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ABSTRACT

A "state model” is proposed for solving the problem of routing and rerout-
ing messages in the Inverse Augmented Data Manipulator (IADM) network.
Using this model, necessary and sufficient conditions for the reroutability of
messages are established, and then destination tag schemes are derived. These
schemes are simpler, more efficient and require less complex hardware than pre-
viously proposed routing schemes. Two destination tag schemes are proposed.
For one of the schemes, rerouting is totally transparent to the sender of the
message and any blocked link of a given type can be avoided. Compared with
previous works that deal with the same type of blockage, the timeXspace com-
plexity is reduced from O(logN) to O(1). For the other scheme, rerouting is
possible for any type of link blockage. A universal rerouting algorithm is con-
structed based on the second scheme, which finds a blockage-free path for any
combination of multiple blockages if there exists such a path, and indicates
absence of such a path if there exists none. In addition, the state model is used
to derive constructively a lower bound on the number of subgraphs which are
isomorphic to the Indirect Binary N-Cube network in the JADM network. This
knowledge can be used to characterize properties of the IADM networks and for
permutation routmg in the JADM networks.

Index terms - cube network, data manipulator network, destination—tdg routing,
fault tolerance, interconnection network, multiprocessor, parallel processing,
state model. '
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1. Introduction

This paper discusses novel ahd efficient techniques for routing and rerout-
ing messages in the Inverse Augmented ‘Data Manipulator (IADM) network [9].
These résliits are based on a new approach, the "state model," which v(;haracte”_l.'-
iies and correlates the topologies of the JADM and Indirect binary n-cube net-

Works; and’ leads to efficient explditation of the redundancy availdble,in the

IADM network.

‘Considerable research has been dedicated to the design of multistage inter-
connection networks for multiprocessor systems. The class of data 'manipulator
networks, introduced in (3], includes, among others, the Augmented Data Manij- |
pulator (ADM) network [17], the IADM network [9] and the Gamma network
[13][14]. The IADM network and the ADM network differ only in that the input

“side of one of them corresponds to the output side of the other and vice versa.
The Gammav_ and the IADM networks are topologically equivalent; however,
they use switches of different typéis. Each 3X3 crossbar switch used in the
Gamma network can connect simultaneously all three ’mputs to all three out-
puts Whereaseach switch used in the JADM network can gonnect only one of its
three inputs to one ‘or more of its three outputs. The Ihain interest of this
paper is the study of the JADM network; both the one-to-one and permutation
routings are considered. The schemes proposed for routing and rerouting mes-

sages in the JADM network are also applicable to the Gamma network.

| ‘- “Per‘haps the most popular class of inultistage-networks is the multiéﬁage
cube-type networks such as the Indirect Binary N-Cube [15], Omega [6], Baseline
[20], Generalized Cube [18], STARAN flip [2] and a special case of SW—Banyan '
(4] networks. Among the main advantages of these networks are their very

efficient destination tag routing schemes, partitionability, O(/Nlog,N) cost and
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~ ability to pass useful permutations [16]. Some results of this paper are hased on
characterlstlcs of the Indirect Binary N-Cube network (hereon referred to as the
ICube network) Since the cube-type networks mentioned above are all topologl-
ca_llyiequlv,alent [16][17][20] [21], the results in this paper are also relevant to any
of them. - . | | B
The lCube network is composed of n = logN stages l‘abeled from Oto n—1.
Each stag'e« consists of 2N connection links and NN interchange (switche'_s) boxes.
The vstructu‘re of the network is such that‘ two input links of an interchange:‘ hoxv
differ: onlyal’n -the z'-th bit of their labels; the upper links have a "0" in the i-th |
‘blt and’ the loWer links have a "1.’ Flgure 1 illustrates an ICube network of size
N —8 and two poss1ble states of an interchange box, 'straight” and ' exchange
Slnce this paper conslders only one-to-one and permutatlon routing, broadcast

states are not shown.

