7: Comparison of mean response time with the two different connection
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Figure 5.8: Comparison of processing efficiency with the two different connection
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cause the contention effect to be reduced significantly. As we assumed earlier, for a
given locality, a fraction of requests is directed to local memory modules within the
originating segment and the remaining requests are evenly distributed to non-local
memory modules (outside the originating segment). Figure 5.9 shows processing
efficiency of a single flit buffer model as a function of the number of segments for
varying memory reference localities. The figure is shown for n = 10, m = 10, b = 10,
1/7, =0.02, 7, = 4 and t = 3. Figure 5.10 depicts processing efficiency of a single
flit buffer model for 1/7, = 0.01 and larger segment size: n = 20, m = 20 and
b = 10. In both figures, processing efficiency improves substantially with increasing
locality because locality reduces bus contention as well as average network distance.

As can be seen in Figures 5.5 and 5.9, the performance of the single flit buffer
case with locality of 0.4 is comparable to that of the infinite flit buffer case under
uniform memory reference. For larger segment size, as seen in Figures 5.6 and 5.10,
the performance of the single flit buffer case with locality of 0.6 is as good as that
of the infinite flit buffer case. From the above observations, we conclude that al-
though the scalability of single flit buffer models is generally poor because of high
bus contention, the performance of the single flit buffer models with proper locality
is significantly improved. For example, the performance of single flit buffer models
with locality = 0.4 to 0.6 (depending on segment size) is as good as that of the
infinite flit buffer models under a uniform memory reference assumption. As seen

earlier, the scalability of the infinite flit buffer models is observed to be good.
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Figures 5.11 and 5.12 depict processing efficiency of infinite flit buffer models of
the two different segment sizes with varying memory reference localities. In both fig-
ures, processing efficiency is improved with increasing locality rates. We notice that
increasing memory reference locality improves processing efficiency more rapidly in
the case of a single flit buffer model than in the case of an infinite flit buffer model.
The positive effect of memory reference locality in the single flit buffer case, on per-
formance, is more profound than that in the infinite flit buffer case because network
contention in the single flit buffer case is much higher.

The number of flits per packet, ¢, is another factor that can affect system per-
formance. In direct networks, when there is no contention and packet length is
relatively large, network latency is almost insensitive to network distance. Contrary
to direct networks, the SMBS is more susceptible to network contention because it is
a bus-based system. Hence, the SMBS favors a small number of flits per packet be-
cause the small number of flits reduces the possibility of blocked packets occupying
simultaneously several network resources. Figures 5.13 and 5.14 show performance
degradation with increasing the number of flits per packet. As request rates become
high, performance deterioration is severe as we might expect.

We assumed earlier that a basic segment consists of 10 processors, 10 memory
modules and 10 segment buses. Although it is difficult to find any relationship to
performance among system configuration parameters n,m,b and g, it is interesting
to observe how performance changes with varying system parameters. Here, we

observe the effect of the number of segment buses on performance.
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Figure 5.15 shows mean response time comparison, for the single flit buffer case,
with varying number of segment buses per segment. This is shown for n = 10,
m=10,g =5, 7, = 4 and ¢ = J under a uniform memory reference assumption.
In Figure 5.15, we observe that the mean response time increases rapidly when the
number of segment buses in a segment is reduced below 8 for the given parameter
setting. While it is difficult to predict quantitatively the threshold at which abrupt
performance degradation occurs, we can explain it qualitatively. We can explain the
abrupt change by stating that shortage of segment buses increases bus contention
which in turn increases blocking. Increased blocking further increases contention.
This cycle of negative effects stimulates the abrupt performance degradation. There-
fore, we can point out, at least, the fact that the performance of an SMBS is very
sensitive to the effect of bus contention.

Figure 5.16 shows a comparison of processing efficiency for the single flit buffer
case under a uniform memory reference assumption with a varying number of seg-

ment buses per segment.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

k1 L
o b8
X bed
o X  bet0
; + b=12
E 1
g
1sp
10 i 2 d - - L
0.005 0.01 0.015 002 0.025 0.03 0.035
Request rate ()
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CHAPTER 6

CONCLUSION

We have introduced and investigated a new class of bus-based multiprocessor sys-
tems called the Segmented Multiple Bus System (SMBS). The new architecture of-
fers increased scalability while maintaining the bus-based shared memory system’s
advantages in terms of high degree of fault tolerance, ease of expansion and ease of
programming.

