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MIN (Multistage Interconnection Network) System
Performance Analysis under the Presence of Failure*

Kang Won Lee*™

Abstract

The purpose of this paper is to critically review and compare the evaluation methods of fault tol-
erant MIN system and to suggest future study direction. The reliability analysis of MIN system is
discussed. The system performance modeling under the faulty components is another main focus of

this study.

I. Introduction

In recent years, design of efficient ATM switching systems for broadband ISDN (B-ISDN)
has received considerable attention. Among the desirable goals of the design are switches that
have low delays, distributed routing, high throughput, and low hardware complexity. Multistage
Interconnection Networks (MIN’s) are strong candidate for implementation of ATM switching
fabrics in B-ISDN.

They are also used to provide high speed comiounication paths between the processors and
memories in multiprocessor system. The reasons lie in their suitability to VLSI implemen-
tation, simple hardware complexity, and their self-routing capability. Compared to the time
shared bus or the cross bar switch, it is shown that they provide cost-effective and high

bandwidth communication [8, 18,32].
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MIN’s are usually designed for N=m" inputs and N outputs, and contain log," stages of mX
n crossbar switches. The typical example is shown in Fig. 1 with N=8, M=2, i. e., 8x8 shuffle
exchange MIN.

The switches in adjacent stage are connected by an interconnection pattern in such a way
that only one path is available between any inlet and outlet. This class of network is known
as Banyan type networks, as originally defined in [21,22], that include Omega network and
Delta network. The permutation capability of MIN is determined by the interconnection pat-
tern of the network. The combinatorial power of an MIN is the fraction of the n! one-to one
mappings that can be realized by compatible scts of routes. Since each of the (n/m) logs"
switches can realize m! distinct permutations and since each switch setting yields a different
permutation for the network as a whole, the number of distinct permutations realized by the
Delta network is exactly (m!)®™° (For rthe rearrangeable non-blocking and stritcly
non-blocking networks such as Benes and clos-networks respectively, the combinatorial power

becomes 1.)

Fig. 1 8 X 8 Shuffle-Exchange MIN

A basic property of Banyan type networks is that there is a unique path between any
source-destination pair and distinctive input-output path may have common links. This leads
to two serious disadvantages of MIN.

1. A failure of any switch or link can disconnect several source-destination pairs, because

several pairs usually share a common link in the network, leading to a lack of fault toler-

ance and low reliability.
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2. As shown in Fig. 2 input connection may be blocked by either internal blocking (different
input-output path may share common links) or output contention (same output address),

thereby causing poor performance in random access environment.
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a ) internal blocking b ) output contention

Fig. 2 Blocking Phenomena in 8x8 Delta Network

These lack of fault-tolerant capability, low reliability, and poor performance has received con-
siderable attention, and many ways of providing fault tolerance and increasing performance of
MIN have been proposed [38, 63]. The basic idea for fault tolerance is to provide multiple
paths or passes for a source-destination pair so that alternate paths can be used in case of
faults in a path, thereby leading to high reliability, and good performance even in the presence
of faults.

Now, to evaluate and compare the proposed fault tolerant MIN system, two system evalu-

ation measures have been suggested.

1. System reliability

The probability of maintaining full access capability (network reliability) is derived under
the presence of failure. This measure considers the tolerable number of switch failure. MTTF
of MIN is obtained as the result of analysis. And also probability that at least one path

exists from a particular input to a particular set of output is calculated.
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2. System performance

The fault tolerance makes the MIN to maintain full access property even under the several
faulty components, but to function with some degraded performance. That is, some faulty
components do not affect the system reliability measure, but the performance such as blocking
probability, delay, and throughput. Therefore, tv evaluate the fault tolerant MIN system accu-

rately system performance measure as well as reliability should be taken into consideration.

The purpose of this paper is to critically review and compare the evaluation methods of
fault-tolerant MIN system and to suggest future study direction. In section 2, the reliability
of MIN system is discussed. The system performance modeling under the faulty components is
the main focus of section 3. Based on the discussion of section 2 and 3, the further research

topics are proposed in section 4.

II. MIN System Reliability

Several important problems arising in reliability modeling of MIN system are discussed.