The IADM network is composed of n stages labeled from 0 to n—1. Each
stage conslsts of 3N connectlon links and N SW1tch1ng elements - An extra
column of »SW1tches is appended at the end of the last stage as the outpnt '
SW1tches and 1s referred to as stage n. Each switch j at stage 7 has three out-
_.put 11nks to sw1tches (7 —2') mod N, j and (5+2°) mod N of the succeedmg :
‘stage Each sw1tch selects one of 1ts input links and connects it to one or more

output links. ‘Figure 2 illustrates an IADM_network of size N=8.

In a multistage interconnection network, the path connecting the source of
a message to its destination is determined by a routl‘ng scheme that speclﬁ,es th?
swit‘ching state of each switch in the path. Routing schemes are consid'erably,
s1mp1er for the cube-type networks than for the data man1pulator—type net-
works In cube—type networks, the interchange box at stage i needs to examlne‘

the Az-th bit of the binary representation of the destination address of an



5 _4—

incoming message. If the i-th bit is 0, then the upper output of the box is
taken. If the i-th bit is 1, the lower output of the box is taken. The’Sé schemes
are known as destination tag routing schemes [6] and are extremely efficient and
simple to implement. Unlike cube-type networks, in the IADM and éther d‘ata o
manipulatéf—-typ_e networks there are several paths between any source s and
destination  d (s#d) and each switching element has at least three switching
states. Previously proposed routing schemes [9][10][13] for the IADM"hetwork
can be _thoughf of as distance tag échemes; that is, they reqﬁire calculation of
the distance from source to destination in order ﬁo genérate routing and 'reréuf—
ing tags. The rerouting schemes 1n these works are basically finding an‘alter—

nate representation; which specifies an alternate routing path, for the di_stance.v

McMillen and Siegel [9] proposed three dynamic rerouting techniques.for
the IADM'.‘iiletwork for avoidiﬁg faulty or blocked +2° ‘(nonstraight) links. "The
first and the second schemes require that switches be capable of performing
twq’s (':omplement and +2¢ addition operations, respectively. The third scheme
reﬁtiirgs er1¢ extra tag bit which is dynamically updated as the message pro-
pagates toward the destination. In [10], the work of [9] was expanded, and a
single-stage look-ahead scheme was proposed to avoid certain tyPe of vstraig‘ht

link faults. This improved scheme also requires two’s complement‘operatibns.

.

Parker and Raghavendra [13] used redundant number representation and
proposed an algorithm capable of finding all routing paths, which, effectively,
are the redundant number representations for the distance between the source
and the destination. Because of the complexity of the algorithm, the cost of
computation is prohibitively large so that if is infeasible to implement the algo- -
rithm in order to achieve dynamic routing [19]. In addition, although the algo-

rithm can generate all routing tags for any distance, there is no specific work on



rerouting schemes in [13][14].

Lee and Lee [7] proposed signed bit difference tag and destination tag local
control ialgOrithms for the ADM and IADM networks that require no computa-
tion for the distance between the source and the destination. But their local
control algorithms can only find one routing path for each source and destina- »
tion pair. If the need for rerouting arises, they still resort to the distance tag

_schemes to find alternate paths.

" Past research has shown interesting relationships between data mahipula-
tbri‘and? 'bcube-type networks. For example, because it‘ is possible to embed the
Generalized Cube network in the ADM network [1][17], the set of interconnec-
tions implementable by the ADM network is a supersét of that éf the General-
ized Cube network. This fact and the existence of multiple paths between any
source s and destination d (s#d) in the ADM network suggests that the ADM _
network can be thought of as a fault-tolerant Generalized Cube network.
Analogously, the JADM network can be regarded as a fault-tolerant ICube net-
work?. 4Si‘nce the permutations realizable by cube-type nétworks are well stu-
died, the‘identiﬁ‘cation of possible embeddings of the ICube network in‘the
IADM netvlvbrk can help characterize the permutation capabilities of this net-
work. A contribution to the precise understanding of these notions is made‘ in
this paper; it consists of the identification of a large number of distinct sub-

graphs of the TADM network that are isomorphic to the ICube network.

