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Dilated Optical Multistage Interconnection Networks (DOMINSs) based on 2 x 2 di-
rectional coupler photonic switches play an important role in all-optical
high-performance networks, especially for the emerging |P over DWDM architectures.
The problem of crosstalk within photonic switches is underestimated due to the aging of
the switching element, control voltage, temperature and polarization, and thus causes
undesirable coupling of the signal from one path to the other. Previous works [18] de-
signed an efficient diagnosing digoint faults algorithm in small sized networks, which
reduced the number of tests required by overlapping the tests with computations to one
half in photonic switching networks. Furthermore, this paper generically derives algo-
rithms and mathematical modules to find the optimal degree of parallelism of faults di-
agnosis for N x N dilated blocking networks, as the size of network is larger. Taking
advantage of the properties of digoint faults, diagnosis can be accelerated significantly
because the optimal degree of parallel fault diagnosis may grow exponentialy. To re-
duce the diagnosis time, an algorithm is proposed herein to find the maximum number of
digoint faults. Rather than requiring up to 4MN tests as a native approach, a two-phase
diagnosis algorithm is proposed to reduce the testing requirement to 4N tests. This study
extends the concept of digioint faults to reduce the number of tests to the time efficiency
of O(N*®) for N x N DOMINs.

Keywords: dilated photonic switching network, crosstalk fault, degree of parallelism,
fault diagnosis algorithm, disjoint-faults

1. INTRODUCTION

The concept of multistage interconnection networks (MINs) was first introduced in
the context of circuit switching providing parallel transmission [1-3]. The MINs possess
two properties: the unique path for each input-output pair and the digital control routing.
Unlike the previous connection-oriented packet switched networks based on the TCP/IP
protocol stack, the MINs do not establish connections, but instead the entire packet fol-
lows the route selected during set-up process. Because the TCP/IP network bandwidth is
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restricted by the router throughput, router performance benefits when the network scale
isincreased. A specific architectureis provided by so-called “1P over ATM” switching [4,
5]. In this case, a new packet-passing scenario substitutes for the classic IP routing. After
the first IP datagram establishes a new path in the ATM network, the subsequent 1P
datagrams are forwarded directly through the previously established path. This forward-
ing technique is termed “cut through” switching [6]. Like the transmission scenario of
the IP datagram over ATM networks, electronic-based networks can be promoted to
al-optical networks. Furthermore, employing the switching elements as the routing
components alows IP to be taken directly over DWDM (Dense Wavelength Division
Multiplexing) architecture providing a fully optical high-performance network. This ar-
chitecture incorporates scalability and cost-effectiveness into recent research [7].

Photonic switching elements are essential in optical networks. Because photonic
switching networks provide an all optical transmission, high transmission speed, and
high throughput without the conversion between electronic-to-optical and opti-
cal-to-electronic [8, 9]. The concept of dilation in the spatial domain for DOMINs[10] to
reduce the negative effect of crosstalk is introduced here. The DOMINS, constructed us-
ing 2 x 2 directiona couplers (photonic switches) [9, 11-13], can also be classified into
three architectures: dilated blocking network, dilated non-blocking network, and dilated
re-arrangeable network [10, 14, 15]. A 2 x 2 switching element, two inlets and two out-
lets, allows the implementation of self-routing under the unbuffered architecture.

Optical crosstalk is aproblem in DOMINs and results from the undesirable coupling
between signals from one path to the other within a directional coupler [12, 16], which is
called first-order crosstalk. It is essential to design different diagnosing crosstalk fault
algorithms for DOMINSs from the automatic testing generation in the current sophisti-
cated VLSI technology. The diagnosis process for DOMINs [17, 18] can be divided into
two basic phases: the fault detection process and the fault location process. In the first
phase, all possible suspicious faulty switches are detected from the outputs, while in the
second phase, al possible suspicious switches are examined by injecting signals into
them and checking if the output signals exceed threshold. Hwang [18] designed the dis-
joint faults algorithm in dilated blocking networks to accelerate diagnosis by putting two
first-order crosstalks in parallel. This paper presents the upper bound approach, in which
the optimal number of digoint faults is accommodated in N x N dilated blocking net-
works as the size of DOMINs grows. Furthermore, a new diagnosing algorithm is pro-
posed to find other possible pairs of digoint faults. Because of the property of digoint

faults, the execution time can be reduced during the second phase. This study proves that
log, N-1

the number of digoint faults is 2 x 2L 6 J and the time efficiency of the new diag-
nosing algorithm can be enhanced to ©(N*®) for N x N DON as N becomes larger.