Based on this discussion system reliability models are analyzed.
2. 1 Issues in Modeling of MIN System Reliability

Several important issues are discussed, which will be used for analyzing criteria of MIN Sys-

tem models.
1) System under Consideration

Several systems have been studied for the reliabilty analysis of MIN.
(D unique path system

There is a unique path between any input-output pair, and distinct input-output path may
have same common link. Therefore, the failure of even a single link or switch in the network
disconnects several input-output pairs. They also experience both internal blocking and output
contention. Banyan type network is typical examiple of this system.
@ space redundancy fault tolerant network

Multiple paths are provided from each input to each output so that alternate path can be
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used in case of faults. The methods include to increase the number of stages, to use multiple
links between switches (intrastage or interstage link), to partition a unique path network into
several subnetworks, and to incorporate multiple copies of a basic network. There are many
examples of such fault-tolerant MINs :the Extra-Stage Cube [63], the Augmented Data Ma-
nipulator and its variations [64, 65, 66], the Gamma Network and its variations [67,68], the
F- network [69], the Modified Omega Network [70,71], the Augmented C-Network[69], the
Modified Omega Network [70,71], the Augmented C-Network and the Merged Delta Network
[72], the Augmented Shuffle-Exchange Network _73,74], the Chained Baseline Network [75],
and the INDRA network [76].
@ time redundancy fault tolerant network

Suppose that a MIN is used to connect processing elements, with end-around connections as
shown in Fig. 3. In this case, multiple passes through the network can be allowed to route
data from an input to an output. For instance, if PE{Processing Element) X can not route
directly to PE Y in one pass through the network, it might be possible to route from PE X
to PE Z in one pass, and then PE Z to PE Y in the second pass. The ability to route from
any input to any output of the network in a finite number of passes is called the dynamic

full access(DFA).

—0— —
—0— MIN _—

processing element]
l O

Fig. 3 MIN with End-Around Connections for Multiple Pass Routing

@ reconfigurable fault tolerant network
When a switch (or a module) fails, a replacement switch (or a module) assumes all oper-

ational functions that were performed by faulty one. And the reconfigurable links should be
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properly assigned to support all the replacement structure. With this replacement model, the
design of reconfigurable fault tolerant is transformed into the two subproblems :

a. replacement design:design a feasible replacement topology to achieve a certain perform-
ance indices of interest, e. g. maximum fault tolerance and reliability, for a given hard-
ware overhead.

b. link assignment : properly design the interconnections based on feasible technology such

that the replacement topology is achieved.

2) Reliability Measure

Recently there have been much analysis and comparisons of MIN’s from the following asp-
ects of reliability.
@ network reliability

It is the probability of maintaining full access capability throughout the network. That is,
it can be defined as the probability that any output port can be reached from any input port
of the network in a cycle pass. This measure considers the tolerable number of switch (or
link) failure.
@ broadcast reliability

It is defined as the probability of maintaining a connection from one source to many desti-
nations
® terminal reliability

It is the probability that at least one path exists from a particular input port to a par-
ticular output port.

In this paper, network reliability is mainly focused.

3) Fault Mode

There can be three types of fault modes adopted to the reliability analysis of the MIN.
@ link fault

It is the failure of an individual link connecting two switches. Interconnection switches are
decomposed into links and if one link is faulty, the other link can still operate properly.
@ switch fault

It is the failure of an individual switching element. Switch faults can be used to pessimisti-
cally approximate link faults. That is, all the links connected to the faulty switch are con-

sidered to be totally unusuable. In some cases, the reliability of an switching element cmopo-
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nent may be considered as an independent failure/success entity. An switching element having
any one of its components failed still works in degraded mode, thus a switching element
behaves like a multistate element.
@ module fault

In some fault tolerant systems, module (loop, or group) can be a replaceable unit. When a
switch 1s identified to be faulty, the module containing the faulty switch is replaced by a
faultfree module. During repair or replacement all the switching elements in a module are con-
sidered to be faulty. Generally, in reliability model, switch and module fault modes are

adopted to conservatively estimate system reliability.