Section 2 of this paper introduces a state model to describe and correlate

topologies of the ICube network and the IADM network. Necessary and

2 While topologically equivalent, the ICube and Generalized Cube I/O ports are
addressed so that their inter-relationship is the same as that of the IADM and ADM
network, i.e. the input and output sides are interchanged.
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sufficient conditions to perform rerouting in the JADM network are dérived in
Section 3 . 1n Section 4 two routing and rerouting schemes are 'propdéed based
on the theory developed in Section 3, together with a discdssion of their merits
and? implementation considerations. A universal rerouting algorithm is proposed
'iﬁ Section 4, which can deal with any combination of multiple link blockages.
A class of subgraphs in the IADM network that are isomorphic to the ICube.
network"'a'fe identified in Séc_tion 6, and it is shown how to reconfigure the
IADM network under certain link faults to pass the cube-admissible permuta-

tions. Finally, Section 7 summarizes the results presented in this paper.

2. State Model Descriptions for the ICube and IADM Networks v

" Multistage networks can be modeled as graphs by treating ‘iﬁtérchalnge
boxes  (also called éwitching elements) and links of the network as nodes aﬁd :
edges of the graph, respectively. Another equivalent graph model [1][8] results if
intvél‘fcl_lvange boxes are associated with edges, and links with nodes. Both quels
aré exempli.ﬁed in Figures 1 and 3 for the ICube network. The I_ADM network is
shown in Figure 2 according to the first model. The design of switches based on
both models is discussed in [11]. Clearly, the ICube network in Figure 3 can be
regarded as being a subgraph of the IADM network in Figure 2. Henceforth
the second model is always assumed when referring to the ICube network (i.e.

Figure 2) and the first model is assumed when dealing with the IADM network

Wlth respect to these graph models, the nodes and the edges of the graph
refer to-the switches and the links of the networks, respectively. The number of
switches :'at> each stage of a network is denoted N and n = log,N 4refers to the
number of stages. The switches of each stage are labeled from 0 to N—1 from

the top to the bottom. Any integer j has a binary representatidn
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JoJ1 " " * Jn—1, Where 7, _; is the most significant bit an d n denotes the number
of bits. The notation j,/, means the bits of j starting at j, and ending at j,,
where p < ¢. Bit ;, is 1’s complement of bit j;. Throughout this p'apver,, 7 and
J+a, where a is some constant, are reserved to represent labels' of switqhés;
AlSo‘modulo N arithmetic is assumed, e.g. j+a implies ( j—}-d_) mod N.‘__‘VTl‘le
noﬁation JES; is used to indicate that a switch j belbngs to stage 7 and
( j'ESi , j"ESi +1) ié used to represent a link at stage ¢ joining j'ESi and j"ES,- 410
A sequence of switches of contiguous stages ( ]"ES',' , j"ESH_i , T, jWES,- +k) Is
used to répfésent a path from j'ES,- to J_JHES,- Tk

Notation and terminolégy reqﬁifed for the characterization of network
topologies and destination tag routing schemes are introduced next. A switch 7
of stage ¢ is an even; switch if 5; =0 and an odd; switch if j; = 1. Figure 2
id’evnbtiﬁes ébeni and odd; switches at different stages of the IADM netﬁwork‘ 6f
size N=8. Define the functions AC; and AC_'i that represent connection li‘nk‘s"at
» stﬁge 1 as |

0 if 7 is an even; switch and ¢; =O,

or if 7 is an odd; switch and ;=1

ACi(5.4:) = —9t if 7 is an odd; switch and t;=0

+2'  if j is an even; switch and ;=1

AC;(5,t;) = —AC(5,t:)
Also, define the functions C;(7,4;) =5 + AC;(4,t;) and
Ei(‘j’ti) =73+ AE‘,- (7,¢;)- These definitions imply the following lemma of funda-
| mental importance to the resulté of this paper. ”
Lemma 2.1