This paper is organized as follows. Section 2 introduces N x N Dilated Omega
Network (DON), while section 3 describes the fault model, system assumptions and
primitive diagnosing algorithm. Section 4 presents the upper bound approach and shows
that the optimal time efficiency of the approach is ©@(log,N). Section 5 proposes a hew
diagnosis algorithm for N x N DON and proves that the time efficiency of the diagnosing

agorithm can be reduced to ©(N*®). Finally, conclusions are given in section 6.
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2. DILATED OMEGA NETWORK

Each of the networksin aclass of N x N dilated blocking networks consists of a set
of N input terminals, a set of N output terminals, and log,N + 1 stages of logic cells.
Some isomorphic dilated blocking topologies have been proven to be topologically
equivalent [18], such as the Dilated Omega Network, Dilated Banyan Network, and so on.
The N x N Dilated Omega Network (DON) is an asymmetrical architecture recursively
constructed from stage i connected to stage (i + 1) by the shuffle connection. Asin any
dilated networks, only half of the input ports and output ports are used, and no single
switching can simultaneously carry multiple active paths at a given time[9, 10, 13].

3. PREVIOUSWORKS

This section describes the primitive fault detection and fault location algorithm for
digoint faults, and also defines the crosstalk model and system assumptions.

3.1 Crosstalk Model

The basic component of the photonic switching networksisa?2 x 2 directional cou-
pler that comprises two single-mode optical waveguides formed by diffusing Titanium
into Lithium Niobate (Ti:LiNbO3) substrate [14]. The voltage controls switching across
the electrodes in the directional coupler. By applying a certain control voltage on the
electrode, a main signal in the upper (or lower) input is switched to the upper (or lower)
output which is equivalent to the BAR state or the CROSS state.

A switch is said to be faulty, if it causes its crosstalk is above a given threshold,
whose value can be determined according to certain criteria. The crosstalk(s) fault in the
network can be isolated and switched to the output switches. Four optical paths exist, and
our possibilities for crosstalk faults on these paths in a switching element. W (0, 0) (or
Type-1) optical path and W (1, 1) (or Type-2) optical path faults may occur when the
switch isin the Bar state, while W (0, 1) (or Type-3) optical path and W (1, 0) (or Type-4)
optical path faults may occur when the switch isin the Cross state.

3.2 Fault Diagnosis M ethod

The diagnosing algorithm contains two phases: fault detection and fault location [17,
18]. The fault detection phase detects possible crosstalk signals from the output terminals,
while the fault location phase locates possible fault switches inside the photonic switch-
ing chips. Backwards and forwards tracing is necessary to find the input and output ter-
minals, respectively, under test from suspicious fault switches at any stage within the
network.

Before investigating the fault detection and fault location methods, the system as-
sumptions are as follows:

A switch with a crosstalk remains operational .
» Dual access to the edges of the network is alowed and the only accessible parts of the
photonic switching network are the input and output terminals.
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« A port iscalled an even parity port if its binary representation has an even number of 1s,
and an odd parity if otherwise.

« Each switch in the network can be referred to by a pair (i, t), where i denotes the stage
number, and t represents the position of the switch at that stage from the top to the bot-
tom.

« Parity code is developed for the input testing signals which guide the testing signals on
where to put the set of testing signals into the input terminals and where to measure the
crosstalk signalsin the output terminals.

3.2.1 Fault detection method

The fault detection procedure has four detection tests to detect the four types of fault,
namely the Bar-E, Bar-O, Cross-E, and Cross-O tests. Since the DON is an asymmetrical
architecture, the possible output faulty signal depends on the type of test (Bar test or
Cross test), the parity of the injected signal, and the number of stages in the network.
Table 1 lists their relationships among these variables.