For the purpose of network fault tolerance and reliability analysis, we should also dis-
tinguish between network interface faults and inner network faults.
@ network interface fault

faults on the link connecting resources (e. g. computer, processor, memory) to the network
@ inner network fault

faults on all the inner links and switches of the network
4) Repair/ Replacement

In real systems utilizing fault tolerant networks, it is anticipated that the detection of a
fault in a switching element initiates the repair of fault to guard against the occurrence of a
second, potentially catastrophic fault.

D simple Markov chain reliability model with switch repair

Let the constant failure rate of individual switch be A and the constant repair rate px Sup-
pose we have a MIN with M switches. Even if the MIN can tolerate more than one faulty
switch in many cases, we assume that more than one faulty switch lead to the system failure.
Therefore, the whole system can be conservatively represented by the Markov chain model
shown in Figure 4, where there are three state:state 0 is the no fault state, state 1 is the

single fault state, while state 2 is the two fault state.

MA M- DA
—

Fig. 4 Markov Chain Model for System with Switch Repair
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® Markov chain reliability model with imperfect coverage

Often when a component fails, the detection, isolation, and reconfiguration procedures of the
system are less than perfect. This notion of imperfection is called imperfect coverage, and is
defined as the probability, ¢, that the system successfully reconfigures given that a component
fault occurs. Imperfect coverage is important in considering the reliability of MINs since as
their size increases, the number of component: increases, and the potential for an uncovered
fault to occur increases, as well. This system also can be represented by the Markov chain

model as shown in Fig. 5.

M-D)r

@i@> G

M(l<c) A

Fig. 5 Markov Chain Mode! for System with Imperfect Coverage

®Markov chain availability model with loop(or module) replacement

In some cases, module can be a replaceable unit. When a switch is identified to be faulty,
the module containing the faulty switch is replaced by a faultfree module. Simple Markovian
model is shown in Fig. 6. Here the model is simplified by ignoring the possibility of a second

switch fault.

Fig. 6 Markov Chain Availability Model with Module Replacement
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Initially the system is fully operational (in state G). If a fault occurs and a switch ceases
to operate the system moves to S. State S represents all possible equally likely types of
switch faults. Faults are detected at rate J. Once the fault is detected, and the repair begins
at a rate of x4 the entire module containing the faulty switch is out of service (state L)

Following Fig. 7 is the availability model of system with imperfect coverage as shown is

Fig. 5.
Mch ‘ M-,
1
< —
n : m
M(l-ck /

v

Fig. 7 Markov Chain Availability Model with imperfect Coverage

State 2 of Fig. 5 is split into state 2 and T. Then, a repair transition (with rate ¥) from
the coverage failure state T to state 1 and a repair transition from exhaustion failure state 0

to state 1 are added.
5) Cost-Effectiveness

Compared to the unique path network, the multiple path networks certainly have high re-
liability, but with increased hardware complexity., which not only increase cost but also give
some wrinkle on the claim of enhanced reliability.

To estimate the cost of a network, one commion method is to calculate the switch com-
plexity with an assumption that the cost of a sw:tch is proportional to the number of gates
involved, which is roughly proportional to the nimber of cross points within a switch. For
example, a 2x2 switch has 4 units of hardware c»st, whereas 4x4 switch has 16 units. For a

kx1 multiplexer or 1xk de-multiplexer, we roughly assume that each has a k units of cost. Fol-



150 Kang-Won Lee SES AR Ak

lowing Table 1 shows cost functions of networks with 2x2 switches.

Table 1 Cost Functions of Networks with 2x2 Switches

Name Cost Function
Omega 2 N log: N

ESC 2 N (log; N + 3)
3-Rep 6N log: N
INDRA 4N (log: N + 1)
EGN-m 2(N-+N/M)(log:(N/M)+m)

{ N :network size)

Now a simple measure of the cost effectiveness for reliability can be given by comparing
MTTFs and the costs of these networks. The cost-effectiveness of fault tolerant MIN can de-
fined as the ratio of its MTTF to its cost.