Ci(45t:) = Joji—1tiJisr/n—1
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Ci(4,t:) = Joji-1ti%i+1/n—1

for sorne value of i 41/n-1 which depends on j and ¢,. }
Proof' If § is an even; switch and t; =0, then C;(4,t;) = C;(j,t;) = 5. It Jis
an odd SW1tch and ¢; =1, then Ci(5,t;) = (],t y=j4. It j is an odd; switch .
an_d t; = 0,_then C;(J,t;) results from subtracting 1 from j;. Since‘ Jis an oddi
switch, g, = 1, no borrow is generated and all remaining bits of .j are
u_nchange(i; however,'(/_’i( J ,t;) adds 1 to 5, changing the i-th bit to.O and alter-
ing some of the bits in positions ¢+1, . . . ,n—1 due to carry.propagation. Simi-
lar reasoning applies when 7 is an even; switch and ¢; = 1. O

The notat_ion and terminology jilst introduced can now be used to describe

' the networks of interest in this paper. The follovtring description for a network

1n terms of AC AC C; and C is called the network state model

The ICube network is composed of n stages labeled from 0 to n—l Each

- stage consrsts of 2N links and N switches. An extra column of sw1tches is

appended at the end of the last stage as the output switches (Figure 3) and is
_denoted Sp: A switch jES; is connected to switches C;(s,t;)ES;,, for
0<:<n-1, 0 < JXN-1, and t;, =0 or t; =1. When using destination
| tags, switch 7;ES; routes a message to SW1tch C;(4,d;)ES; ;1 where d; is the i-th
bit of the address of the message destination.

: '_ The IADM network is composed of n stages labeled from 0 to n—1. Each
stage consiSts of a column of N switches and 3N connection links. An extra
coiumn of switches is appended at the end of the last stage as the output
switches and is denoted S,. A switch j€S; is connected to "switches
C;(4,:)ES; 41 2nd C;(4,t;)ES;4y for 0 <i <n—1,0 < j <N—-1, and t; =0 or

t; =1, In other words, three links connect a switch jES; to the switches (j —-2')
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J and ( j+2i) at stage 1+1. Sometinies +2¢ and —2' are used to represeﬁt links
(J€S5; , (]'+2i)ES,-+1) and (j€ES; , (§—2')ES;,;), respectively. The terms a
étraight“lzl'nk refers to link (JES; , ]'Esi+1) and a nonstraight link refers to links
P | | | |
According to the model, two types of switches, even; and odd;, are required
in the JADM and ICube networks. Figure 4 illustrates the connection _linké of a
pair of even; and odd; switches for an ICube and an IADM network of size
N=8. The AC,-A function describes the ICube connections. For the :IADM net-
work, the connection links can be described by the union of the functions AC;
and AC_’z In practice, even; and odd; switches can be identical and easily pro-
grammed (at power-up or system configuration time) to behave di‘ﬁerently. 7
There are two possible routing behaviors (or states) for each switch in an
IADM network. A éWitch is said to be in state C' if the routing is deqided in

accordance with the function C;(j,t;) and it is in the state C if the function

C;(J,t;) applies. On the whole, the link on which a message is routed depends
on whether the switch is an even; or odd; switch, in state C or C, and the
value of tag bit ¢;. Also the term state of the network is used to denote collec-

tively the states of all switches in the network.

The notién of switch state is only conceptual; it can be implemented by’
designing the switches with actual logic states as well as by usingv tags with n
added bits specifying the states of the switches on the routing péth.‘ In Section
4, these and other aspects of the actual implementation of the | pfopbs_ed

schemes are discussed in detail.
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3. ffI_‘héo_r»y behind the State-Based Destination Tag Routing Schém_e__s

~ Based on the framework developed in Section 2, routing problems in the
IADM network are now examined. It is clear that when every switch m the
IADM network is in state C', the IADM network behaves like an ICube ngtWork
and, therefore, the destination address d,, /n—1 €an be used as a routing tag; 1e

t; = d;. More generally, the following theorem can be proven.