One of the unique characteristics of the SMBS is that it is composed of smaller,
bus-based, full connection partitions called segments. A set of segment switches
positioned between adjacent segments serve the function of electrically isolating (or
buffering) the adjacent segments. Thus, in the SMBS, the bus loading problem as-
sociated with traditional multiple bus systems is not an issue if segments are not
too large, although each segment is a full connection multiple bus system. Another
interesting feature of the SMBS is that it supports wormhole switching which is
traditionally used in direct network topologies.

Moreover, through segmentation, a very fast bus cycle is possible and the overall
bandwidth of the SMBS is increased proportionally with the number of segments.
However, increasing the number of segments also increases latency by a correspond-
ing amount. Together, both segmentation and wormbhole routing make the system

scalable even though the SMBS is a bus-based system.
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The segmented system can be classified as a non-uniform memory access network
although each segment is a full bus connection subsystem. In such a non-uniform
memory access network, applications whose memory reference patterns tend to fa-
vor near memory modules can run efficiently. Therefore, the segmented system can
utilize memory reference locality which is usually not the case in conventional bus-
based systems. By exploiting the locality of memory reference inherent to many
applications, scalability of the SMBS could be drastically improved.

One of the most important design aspects of a multiple bus system is the arbitra-
tion mechanism. In the SMBS, we have employed a distributed parallel arbitration
mechanism. In each segment, a two-phase arbitration scheme has been employed
to resolve memory module and segment bus access conflicts. In the first phase, the
segment bus is assigned to a segment switch if a request exists at the segment switch.
In the second phase, both processor selection and bus assignment are carried out
in parallel in order to reduce arbitration and assignment delay. Each segment has
an arbitration system that is identical in all other segments and arbitration in each
segment is independent of those in other segments. Hence, the arbitration delay
in the SMBS (although it is relatively large) is dependent not on system size but
on the size of a segment; i.e., arbitration delay is not a function of the number of
segments in the system. This is another attractive feature of the SMBS.

The SMBS is a cascaded connection of segments. To scale-up an SMBS with
a linear connection, additional segments can be added at the ends. In a ring con-

nection of segments, the ring can be opened and additional segments inserted into
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the ring. This simple and modular way of system extension gives the designer more
flexibility in terms of system scalability.

We have developed accurate queueing models for wormhole routed SMBS’s with
single and with infinite flit buffers employed at each segment switches. This, to our
knowledge, has been the first attempt to adapt wormbhole routing to a bus-based
nondirect network. Using approximate MVA, we have analytically evaluated mean
residence times at a segment switch, a processor and a memory module. These
were utilized to evaluate mean response time of a memory request and processing
efficiency which we have used as performance metrics.

Our analytical queueing models are novel and new because they include features
of both direct and nondirect networks. We have included the effect of blocking and
that of pipelining associated with wormhole routing. The blocking effect has been
captured in computing the mean waiting time for a header flit in order to compete
for a segment bus at a segment switch. In the calculation of the flit residence time
at a segment switch, we have taken into account the flit’s movement in relation to
the other flits in the same packet by using pipelining property of wormhole routing.
The bus group of each segment has been modeled as a flow equivalent service center
representing multiple servers with a single central queue. The central server has
been considered to be load dependent.

To reduce bus contention, we have assumed that a transient packet has priority

over others in the context of bus assignment. The effect of this priority has been
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reflected in larger bus access time for non-transient packets than for transient pack-
ets.