Table 1. Therelationship of parity between theinjected input signal and the faulty out-
put signal will be measured.

Typt of Test Type of crosstalk Output signal parity
no crosstalk Even
Bar-Even first-order crosstalk Odd
first-order crosstalk Even
Bar-Odd no crosstalk Odd
Cross-Even no crosstalk Odd
(No. of stageis odd) first-order crosstalk Even
Cross-Even no crosstalk Even
(No. of stageiseven) first-order crosstalk Odd
Cross-Odd no crosstalk Even
(No. of stageis odd) first-order crosstalk Odd
Cross-Odd no crosstalk Odd
(No. of stageiseven) first-order crosstalk Even

The fault detection procedureis asfollows:

=

The whole network is configured to either the Bar or Cross state.

A pre-defined set of inputsisilluminated.

3. All four tests are performed, namely the Bar-E test, Bar-O test, Cross-E test, and
Cross-O test.

4. Whether the signal at any output specified in step 3 exceeds the threshold value

is determined; if so, then the network contains at |east one faulty switch.

N

3.2.2 Algorithm for locating suspicious switches

From the fault detection test, if the crosstalk level in an output terminal exceeds the
threshold value, then one suspicious switch in each stage corresponds to that measure-
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ment. Tracing back from the output terminal and applying switching function and routing
algorithm will locate all possible suspicious switches.

3.2.3 Fault location method

Once dl four-fault detection tests are performed, 4N location tests (2N Bar tests and
2N cross tests) are needed to isolate the faulty switches from among the suspicious ones.
One possible way of identifying the suspicious switches is to individually direct a signal
to these switches. Should crosstalk exist in any of the suspicious switches, it should be
measured at a distinct output that will uniquely identify its location. From the fault detec-
tion test, information regarding the state of the switching network and the position of the
output at which the signal exceeds the threshold can be used to locate the suspicious
switches. The crosstalk for all suspicious switches must be re-routed to different outputs
for measurement. The three algorithms are then employed to find the input signal termi-
nal in the first stage, and output terminals from the input signal and the crosstalk signal
will be measured in the last stage for the suspicious switch inside the networks [18] .

3.2.4 Digoint faults

The primitive fault detection and the fault location algorithm are the basis of the
following proposal for a diagnosing faulty switch algorithm. Notably, the number of un-
used photonic switches grows in ©(N?) as the size of the network increases for N x N
DON. This phenomenon raises the possibility of finding other possible test patterns that
can be generated, or of finding optimal test patterns, which can simultaneously locate
faulty switches. First, a diagnosing algorithm which can simultaneously locates two
first-order crosstalks called digioint faults is devised. The following lemma is used to
define the digoint fault.

Lemma 1 If two output switches are identified as faulty during the last stage, say,
y-18w2 --- 89 and bbby ... by for asize N x N DOMIN, w = log;N + 1, and if the op-
eration of the Exclusive-Or of a,.1 0 by.1 =1, and ay O by = 1, and the other bitsa;=b;, 1
<i <w —2; then the two faulty switches are defined as having a pair of digoint faults,
and the suspicious faulty switches can be simultaneously located.

Proof: Recall that the DON is an asymmetrical architecture, and possible faulty output
signals are measured depending on the type of test (Bar test or Cross test), the parity of
the injected signa (even or odd), and the number of stages in the network. Table 2 lists
eight situations that must be considered, and [18] provides the detailed proofs for each
situation. u

The methodology called the BCBC and CBCB tests [18] is used to set all switchesin
the same stage to the same states, with the states alternating between Bar and Cross or
Cross and Bar, respectively. The following algorithms are used for locating disjoint
faults, namely the BCBC(-CBCB) test and CBCB(-BCBC) test, respectively. The BCBC
test and CBCB test are used to locate one possible faulty switch, while the (-CBCB) test
and (-BCBC) test are used to locate another faulty switch for disjoint faults.
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Table 2. Eight situations are considered in Lemma 1.