Theorem 3.1 Let d = dg/,_; be the destination in the IADM network to which
a message is to be sent. Then.t = dg/p—1 is the unique destination routing tag
to the destination d regardless of state of the IJADM network.

Proof: Consider an arbitrary tag f /n—1 and assume that the IJADM network ié
in an arbitrary state. Let ¢y,,_; = fq/p—;- Then each switch will route the
incoming message to either C;(4,f;) or C_'i(j,f,-). From Lemma 2.1, it can be 7
reasoned by induction that, at stage i, (C;(7,f:))os; = (C—:i'(l.’fi))d/i = f o/is b
the ,lasf stage, Cp_1(5,fn_1) = Cp_1(dsfny) = f‘O/n—l' Thus the é.ddress of
thé déstination of the message is the same as the routing tag. This proves b‘oi;,h

the validity and the uniqueness of dg/n—1 2s a routing tag. O

It is iinplicit in the reasoﬁing underlying Theorem 3.1 that any link on a
given path results from the appropriate choice of the state of the corresponding
switch, i.e. the u‘se of "link" AC;(j,t;) results from setting 7ES; to state C and
the use of "link" AC_’,( 7,t;) results from setting jES; to state C. Thus, given a
path to t'he' destination d, thére is at least one network state for Which th'e.use
of d as the destinatidn tag results in the routing of a message through t.h'a,t'. ’

path.

The implication of Theorem 3.1 is that the use of a state model for the

IADM network reduces the problem of finding alternate routing paths to that of
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controlling the states of the swiﬁches in the network. Cé,pitalizing (b)n‘ this idea,
the following tﬁeofems show how alternate routing paths can be found in order
to evade bleckages in the netWOfk. A straight link blockage occurs if a straight
link en the routing path is faulty or busy. A nonstraight link blockage is defined
analogously. b‘ The fhird type of blockage, called double nonstraight link blockage,
occurs if ‘both nonstraight output links of a switch in the routing path are
fau‘lty‘or“busyr A suntch blockage occurs if the switch itself is busy or faulty. A
_swit,ch:blockage has the same effect as blocking all of the switch’s input links
end ‘can,be‘ ..“transformed into a link blockages problem aceordingly. The discus-

sion on reroutlng in this paper is concerned only with link blockages.

Theorem 3.2 In the JADM network, a change of the state of switch j€S; results
in a different routing path to a destination d if and only if a nonstraight output
link of j is used on the original routing path to d. Moreover, the other non-
straight output link of j is used on the new path. | |
Pro'of; , Chaﬁgiﬁg the state of 5 implies that the "link" AC;(7,t;) is used instead
of ,.A6~(J',t ) or vice versa. However, if AC;(5,;)=0 then AC; (5, ) =0 (i.e.
both use a straight link) and vice versa. O

: With regard to the rerouting schemes proposed in this papel;,‘the imvpli‘ca—yry
tioﬁs of Theorem 3.2 e,re twofold. First, the "if" part of the th‘eorem;impli'e»s
that dynamic rerouting for a nomnstraight link blockage can be ac‘hiev,ied’by
changing the state of the vsv'vitch whose output is the nonst‘raightbllink, 'Which is
‘equiva_lent to rerouting the rmessage through the oppositely signed honstraight
link connected to the same sWitch. Thus, the same subset of dest-inations, is
rea_c’h:able from the two switches whose inpﬁt links are the tWe oppositely‘ signed
nonstraight links. Second, the "only if" part of the theorem implies that

dynamie rerouting for a straight link blockage is impossible. This is true in
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- general since’every routing path in the IJADM network ‘cank be the reeult of set—b
~ ting the network to some state. Moreover, if a path from stage i to Vstagez”
" consists of all straight links connecting j€S; and jES;,,, ¢ < i<q , ‘then there-
existno alternate routing paths from jES; to jES; for otherwise ‘;therel.Would
exist an alternate routing path branching from j€S; and ending at the'deStina-
tion. The 'on'ly resort, if any at all, to bypass the straight link blockage is to
baektrack to a switch connected to a nonstraight link on the routing path at
some- preeeding stage and to reroute from that switch. It remains to show that
an alternate routing path always exists, provided that such a 'noustraight link
exists. f_.In,fact, the existence of an alternate routing path partly-'vresults from

Theorem 3.2, as stated in the next theorem. Figure 5 illustrates the situation in

Theorem 3.3.