To check the effect of the assumptions and approximations introduced in the
analytical queueing models, we have executed extensive simulations without any
approximations. The results obtained from analytical models have been found to
be very close to those obtained from simulations. We have investigated how system
performance changes with different flit buffer sizes and with different connection
topologies. We have addressed how system performance changes by varying the
number of segment buses and the number of flits per packet. We have also studied
the performance under a uniform memory reference pattern and examined the im-
pact of memory reference locality on the system’s scalability. The positive effect of
memory reference locality in the single flit buffer case has been found to be more
profound than that in the infinite flit buffer case. This is because segment bus con-
tention is inherently higher in the single flit buffer case. We can summarize our

conclusions on system scalability as follows.

e Under a uniform memory reference assumption, an SMBS with single flit

buffers does not scale well, however, the system with infinite flit buffers shows

good scalability.

e Memory reference locality improves system performance for both the single
flit buffer and infinite flit buffer cases because locality reduces bus contention

as well as average network distance. The improvement in performance of the
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single flit buffer case is more substantial than that of the infinite flit buffer

case because bus contention is inherently higher in the single flit buffer case.

e The performance of the single flit buffer models with locality in the 0.4 to
0.6 range (depending on segment size) is comparable to that of the infinite
flit buffer models under a uniform memory reference assumption (which show

good scalability).

We have made several observations which compare our results with the generally
known results in the context of wormhole routed low dimensional direct networks.

Such observation can be summarized as follows:

e While performance in low dimensional direct networks is generally network
distance limited, performance in an SMBS with finite flit buffers is likely to
be bus contention limited.

o Increasing in flit buffer size in the SMBS reduces bus contention and results

in significant performance improvement.

o If the number of flits per packet is relatively large, the negative effects of long
network distance in low dimensional direct networks are minimized. Contrary
to direct networks, the SMBS is likely to be adversely affected by an increased

number of flits per packet since it would lead to high levels of bus contention.

o A small number of flits per packet and a wide bus width will help to reduce
the probability of contention and consequently improve the performance of the

SMBS.
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There are still several issues open for future research. We summarize these as follows.

o We have developed and evaluated system performances for two extreme cases:

the single flit buffer case and the infinite flit buffer case. It would be worthwhile
to develop an analytical performance model for the SMBS with any finite-sized
flit buffers. Although this is a difficult problem, solving this problem would
help in determining the flit buffer size required to match the performance of

an infinite flit buffer case to within a certain percentage.

The performance of an SMBS was shown to be very sensitive to the effect
of bus contention. Thus, it is important to study the impact and role of
caches on reducing bus traffic, and consequently on bus contention. Research
on performance improvement in SMBS’s caused by introducing caches would

complement our research.

The approach we adopted in developing the analytical models is rather com-
prehensive in the sense that the models incorporate features of both direct and
nondirect networks. This approach can possibly be applied to several other
network topologies which are classified as direct and/or nondirect networks.
For instance, if the shared memory in an SMBS is distributed to the proces-
sors (becomes local to processors), the model would be easily applicable to the

resulting message passing environment.

Developing a deadlock-free routing algorithm for a ring connection of segments
with finite flit buffers would be interesting work. In a direct network, deadlock
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can be generally avoided using one of two approaches: dimension ordering [6,
11, 12] and virtual channels [31]. However, the fact that a segment bus is
a resource shared by many and that it is arbitrated among many requesters

might require a new way of thinking.
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APPENDIX: TERMINOLOGY

R([s] Mean response time of a class s request.

Rproc[s] Mean residence time that the header flit of a class s packet experiences at
the head of a processor output queue.

Rnetwork[s] Weighted sum of mean residence times of a class s packet in the forward
path and in the return path.

R4 networe Mean residence time in the network of a class s request packet from
the first segment switch in the forward path to the target memory module in

segment d.

Ris network Mean residence time in the network of a class s reply packet from the
first segment switch in the return path to the requesting processor.

Ruem[s] Mean residence time of a class s packet in a memory module.

Rijsmem;, Sum of the mean delay that a class s request packet experiences in the
input queue of a target memory module in segment d and the memory service
time, Tm.

Rajsmemo.. Mean delay that a class s reply packet experiences in the output queue
of a target memory module in segment d.

Pproc[3] Mean processor utilization of class s.

risd(1) Mean residence time of the header flit of a class s packet at a segment switch
in segment 1 in the forward path from s to d.

ri4:(1) Mean residence time of the header flit of a class s packet at a segment switch
in segment ¢ in the return path from d to s.

r;,d(k) Mean residence time of the k** flit of a class s packet at a segment switch
in segment ¢ in the forward path from s to d.

rids(k) Mean residence time of the k** flit of a class s packet at a segment switch
in segment i in the return path from d to s.

r;(k) Mean residence time of the k** flit at a segment switch in segment i.
u;(k) Mean utilization of a segment switch in segment i by the k** flit.
w;(1) Mean waiting time for a segment bus in segment ¢ by a header flit.