2. 2 Reliability Modeling

The analysis and modeling of MIN reliability are summarized in the following Table 2 ac-
cording to systems under consideration discussed in section 2.1. Under each system following

factors are taken into consideration.

e reliability definition

* fault tolerance measure
¢ fault mode

¢ modeling method

¢ repair / replacement policy
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Table 2 Reliability Modeling of MIN
Description and Reliability definition Fault tolerant Failure
System type . N
characteristics (network reliability) measure mode
Unique path ¢ simple and e the probability that e reliability sswitch
MIN distributed Banyan all the switching function, MTTF fault
type networks that elements in the MIN
include OMEGA, and are not faulty
DELTA networks
Space ¢ several fault tolerant e the probability that ® the maximal ¢ switch
redundancy methods (extra number of number of fault fault
(multiple stages of switches, component failure is tolerance
path MIN) extra switches in less than the e reliability
each stageextra link maximal number of function, MTTF
in each switch, etc.) fault tolerance the * cost-effectiveness
proposed to provide system can guarantee measure
alternate paths in (MTTF /cost)
the presence of faults
Time ¢ dynamic full access e the probabil:ty that s reliability ¢ switch
redundancy property of multiple dynamic full access function, MTTF fault
(multiple pass MIN is exists * loop
pass MIN) investigated fault
Reconfigur- s to give unique path e the probability that ¢ the maximal e switch
able MIN maximum fault number of component fault tolerance fault
network tolerance and failure is less than and number of

reliability, it focuses
on the replacement
design and
reconfigurable link

assignment

the maximun number
of fault tolerance the
reconfigurable network

can provide

links required for

a node of switch
s reliability

function, MTTF
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Table 2 (Continued)

Modeling method Repair /replacement | Reference

R(t)=[Re=(t)]", Rs(t) : reliability function of each switching element

Lo . switch repair 33
N :number of switching element in MIN
@ continuons time Markov chain:It can give the exact reliability | switch repair 40, 42,
function, but the number of states grows enormously as the MIN (imperfect / 47, 48,

size increases. Therefore, this method might not be suitable for perfect coverage) | 53, 54,
practical use. In some cases,state lumping technique is used. e several 95, 56,

@ reliability block diagram:Based on the number of fault tolerance availability 61, 62
and MIN structure, both the reliability upper and lower bound functions are
can be approximated from seires-parallel block diagram. It can determind
give a first insight of MIN reliability with little effort. according to the

® connection matrix : First enumerate the requisite connections of switch repair
MIN by using the concept of inter-stage and intra-stage policy
connectivities. Then use the exclusive-operator 1o obtain disjoint
terms and hence to generate the reliabillity expression.

@ graph theoretic: Based on the bipartite graph of MIN and edge
failure mode, reliability function is derived.

® combinatorial approach:The upper and lower bound of reliability
polynomial coefficient C. are estimated. The k™ term in the poly-
nomial is the probability of an operational network with exactly k
faulty switches and Cy is the number of ways in which k switches

in the subnets may fail without destroying full ascess

* Using set and graph theoretic approach, the necessary and/or suf- | ®switch repair 38, 60
ficient conditions for DFA existence are derived policy

-Based on these conditions, the upper and/or lower bound of re- | ®module repair
liability are abtained policy

-Comparisons are made with simulation result.

¢ Using graph theorectic approach, the maximum fault tolerance and 58, 59
its associated link requirement are derived.

-Based on these derivations, the lower bound of reliability is

calculated
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. MIN Performance Modeling under the Presence of Failure

Several important factors and assumptions affecting the MIN performance are discussed in
section 3. 1. Based on this discussion system performance models considering faulty componts
are analyzed in section 3. 2. In section 3. 3, the performability models are discussed, which

show ways to combine both reliability and perforraance measures.
3. 1 Issues in MIN System Performance Modeling
1) System Under Consideration

@ unique and multiple path MIN

Several architectural designs for fast packet switches have emerged in recent years. These
can be classified into the following three categories.

¢ space-division type

® shard-memory type

¢ shard-medium type

Space-division type, which is considered to be most promising candidate for ATM switching
fabric, can be further subdivided into

¢ Banyan type

e buffered Banyan based fabrics

e Batcher (or sort) Banyan based fabrics

e switch fabrics with disjoint path topology

® cross-bar based fabrics

Each fabric was developed to reduce the blocking problem and to achieve high throughput at
lower hardware cost and complexity. Extensive study has been taken to evaluate the perform-
ance of each switch fabric mentioned above. Table 3 summarizes the key issues in performance

analysis of each system.