Theorem- 3.3 Consider a routing path in the JADM network to a destinatron d
that contains a blocked straight link at stage ¢. There exists at least one net- -
work state Whlch results in an alternate routing path that avoids the same
straight link blockage at stage ¢ if and only if the original routing path t’ord
contains a nonstraight link at stage i'_——k for some k, 7 > k > 0. | -
Proof: See Appendix Al. O |

Previous work [7](9][13] impliee only the "if" part of the theorem,‘i.e. the
possibillity of using nonstraight link of opposite s;lgn in order to reroute a mes-
sage in the case of a nonstraight link failure. ‘However, the "only if" part of ‘the |
theorem also implies that, in addition, it is not p0331ble to devise a new rerout— -
ing scheme capable of avoiding a backtracking (or look-ahead)vmechanism in

order to deal with straight link blockages.

From Theorem 3.2, (for a given source /destlnatlon pair) if the stralght out-

i put hnk of a sw1tch is on some routing path, both nonstralght output lmks of .
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the switch i‘:aLnnot bé used fof routing; if one of thé nonstraight outPuf linké Bf
a switch is on some routing path, the other nonstraightilink of the swi‘tcﬁ is also
on ahother routing path and the stfaight' link of the switch cannot be used for 7
‘rduting; So for a given switch, the output link blockages that affect pathé_ frém
a givenfs_oui;ce to a given devst,linatibn can only be (a) a nonsti‘aight .li]..l'k.'BIOck-
agéi,: (b) a straight liﬁk blockage or (c) the double nonstraight. link _Blf)ckag,e.s'
Theorem 3.2 can be used to avoid case (a) a nonstraight link blockage and
Theorem 3.3, case (b), a straight link blockage. If case (¢) occurs, then Theoréﬁ
3.2 cannot Be used to find a rérouting path. A backtracking scheme propbsed _
later in' Corollary 4.2 based on Theorem 3.3 can be adapted to ovefcome_ this
type of blockage. The adapted backt}facking scheme is based on Theorem 3.4,

which is illustrated in Figure 6.

Ih.em'_em 3.4 Consider a routing path in the JADM network to a désfination d

that contains a switch at stage 7 whose bo‘th’nonstraight oﬁtput links are

blockéd; There exists at least one network state Whiéh results in an alternaﬁe_'
'routin_g—pai‘,‘h? thvat #voids the same blocked nonstraight links‘ét stage z if and
only if thé ofigin@l 'routi‘ng path to d c'ontainsva nonstraight link at stagéri ——k
for some /c, i 2k >0. |
Proof: Siee Appendix Al. O

3Physié'ally it -is possible to have any combination of blockages of the output links of a2 ~
given switch. However, the possible routing paths for a given source/destination pair

- . can be affected by either a straight link blockage or a double nonstraight link blockage -

in a given switch but never both types of blockage. -
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4. State-Based Routing and Rerouting Schemes

v In this section, routihg and.rerouting schemes are discussed based on the
theory vdeveloped in Section 3. As mentioned earlier, the novelty of the ideas in
this'pa'pe;' lies in the state model of the routing behavior of each switch, In pre-
Vioﬁsly proposed approaches’, routing is determined solely by tag bits. Accord-
ing to fhe state model, the switching action of each network element is concep-
tually determined by its relative position (i.e. an even; or odd; switch), its state
: (i.e.>C or 5) and a destination tag bit (i.e. 0 or 1) (Figure 4). This cohcep_tual
separaﬁon of routing information makes it possible to devise the simple routing

schemes described in this section.