%; pou (k) Mean utilization of a processor output queue by the k** flit of a class i
packet.

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

Ui moee (E) Mean utilization of a memory output queue in segment i by the k** flit.

Tipe(k) Residence time of the k** flit of a class i packet at a processor output
queue.

Pprocimem Probability that a processor participates in memory arbitration in the case
of an intra-segment access.

Psw.pimem Probability that a segment switch in an upper bus group participates in
memory arbitration.

Prurjmem Probability that a segment switch in a lower bus group participates in
memory arbitration.

Pprocipus Probability that a processor for an inter-segment access participates in bus
arbitration.

Pmemjpus Probability that a memory module participates in bus arbitration.

Ppiuccimem Probability that a request from a processor succeeds in memory arbitra-
tion in the case of an intra-segment access.

Pprocitus,g Probability that a processor successfully participates in bus arbitration.

Sdjs,poee Mean waiting time of the header flit of a class s packet directed d in order
to compete for a segment bus at a processor output queue in segment s.

Ydjs.pee Mean residual residence time of a tail flit in service that the header flit of a
class s packet observes when it arrives at the first segment switch in the path
from s to d.

t,buse, Mean upper segment bus access time at segment s.
tsbus, Mean lower segment bus access time at segment s.

L, busepaccess EXpected time interval between consecutive bus service completions in
the upper bus group of segment s.

L, busioaccess Expected time interval between consecutive bus service completions in
the lower bus group of segment s.

W4j.,m;» Mean time that a class s request packet experiences in the input queue of
a target memory module in segment d.

Sdjs,;m.e Delay experienced by the header flit of a class s packet at the head of a
memory output queue in segment d until a segment bus is allocated to it.
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ddjs,m;s Mean memory input queue length that is observed by a class s request packet
when it arrived at a memory input queue in segment d.

Qdjs;m..e Mean memory output queue length that is observed by a class s reply packet
when it arrived at a memory output queue in segment d.

Uds,m Probability that a memory module is busy serving a request when a class s
packet arrived at the memory module in segment d.

Wijs,moe Mean queueing delay until the header flit of a class s reply packet arrives
at the head of a memory output queue in segment d.

Tdjs,meue(1) Residence time of the header flit of a class s reply packet at the head of
a memory output queue in segment d.

Ydjs,;moee Mean residual residence time of the tail flit in service that a class s reply
packet observes when the header flit arrived at the first segment switch in the
return path from d to s.

K:po. Integer random variable that represents the number of occupied queue heads
observed by a class s request packet when it arrived at the head of a processor
output queue.

T[K,speee] Mean time until a class s packet packet can get access to a segment bus
while K, ... other queue heads are occupied.

7sp Number of occupied processor output queue heads observed by a request that
has just arrived at the head of a processor output queue in segment s.

7s,m Number of occupied memory output queue heads observed by a request that
has just arrived at the head of a processor output queue in segment s.

Kim.. Integer random variable that represents the number of occupied queue heads
observed by a reply packet, when it arrived at the head of a memory output
queue in segment d.

T'(Kdmoe] Mean time until a reply packet can get access to a segment bus in segment
d while Ky m,., other queue heads are occupied.

04, Number of occupied processor output queue heads observed by a reply packet
when it arrives at the head of the memory output queue in segment d.

04 m Number of occupied memory output queue heads observed by a reply packet
when it arrives at the head of a memory output queue in segment d.

4m Mean residual lifetime of a memory request in service at a memory module.
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Uisus Probability that a segment bus in segment ¢ is busy serving a transient packet
at the beginning of the second arbitration phase.

¢isw Mean queue length seen by an arriving header flit at an infinite flit buffer queue
in segment .

Pbus; busy Probability that a header flit observes segment bus i busy serving a request
from a local processor or a local memory module.

®, Number of requests that participate in bus assignment of the second arbitration
phase at segment s.

& Number of processors participating in bus assignment of the second arbitration
phase at segment s.

®s,m Number of memory modules participating in bus assignment of the second
arbitration phase at segment s.
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