In this study, we just focus on the Banyan type switches of unique and multiple path
MIN'’s with faulty components. The definitions ¢’ unique and multiple path MIN's are given
in section 2. 1. The mulitiple path MIN can be thought as the space redundancy fault toler-
ant network : the performance analysis of the otker systems under the faulty components is
very complicated tasks and has not been taken y2:. It will be a challenging and mportant fu-

ture research topic.
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Table 3 Key

Issues in Performance Analysis of Space Division Type Switches

Proposed system

Switch type architecture Issues in performance analysis References

Banyan type ¢ unique path. fault tolerant structure 6, 20, 21, 22
e multiple path

Buffered Banyan * buffers at each ¢ buffer location and size 1,2 34,57,

disjoint path
topology

e MIN based on
knockout switch

type switching element e speed up factor for output 19, 23, 24, 25
4input buffer 34, 35, 36, 37
-output ¢ flow control mechanism
-shard
Non-internal blocking | buffer at each ¢ buffer location and size 26, 28, 29, 30
type(Batcher-Banyan, | I/ 0 of network e speed up problem for output 33
cross-bar) -<input queue
-output ¢ flow control mechanism
-input / output
Switch fabric with ¢ knockout switch ¢ concentration ratio 27, 31

e cutput(shard) buffer size

@ synchronous vs asynchronous system

¢ synchronous system : This reflects the situation in an ATM environment where all packets
have a fixed length called cell. All input links to the network are slotted and synchronized
with a specific bit rate, for example 150 Mb/s. The resulting packet slot time is
approximately 2. 8(sec. Thus, the switch fabric has to be designed in such a way so that it
can handle approximately 350,000 packets per second per input port.
® asynchronous system : Packets can arrive in the input trunk according to some independent
stochastc process at a given rate per unit of time.
@ flow control

Several types of flow control mechanism are suggested to regulate the flow of packets be-
tween stage to prevent packet loss due to blocking or buffer overflow. These can be

categorized as shown in the following Table 4.
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Table 4 Flow Control Mechanism

block and lost (or gueue loss)
global ack
backpressure grant
local ack
grant

Depending upon the flow control mechanism employed in MIN, different performance models
can be constructed. Since we do not consider any internal buffer in Banyan type switch fabric
with unique or multiple paths, there is no packet loss due to buffer overflow. In our study we
can assume “block and lost” flow control mechanism. Also, for the block call to be resubmitted
in the next cycle, some kind of backpressure with “ack” can be assumed.

@ clock cycle

In synchronous system clock cycle is very much related to the flow control mechanism. For
the “block and lost” protocol, any request for output access is issued at the beginning of a
clock cycle and all successsful connections terminate at the end of the cycle. The length of a
clock cycle is equal to the output access time pus the network delay. For the backpressure
model each cycle has two phases basically : the control signal and packet movement phase. The
constituting components and size of each phase vary acccording to the various flow control

mechanism used in the backpressure model.

2) General Assumptions

(D steady state condition

For analysis purpose it is assumed that the mecan time between component failures is very
large compared to the length of clock cycle, implying that once a component fails, the next
failure will occur after a very long period of time. This enables us to study the system’s
behavior under a statistical steady-state, resulting from its having a fixed combination of
faulty and non-faulty components for a relatively long time.
@ failure mode

As in the failure mode of reliability modeling link, switch, and loop failure modes are

assumed. Moreover, input and output links of a nctwork are considered to be non-decomposable
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components. Therefore, for example, any fault in a input link results in the removal of that
input from the system.
® blocked call

In a block and lost model, blocked calls ar: completely ignored. In a backpressure model,
however, rejected packet stays in a buffer an¢ would have to try to make request again in
the next time slot. Two ways can be assumed.

srandom model:In next trial, it selects t1e next switch at random. Since it allows a
blocked packet to be routed around a congested switch, the results obtained from this model
might be too optimistic.

* memorized model: A blocked packet always hunts for the same switch during consequtive
cycles, and does not obey static routing probability.