State Type of test The number of stage
Bar BCBC-CBCB Even
Bar BCBC-CBCB Odd
Bar CBCB-BCBC Even
Bar CBCB-BCBC Odd
Cross BCBC-CBCB Even
Cross BCBC-CBCB Odd
Cross CBCB-BCBC Even
Cross CBCB-BCBC Odd

Lemma2 N x N DOMIN can locate one first-order fault switch, provided that N must
equal or exceed 2. However, for locating two first-order digoint faults, the size of
DOMIN, N, must equal or exceed 8.

Proof: From the result of Lemma 1, it is noted that:

« the number of suspicious faulty switches for one output which is identified as faulty is
logoN + 1;

« the number of output switches in the last stage passing through after the location algo-
rithm for one output switch isidentified as faulty is 2((logoN + 1)/2) = logoN + 1,

« the number of output switches of the pair of digoint faults passing through after the
location algorithm is 2(logoN + 1);

« the number of output switchesin the last stageisN;

« the number of output switches in the last stage must equal or exceed the number of
output switches of the digoint fault passing through after the location algorithm is N
= 2(logoN + 1), and thereforeN = 8. a

The results in this section indicate that disjoint faults exists for 8 x 8 DON. The fol-
lowing two sections can derive the possible maximum pairs of digjoint faults mathemati-
cally for the size of N x N DOMIN, and propose the ©(N*®) time complexity of the fault
diagnosis algorithm in N x N DOMIN as N increases larger, thereafter.

4. UPPER BOUND APPROACH

This section presents a mathematical method for predicting the maximum number of
digoint faults for N x N DOMIN. This approach is based on the relation between the
number of switches of N x N DOMIN and the number of switches passed by the input
and crosstalk signals in the last stage for each pair of digoint faults during the location
process. The following lemma proves that the maximum number of disioint faults for N

x N DOMIN is 2+ |5 N |.
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Lemma 3 A generic equality for the upper bound of disjoint faults for N x N DOMIN

is 2 \_mj and the time efficiency of the approach is ©(log,N), where N denotes
the number of switches in the last stage and 2log,N + 1 represents the number of
switches that the input signals and crosstalk signals will pass in the last stage during the

location process for each pair of disjoint faults.

Proof: During the location process for the Bar test, the status of each stage is set to
BCBC to locate possible Bar faulty switches in the even stage of the network, and is set
to CBCB to locate possible Bar faulty switches in the odd stage of the network. Like the
Cross test, the status of each stage is set to CBCB to locate possible Bar faulty switches
in the even stage of the network, and is set to BCBC to locate possible Bar faulty
switches in the odd stage of the network. The number of switches that the input signals
and crosstalk signals will passin the last stage depends on the number of stages of N x N
DOMIN, and all the location process for the Bar and Cross tests are summarized as fol-
lows:

For the Bar test location processes,

« The number of switches passed by both signal and faulty signals in the last stage is
2log;N + 1 (logzN + 1 during the BCBC location process, and log;N during the CBCB
location process).

For the Cross test location processes,

» The number of switches passed by both signal and faulty signals in the last stage is
2log;N + 1 (logzN during the BCBC location process, and log,N + 1 during the CBCB
location process).

Recall that the BCBC(-CBCB) and CBCB(-BCBC) tests for Bar-E test involve the
BCBC and CBCB tests locating one possible faulty switch, while the (-CBCB) and
(-BCBC) tests involving locating another faulty switch for digjoint faults. The number of
switches in the last stage of the BCBC(-CBCB) test, which are passed by both signal and
faulty signals, is 2log,N + 1 (log:N + 1 during the BCBC location process, and log;N
during the (-CBCB) location process). Furthermore, the number of switches which both
signal and faulty signals pass in the last stage of the CBCB(-BCBC) test is 2log,N + 1
(logoN during the CBCB location process, and log,N + 1 during the (-BCBC) location
process). Similarly, the same results are found for the Bar-O test and Cross test (Cross-E
and Cross-0 tests), showing that both the Bar test and Cross test are independent of the
size of the N x N DOMIN. Therefore, the upper bound of disoint faults for N x N

DOMIN is 2+ |z N |

algorithm is 4N, and the number of tests is —% The time efficiency of the
2 N
2log, N+1

. The total number of tests required by the two phases diagnosis

upper bound approach when N isinfinity is ©( ) =O(log, N). a

N
log, N

The upper bound of the digioint faultsin N x N DOMIN isillustrated in Table 3.
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Table 3. Upper bound of the digoint faultsfor N x N DOMIN.