In the first scheme, each switch is initially set up to behave as an odd; or
even; switch. In addition, each sw1tch can dynamlcally be set to one of the logi-
cal states C or C. In other words, this scheme corresponds to a d1rect 1mple—
mentation of the conceptual view of switch states. Destination tags are used
and, according to Theorem 3.1, the state of the network is transparent to the
sender of the message since it only affects the path of the message and not its
destination. Consequently, rerouting is also transparent in the sense that it
results froml a change in the network state. In practice, the implementation can
be such thet, for instance, stete ‘,C (or c ) is used as the default state for each
switch in the IADM network and the switch regards the othef nonstraight hnk
as a spare link for rerouting; if a nonstraight blockage is detected, then the
switch changes state to C (or C) so that the spare link is used instead.v This

scheme is called the Sel f—Repdim'ng State-Based Destination Tag (SSDT) scheme.

Rerouting is useful not onljr when one nonstraight link in a switch is faulty
~or.busy, but also if both nonstraight links are busy. For example, when consid-

ering a packet swﬂ;chmg env1ronrnent rerouting may be desirable as a means of
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balancing the message load throughout the network. The scheme proposed here
is well suited for this purpose. Assume that each nonstraight link has an associ-
ated bnﬁ'e’r- (queue). When both nonstraight links are busy due to message
trafﬁc congestlon, a switeh can choose which nonstraight buffer to ass1gn -a Ines-
sage. to (1 e. which state to associate with that queued message), based on the
number of messages present in the buffers in order to evenly dlstrlbute the mes-
sage load to the nonstraight links.

The proposed SSDT scheme has the advantages that‘i’t,uses "vsimp'le‘n-bit
destination tags and is capable of rerouting messages when blockages occur in
nonstraight links. In addition, rerouting of a message is transparent to its
‘sender since the path of the message is detefmined by the state of the network.
For a given destination tag, the .routing behavior of each switch on a possible
path is determined by the state of the switch, i.e. the SSDT scheme is fnlly di’sé
‘tribu‘ted and rerouting is done dynamically. Each SW1tch requlres a neghglble
amount of extra hardware for the detection of blocked links and the representa-

tlon of two poss1ble states.

B The second scheme is called the Two-Bit State-Based Dcstznatzon Tag.
(TSDT) scheme and it uses 2n bit routing tags, whlch specify both the destma—
- tion of the message and the states of switches on the correspondmg path. The
VTSDT scheme has the advantage that rerouting is possible when blockages
occur for straight as well as nonstraight links. |

As with the first scheme, the TSDT scheme assumes that each switchis,
appropriately initialized to behave as an odd; or even, switch. Each "'dig‘it"b of
the routing tag is »represented by two bits b,.; and b;, called the state bit and

the destination bit, respectively. For this scheme, the state of a switch of stage

¢ is specified by b, :if b,,;=0, the switch is in state C and if b, +, =1, the
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switch. is i'n.:sta.te‘ C_ . For all i, 0<i <n-1, b, =d,. In general, 1f 7 is an
even;: switch, 'b,-b,,+,-=00 and b,;bn+i =01 direct the message through a,‘straight
link,. ‘bibn+.i=10' through link —l—2i and b;b, ;=11 through link —727‘.; if 5 is an
od‘d-usWitch b;bh+i#10 and b;b, ;=11 directs the message through a strai_ght
llnk b;b, ;=01 through link +2* and b, b,H_, =00 through link —2z ln general
glven a SW1tch the destination bit specifies use of a stralght link or a non-
stralght hnk while the state blt determines the ch01ce of the posrtlve or the
negatlve ;.hnl; (if the chosen link is a nonstraight link). Since state information
is gar‘ri_ed » by the routing tag, switches are ‘not required to determine land
rernernber their own states, i.e. the design of the switches doesnot.need'to
implement the logic states C and C. |

L F rom Theorem 3. 2 a nonstraight link blockage at stage t.can be bypassed
convenlently by complementlng the i-th state bit Whlle the destlnatlon bits
remaln unchanged For convenience > of reference, thls is restated in terms of the

TSDT scheme as Corollary 4.1 below.