The “blocked call” problem imposes a lot of difficulties in analyzing the performance of the
MIN. For example,in case of buffered Banyan network, it introduces the interdependency be-
tween the interstage buffer state since buffered packets are correlated as a result of having
contended for output. For our study we just consider two cases : ignored blocked call and ran-
dom model. Also, it is assumed that the contention in switch is resolved randomly. In some
cases such as switches with intrastage link, it can be assumed that requests from intrastage
are with lower priority than interstage request. For the analysis of memorized model, ad-
ditional state called “blocked state” is required. Under the faulty component assumption, it

can be a topic of future study.
3) Traffic Assumptions

Incoming traffic has been modeled as a ind:pendent Poisson process or Bernoulli process,
which will be called homogeneous input traffic. However, to represent traffic patterns of ATM
network where a wide range of bandwidths neec to be accomodated some bursty traffic model
is required. Also, the output destination might be unbalanced. The traffic pattern which
reflects the network with one dedicated video zhannel and many volce or data channels is
really unbalanced. The offered traffic characteristic can be classified into 4 types as shown in

the following Table 5.

Table 5 Offered Treffic Characteristic

\N)ut,put Destination
P Balanced (Unifor 1) Unbalanced (Non-Uniform)
Input Traffic T

Homogeneous homogeneous-bal inced homogeneous-unbalanced

Bursty bursty-balanced bursty-unbalanced
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In this study, homogeneous-balanced traffic is assumed. Considering that component failures
make the traffic unbalanced, however, the other iraffic assumptions need to be adapted to see
the failure effect on the network performance more realistically. The work under bursty
and/or unbalanced traffic considering component railure has not been performed yet. It will be
a good topic of future study. For a homogeneous-halanced traffic, it is assumed that

* Each input i generates random and indepercent request in a given cycle according to
Poisson process with rate (i or Bernoulli process with probability Pi.

® Packets arriving at input link at stage 1 are destined uniformly for all output link at
stage n

The homogeneous-balanced traffic and “block aad lost” (or random block call) assumptions
make it easy to analyze the switch network. That is, these assumptions lead to

* Independence between interstage switch element.

¢ All the switching elements in a stage are identical.

Therefore, the state of a system can be characterized by that of a switching element in a

stage.

4) Performance Measure

Some performance measures of the MIN are observed during each network cycle. Based on
the above discussions, the performance affecting fuctors can be summarized as shown in Table
6. Under the some assumptions and specifications related to factors mentioned in Table 6, sev-
eral performance measures have been proposed.

(D largest realizable system : It is defined as maximum number of inputs and outputs that can
be completely connected when the network is in some fault state. This measure is just
good for unique path system, but not for fault tolerant system. The multiple path MIN
can still maintain full access property under some faulty components.

© bandwidth : It is defined as the total number of requests that can be routed through the
network in a cycle. The bandwidth measures the effect of blocking which results from
either the internal blocking, the output coatention, or the presence of some faulty
components. It is a good measure which can estimate the average performance of the entire
network under the symmetric traffic assumption. However, in some cases this measure is
not adequate. When a fault occurs, the symmetry of traffic passing through the network is
lost. Or as in case of multiservice environment of ISDN, the incoming traffic can be

totally unsymmetric. So different network locitions may experience significantly different



158

Kang-Won Lee WERSR A

Table 6 Performance Affecting Factors

Failure mode

-number of faulty switches or links

-fault tolerant scheme

Flow control

-block and lost

-back pressure (global/ack, global/grant, local/ack, local/grant)

Incoming

traffic

-stochastic nature of incoming traffic request (homogeneous or bursty)
-input request destination distribution (uniform or non-uniform)
-interdependency of input traffic request within a cycle
-interdependency of input traffic request between cycles (blocked call
problem)

-contention resolving policy (priority)

Blocked call

-ignored
-random retry

-memorized retry

Path selection

algorithm

-preferred

In case of multiple path

-random

loads. Because
simply average
cation network
quality is high,
@ performance of

we predict the

the loads in different parts of the network can vary greatly, one can't
performance over each input in the network. For example, a telecommuni-
must provide uniformly high quality service. Even when the average service
an individual customer who receives degraded service may be dissatisfied.

individual input and output: o remedy the problem of bandwidth measure,

probability that a particular memory is referred in a cycle. That is, when

faulty components are present or incoming traffic is unsymmetric, we can estimate the out-

put reference probabilities individually. And it can be shown that these probabilities vary

widely from output to output.