Size of DOMIN, N | Upper bound of digoint faults

8 2

16 2

32 4

64 8
128 16
256 30
512 52

5. ©(N*®) TIME EFFICIENCY OF THE NEW DIAGNOSING
CROSSTALK FAULT ALGORITHM

The previous section showed that the upper bound approach can predict the optimal
number of disjoint faults without considering possible merging into the same switches
between pairs of digoint faults with growing DOMIN. In fact, it is possible that the test
and crosstalk signals will merge into the same switches before the last stage. Essentialy,
the number of tests exceeds that with the upper bound approach. This section shows the
O(N*®) time efficiency of the diagnosing algorithm. The following Propositions are pre-
sented to aid the proof of Lemma 4.

Proposition 1. The “Hamming distance” is defined as the number of bit differences be-
tween two signals (input signals and/or crosstalk signals).

Proposition 2: The switching function of the cross state within the switch can be ex-
pressed as follows:

S(C, by.1bw.2 ... bibg) =hy,b, _2...b160, where by 1by.» ... biby denote the input sig-
nal and b,4b,_,..bb, denotes the output signal. This is referred to a Type-1
change. Meanwhile, a Type-2 change is defined as a one bit complement of the

faulty signal compared with the input signal.

Proposition 3: The “stage distance” is defined as the difference of the stages between
two possible suspicious switches located.

Proposition 4: Any two signals (input signals and/or faulty signals) will not route to the
same switch if they can keep more than a 2-bit hamming distances in the same stage.

Proof: Assume two signals, by.1by.o... by a stage i, and ay. 1@z ... @ at stage j. When
these two signals route to the same stage k, the output signals at stage k are b'y,.1b'v2 ...
b'o, and &'y.1@ w2 ... &0, respectively. If two signals merge into the same switch, then by,
=a\wy, bwo=awy ..., by = a1 SO, either one (b'y # &) or no hamming distance (b'q
=a ) exists.
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According to the apagoge, it can be proved that any two signals will not route to the
same switch provided that the two signals (input signals and/or faulty signals) can keep
more than 2-bit hamming distances.

Lemma4 For N x N DON (when the size of the network, N, isincreased beyond 128),
the output detected faulty signals of the pair of disjoint faults defined in Lemma 1 are
by.1 ... bgbsbsbsb,biby and bW—l ...b6b5b4b3b2blb0, where w = |OggN + 1. Whenever the
number of internal bits (excluding by.; and bg) increases in every other six successive bits
with 6-bit Hamming distances based on the previous pair of digoint faults, a new pair of
digoint faults can be generated, for example, when the new pair of digoint faults are

of Dy, ...0gbsh,bsbobyD, ).

Proof: Recall that in Proposition 4, any two digoint signals in the same stage during
routing must keep more than 2-bit Hamming distances. According to the Lemma 1, the
first pair of the digoint faultsis bsb,b;bg, bsb,bb, for 8 x 8 DON. It is proved that when
the number of internal bits (excluding by,.; and bp) increases in every other six successive
bits with 6-bit Hamming distances based on the previous digoint faults, a new pair of
digioint faults can be generated. The proof is divided into two parts:

Initialy, if the number of successive bitsisless than 6, for example 5, then because
the setting for the status of the stage is BCBC... or CBCB... for the Bar test, there are
two or three of the five successive different bits that will be Type-1 change, and another
bit will be Type-2 change if a faulty switch occurs. If two of the five successive different
bits are Type-1 change, the hamming distance is at least 2, while if three of the five suc-
cessive different bits are Type-1 change, then the hamming distance is at least 1, which
violates proposition 4. The same argument for the Cross test, and another pair of the dis-
joint faults can be found if six or more different successive bits exist.