@ normalized throughput : number of output requests per output link per clock cycle (delay:

number of clock cycles a packet takes to reacl. the destination port from the source port

® blocking probability : If the blocked call is lost, this is defined as the probability that
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the packet is lost due to internal blocking, output port contention, or full buffer in case of
buffered switch. In case of backpressure with some ack, this can be defined as the prob-
ability that the IBC buffer is full.
Under the nonuniform traffic pattern, following measures might be more suitable.

@ maximum throughput : maximum allowable throughput at an output port which has the
worst congestion among all the output ports.

maximum delay : delay of the input to output path which has largest delay of all the paths

® maximum blocking probability : blocking probability of a input link which has the largest
blocking probability of all input links

3. 2 Performance Modeling under the Presence of Failure

To derive the performance measures mentioned above, several performance models are
proposed with the proper assumptions and specific MIN structure. In the research [78] pre-
vious to this study extensive investigation was taken on the performance modeling of the fast
packet switch fabrics, which does not consider component failure. Each model was analyzed ac-

cording to

* type of switch fabric

¢ modeling method

* assumptions related to the buffer state
¢ switching element type and size

¢ flow control and clock cycle

® buffer location and size

¢ blocked call

e incoming traffic assumption

¢ measure

In this study our attention is limited to Banyar. type switch with unique or multiple paths
considering the faulty component in the switch. (ompared to the performance modeling with
“no fautly component”, very few works have been done to see the effect of faulty component
on performance and to combine the measure of reliability and system performance. Table 7

summarizes the modeling under two general categories : unique MIN and multiple path MIN.
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Table 7 Failure Dependent Performance Modeling
Switch System . . Performance
network o Incoming traffic Flow control | Blocked call
type characteristics measure
Unique e With single faults | e independent ® block and * Jost ® maximum
path it loses the full homogeneous / lost ¢ randomly realizable
MIN access property. uniform ¢ back- resubmit system
Its main concern | ¢random pressure in next interconnection
is to calculate contention with ack cycle * average
the maximum resolving policy bandwidth
number of
connected 1/0
pair and average
network
performance
such as
bandwidth under
some faulty
condition.
Multiple * [t can maintain ¢ independent * block and * lost ¢ performance of
path full access homogeneous / lost individual input
MIN property even uniform and output link
with some faulty | ®random ® average
components, contention bandwidth

Since the faulty
components make
the network load
unsymmetric, the
individual
component
performance vary
widely.

resolving policy

(In case of fault

tolerance using

intrastage loop,
the priority
scheme is required
between interstage
and intrastage
input request)

* some path
selection
assumption :
random or

preferred
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Table 7 (Cortinued)

Fault mode

Modeling method

References

Discussion

¢ link fault mode
*1/0 component
is also subject

to failure

* Calculation of exact number of largest realizable
system 1s exponential. Using ele:nentary set
theory, simple approximation is used.

¢ To derive average bandwidth, Markov chain is
used. It is expressed as an inpu: request
probability, link and I/0 component failure
probabilities.

49
30
51

e These measure
already combine
the component
reliability and
system

performance

measure in themselves.

e switch and loop

fault mode

¢ ]t considers the traffic at every link in the
network individually. Analyzing the entire
network, stage by stage, gives the busy
probabilities for all links in the network,
and for the destination.

¢ Based on the combinatorial analvsis of the MIN,
two steps of analysis are perforred : single
switch and intrastage link. Intrastage link analysis
invloves the probability calculation of contention
in a switch and intrastage request propagation.

52

¢ To derive some
performability
measure, Markov
reward model

is used.