When the number of successive bitsis 6, amaximum of three will be Type-1 change
and another will be Type-2 change if a faulty switch occurs. Because the Type-1 change
occurs between two suspicious switches from stage i to stage i + 5, a maximum of four
changes occur for any two signals when the stage distance is equal or greater than 6.
Consequently, it is only proved that the stage distance between any two crosstalk faulty
signalsin either aBCBC... or CBCB... setting will be = 6.

If the stage distance equals 6 or greater, then four possibilities exist for the Bar test:

First, the suspicious signals may both be non-faulty. When these two suspicious sig-
nals route to the same stage, they will be 3-bit complemented by Type-1 changes, and
will be 0 bit complemented by Type-2 changes. Consequently, any two signals in the
same stage will be separated by at least 3 bits Hamming distance of.

Second, the left suspicious signal may be non-faulty and the other may be faulty.
When the two suspicious signals route to the same stage, they will be 3-bit comple-
mented by the Type-1 changes, and will be 1 bit complemented by the Type-2 change.
Then, any two signals in the same stage will be separated by contain at least 2 bits Ham-
ming distance.

Third, the left suspicious signal may be faulty and the other may be non-faulty.
When these two suspicious signals route to the same stage, they will be 3-bit comple-
mented by Type-1 changes, and will be 0 bit complemented by the Type-2 change. Con-



662 [-SHYAN HWANG, HUNG-CHANG LIN AND SAN-NAN LEE

sequently, any two signals in the same stage will be separated by at least 2 bits of Ham-
ming distance.

Fourth, both of the suspicious signals may be both faulty: When these two suspi-
cious signals route to the same stage, they will be 3 bit complemented by the Type-1
changes, and will be 0 bit complemented by the Type-2 change, so any two signasin the
same stage will be separated by at least 3 bits of Hamming distance. u

In summary, Table 4 lists the fault location cluster relation for various sizes of
DOMIN.

Table 4. Fault location cluster relation for different sizesof N x N DON.

Size of Fault Location Cluster

8 (bsb,byby, 63b2b160)

16 (bbb, b5, b,05b,b,b;)

32 (bsb,bsbyby by, bs, bybsb,byby)

64 | (bgbsbybab,ibo, bgbsbybsbybyby)

128 | (byhghsbybayiby, byoghs bsb, by, bybghsb,bsb,by by, b7bgbsbybsbybiby)

256 | (bgb;shsh, bsh, 0,y b8b7b6b5b4b3b2b1b0 glo705504050,01 P, byb;bgbsb,bsb,byby)

52 |G by, ByBubBsEsBiEy)

1apa. | (10PoDu7D5b5D:30,D1b6, bbby Db, b3Bt, bbby bbb, by,
byoboboab;DsBibbsb, by b;)

s | ©1iDi0DoDEDrDeE0,D:b701D0. By bbby sy bab o, bsbyobbsbrbbsbPabrbybo.
0y41010bg 5070500504030, 1 b )

sose | (t201aP10bsDeD7DDxDabab;b35, Bizby; bbby bbb bbby,
b1,b1 101909 bgb7 bsbs 4050, b , by o 10310 g by b7 g b 43k, by b )
(Drb12b115106 Dyl gs, bbby By By by by 1 10bg by B bl 3,1 Py,

1105 | P13P12D1aD10DoDsD7B5Ps4B5P,Pibo. Brsbra i Diobobs BBy

by3b1oPy1105 b7 b bsb, 05101 by, 11y bbb b b bab, by by
b1310151011510D9Dg7 b bsl04l0500,10,B5 01311116 gl 0505, b3, By o)

log,
Lemma5 The maximum number of digoint faults for N x N DON is 2x 2{ 6 J

when N = 8, and the time efficiency of the approach is ©(N**).
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Proof: If the number of internal stages excluding the first stage and the last stage is less
than 6, then only one disjoint fault exists. From Lemma 5, two outlet signals are digoint
if six successive different bits exist for these two outlet signals. So, four outlet signals are
digoint if twelve different bits exist in succession, and so on. Meanwhile, the number of
internal stagesislog,N — 1 and the maximum number of more than six successive differ
log, N—lJ

ent bits is \_"’gz—;“_lj Thus, the maximum number of disjoint faults is 2x 2{ &

while the total number of tests required in the two phases diagnosis algorithm is 4N, and

the number of testsis %. The time efficiency of the upper bound approach
pd
when N isinfinity is O(—-) = O( 1N ) = O( Nl):@(NSIG)_ O
—=— 51092 N H
28 2 N