3. 3 Performability Model

To determine how faults degrade the overall MIN performance, we need to combine the

results from the reliability model with the results from the MIN performance model. Generally

two approaches have been suggested : Markov reward model and combinatorial model

1) Markov Reward Model

The evolution of a degradable system through various configurations with different sets of

operational components can be represented by a discretestate, continuous-time Markov chain,

{z(t), t=0}. Let r, denote the reward rate associated with state i, for example, network

bandwidth at failure state i. The reward rate of the system at time t is given by the pro-

cess. x{(t)=7.0. The expected reward rate at time t is

Elx@®)]=Lr - P,[Z()=7]
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If we let Y(t) be the amount of reward accumlated by a system during the interval (0,t),
then

Y(t)=L: x(u)du
Then, the expected accumulated reward is
E[Y®]=Xr:- [, P.LZ(w)=i]du

The construction and solution of an overall Markov model for Pr [Z(t)=i] become intractable
for fault-tolerant MINs of size greater than 16>16. State lumping reduces the state space of
the continuous time Markov chain. To extend the conditions for lumpability to Markov re-
ward model, it is required that every pair of state u and v in the “lumped state” must have

indentical reward rate (i. e., r,=r,)
2) Combinatorial Methods

The critical problem in the Markov reward model is that the number of states in Markov
model of realistic system tends to be extremely large, creating difficulties in generation,
storage, and solution of such models. Combinatorial reliability model takes advantage of the
system structure and avoids generation and solution of the underlying Markov model. The
limitation of this combinatorial model is due to inherent assumptions of stochastic indepen-
dence, two-state behavior of components, and restrictive repair. Trivedi et. al. [41] proposed a
combinatorial algorithm for the combined performance and reliability analysis of coherent re-
pairable system with multistate components. 1o model multistate system with multistate
components, this algorithm transforms the system to a binary one with binary components.
This transformation is done by assigning a binary variable to each state of each multistate
component and for each state of the system. 'This transformation introduces dependencies
among the binary variable. Then the combinatorial binary network model is converted to
“Event Based Reliability Model” to account for stochastic dependencies between components, if
any. Now Satyanarayana and Prabhakar [77] algorithm is used to obtain the probability of
the system being in state k at time t. From these system state probabilities, several

performability measure can be computed as needed.
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IN. Future Works

The reliability and performance analysis of MIN are still in infant stage, and require much

more refinement and enhancement in following areas.

1) MIN Architecture

Until now, the performability analysis is limited to the area of pure Banyan type network.
It needs to be extended to

e tandem and paralle] Banyan

¢ buffered Banyan

e Batcher-Banyan with I/0 buffer

e switch fabrics with disjoint path topology

2) Traffic Characteristics

In most cases, traffic is assumed to be homogeneous and balanced. When fault occurs, how-
ever, the symmetry of traffic passing through the network is lost. Or, as in case of
multiservices environment of ISDN, the incoming :raffic can be totally unsymmetric. Therefore,
to see the effect of faulty components on system performance some realistic traffic
assumptions are required such as

e bursty type traffic

e unbalanced traffic

3) Flow control

For flow control “block and lost” is generally assumed. To model the system realistically
backpressure models with specific protocol need to be considered such as global / ack,
global / grant, local/ack, or local/grant. The memory model for blocked call also needs to be

considered to enhance the modeling accuracy.

4) Fault Model for Switching Element(SE)

For the switch fault model, the twostate fault model is assumed that an SE is in either up
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or down. It is represented as a single node s shown is Figure 8. a. A failure in the node
causes all of its links to be deleted from the :orresponding MIN. In some cases, however, SE
is not looked upon as a single node, but as several nodes along with their connection links
(intrastage link, input and output). Figure & b represents the connection pattern. The re-
liability of SE may be considered as an independent failure/success entity. An SE having one
of its elements failed still works in degraded mode, thus an SE behaves like a multistate

component.

Input SE output
(a)
Input [ r
element D 2

s

4 s (]
Output element
®)

8 Node Representation for
a. Two-State SE
b. Multi-5State SE

5) Dependent Failure

Algorithms for the computation of reliability generally assume that component failures are
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statistically independent. For most practical npplications, this assumption is not wvalid.
Spragins [43] outlined examples of the strongly co-related failures of different communication
lines at a single geographical location. Several models have been proposed to introduce the
dependencies in communication network such as -y model [45, 46], c-model [44], CNM[45],
and EBRM[46]. Based on these models, analysis of failure dependency in MIN’s can be con-

sidered.
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