6. CONCLUSIONS

Algorithms for diagnosing crosstalk for N x N dilated blocking photonic switching
networks based on 2 x 2 directional coupler photonic switches are the major issue in
emerging photonic network architectures. However, the crosstalk for optical MIN can
only be measured in the inlet and outlet ports. Before diagnosis, the status of each
switching element must be configured in the proper sequence. Meanwhile, the input sig-
nals are injected from the proper inlet ports and then the undesirable crosstalk output
signals occur in specific outlet ports is measured. A native approach requires 4AMN tests,
and a two-phase diagnostic algorithm is proposed to reduce the test requirement to 4N
tests. This paper proposes an agorithm to find the maximum number of digjoint faults for
an N x N dilated blocking network and execute the fault location algorithm for these dis-
joint signals in paralel. The time efficiency of the fault diagnosis can be significantly
improved, from ©(N) to ©(N*®), as the size of the dilated blocking photonic switching
network grows. An important feature of the proposed diagnostic algorithm can be pro-
grammed as the automatic testing generation in the current sophisticated VLS| technol-
ogy. Other possible dilated photonic networks, such as re-arrangeable and non-blocking
networks, are also interesting topics for future research. This investigation has significant
practical value and can also be applied to integrated photonic networks.

ACKNOWLEDGEMENTS

This research is supported in part by the National Science Council of the Republic
of Chinaunder grant No. NSC-87-2213-E-155-033. The authors would also like to thank
the anonymous referees for carefully reading the earlier version of this paper and giving
many helpful suggestions. The previous version of this work was presented at 1%
Photonic, Networking and Computing/6™ Joint Conference on Information Sciences,
March 2002. This paper is also dedicated to Jessicafor her endless support as well.



664

© 00

10.

11.

12.

13.

14.

15.

16.

17.

18.

[-SHYAN HWANG, HUNG-CHANG LIN AND SAN-NAN LEE

REFERENCES

G. Broomell and J. R. Heath, “Classification categories and historical development
of circuit switching topologies,” Computing Surveys, Vol. 15, 1983, pp. 95-133.

X. Chen, “A survey of multistage interconnection networks for fast packet
switches,” International Journal of Digital and Analog Communication Systems,
Vol. 4,1991, pp. 33-59.

T.-Y. Feng, “A survey of interconnection networks,” |EEE Computer Magazine,
Vol. 14, 1981, pp. 12-27.

IETF RFC 1577, “Classic | P and address resolution protocol over ATM,” 1994,

G. Armitage, “Support for multicast over UNI 3.0/3.1 based ATM networks,”
Draft-ietf-ipatm-ipmec-12.txt, Feb. 1996.

. L. S. Tamil, F. Masetti, T. McDermott, and G. Castanon, “Analysis of all-optical IP

router,” SPIE Photonics East Conference (All-Optical Networking: Architecture,
Control and Management issues), 1998, pp. 3531-3541.

. N. Ghani, “Lambda-labeling: A framework for IP-over-WDM using MPLS/”

Optical Networks Magazine, Vol. 1, 2000, pp. 45-58.

. V. Chan, “All-optical network,” Sci. Am., 1993, pp. 71-76.
. Y. Pan, C. Qiao, and Y. Yang, “Optical multistage interconnection networks: New

challenges and approaches,” |EEE Communications Magazine, 1999, pp. 50-56.

K. Padmanabhan and A. N. Netravali, “Dilated networks for photonic switching,”
|EEE Journal of Quantum Electronics, Vol. QE-22, 1986, pp. 964-967.

H. S. Hinton, “A non-blocking optical interconnection network using directional
couplers,” in Proceedings of the GLOBECOM, 1984, pp. 26.5.1-26.5.5.

A. Jajszcsyk, “A class of directional-coupler-based photonic switching networks,”
|EEE Transactions on Communications, Vol. 41, 1993, pp. 599-603.

A. Pattavina, M. Martinelli, G. Maier, and P. Boggi, “Techniques and technologies
towards all-optical swicthing,” Optical Networks Magazine, Vol. 1, 2000, pp. 75-93.
J. E. Watson, M. A. Milbrodt, K. Bahadori, M. F. Dautartas, C. T. Kemmere, D. T.
Moser, A. W. Schelling, T. O. Murphy, J. J. Veselka, and D. A. Herr, “A
low-voltage 8 x 8 Ti:LiNbO; switch with a dilated benes architecture,” Journal of
Lightwave Technology, Vol. 8, 1990, pp. 794-801.

S. H. Fan, “Performance analysis of a class of dilated re-arrangeable photonic
switching networks and diagnosing fault algorithm,” M.S. thesis, Department of
Computer Engineering and Science, Y uan-Ze University, Chung-Li, Taiwan, 2000.
R. Alferness, L. Buhl, S. Korotky, and R. Tucker, “High-speed ASreversa
directional coupler switch,” Photonic Switching OSA Techinical Digest, Vol. 13,
1987, pp. 77-78.

C. Qiao, “A two-level process for diagnosing crosstalk in photonic dilated benes
networks,” Journal of Parallel and Distributed Computing, Vol. 41, 1997, pp.
53-66.

I. S.Hwang and S. N. Lee, “Diagnosing crosstalk faultsin a class of dilated blocking
optica multistage interconnection networks,” Information Sciences. An
International Journal, Vol. 124, 2000, pp. 59-91.



O(N*®) TIME COMPLEXITY OF FAULT DIAGNOSIS ALGORITHMS 665

I-Shyan Hwang (E{&&) was born in Taoyuan, Taiwan, R.O.C. He received the
B.S. in Electrical Engineering and M.S. in Electronic Engineering from Chung-Y uan
Christian University, Chung-Li, Taiwan, in 1982 and 1984, respectively, M.S. and Ph.D.
Degrees in Electrical Engineering from the State University of New York at Buffalo,
N.Y. in 1991 and 1994, respectively. From 1984 to 1986, he served in the Chinese Navy
as an instructor. From 1986 to 1987, he was an instructor in the Van-Nung Institute of
Technology and Commerce, Chung-Li, Taiwan. From 1994 to 1995, and 1995 to 1997,
he was an associate professor in the Sze-Hai Ingtitute of Technology, and Van-Nung In-
stitute of Technology and Commerce, respectively. Since Aug. 1997, he has been an as-
sociate professor in the Department of Computer Engineering & Science at the Yuan-Ze
University, Chung-Li, Taiwan. He served as a session chair in 1% Photonic, Networking
and Computing/6™ Joint Conference on Information Sciences, 2002. His current research
interests are high-speed fiber communication, mobile computing, fault-tolerant comput-
ing, VLSI testing design, and loading balancing. He is a member of IEEE Computer,
|EEE Communication, SPIE, ACM, and IICM.

Hung-Chang Lin (#4Z1&) received the B.S. degree in Computer Science and In-
formation Engineering from the Fu-Jen University, Taipei, Taiwan. And he received the
M.S. degree in Computer Science and Engineering from the Y uan-Ze University, in 2000.
His research include WDMA fault diagnosis algorithm. Since 2001, he is working as a
network eguipment software engineer at the Broadband BU of BenQ Corp Taiwan.

San-Nan Lee (Z[$#m) received the B.S. and M.S. degrees in Computer Science
and Engineering from the Yuan-Ze University, Chung-Li, Taiwan. He is currently pur-
suing the Ph. D degree at the Yuan-Ze University. His research interests include com-
puter network, neural network, algorithms and WDM. His recent work focuses on the
scheduling and multicast algorithms on WDM network.