- Corollary 4..1 Let b, /2,1 and b’ n/2n—1 De the state bits of the routing tag and
the reroutlng tag, respectively, for the JADM network. In order to bypass a
nonstraight link blockage at stage ¢, state bit b, ,; needs to be changed to I)_n_p,-.
T‘hat is, b'rt/2n—1 =b /n-l—i—ll’_n+ibn+i—l-l/2n—l° =

Flgure 7 1llustrates an example of routing from s =1tod =0 in an JADM
network of size N =8, Let bg/s = 000000 be the routmg tag and bo /5 and bo /5
denote the rerouting tags. The original tag b0/5 = OOOOOO spec1ﬁes the path |
(1€5, , (lESl , 0ES, , 0€S3). If (1€S,,0€S) is blocked, the -rerouti'ng tag
bo /5= 1000100 is obtained by complementing bs, and link (1€8,, .265‘1) is used
‘for reroutlng ThlS tag spec1ﬁes the path (168’0 ) 2651 , 065'2 , 0653) If

(265’1 , 068’2) is also blocked the reroutmg tag b0/5 -—000110 results from
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complementmg b4, and llnk (2651 , 465’2) is used for rerout1ng ThlS tag' ‘

speclﬁes the path (1€S8, , 2651 , 4€S2 , 0653)

' As d1scussed in Sectlon 3,a stralght link blockage and a double nonstralght
: link blockage cannot be overcome easxly, implementing a backtracklng (or look—_‘
'ahead) mechanlsm is a must in order to evade these types of blockages. Since
all links-in the rout1ng path from stage z——k+1 to stage ) con81st of only
stralght hnks, backtracklng of at least k stages is requlred to ﬁnd the switch
from Whlch an alternate rout1ng path branches That is, at least k state b1ts .
need to be ‘cons1dered for change. Due to the 81m11ar1ty between Theorems 3 3 .'
and 3. 4 ‘the TSDT schemes for ﬁndlng the reroutlng paths from Theorems 3.3 |

and 3: 4 are: exactly the same, Whlch is stated as Corollary 4 2.

C_lela.tx _4..2 Let b, /2n -1 and b’ n/2n—1 be the state bits of the rout1ng tag and
the reroutlng tag, respectlvely, for a source/destmatlon pair in the IADM net-
work. Let t—k be the largest stage number for 1 2>k > 0 such that a sw1tch at ‘-
stage z——k is connected to a nonstralght hnk on the routlng path In order to‘ |

bypass a stralght link blockage or a double nonstraight link blockage at stage z, '

only state : blts e —k)/n+i-1 need to- be changed ( ) |
b’n/n+(,_1) _ b, /,H_(, k)— ld ki1 if the nonstralght hnk at stage 1~k of the ori-
ginal path is link —2° %, and (i) bn/nq_(,_l) = bn/n+i—k)-—-—1dz—-—k/z—-—1 if the non-
-Vstraight link at‘ stage 1—k of the original path is link +2’."k; The state bits -
b'n i /2n ~1 have arbitrary vali1es in both cases. | |

Proof See Appendlx Al. O

The example in Figure 7 can be used to illustrate the TSDT scheme for (a)
a stralght link blockage and (b) a double nonstralght link blockage (a) Agaln | |
the tag b0/5 = 000000 speclﬁes a path (165’0 , 0ES,, 0682 , 0E€S3). If the

‘ stralght link: (OESI , 0ES,) is blocked, the rerouting tag can be 000110‘v‘vh_ich
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specifies . - path (1es,, 2€5,, 4€8, , 0€S;) | ’by SR ha:ving
b;+0b;+1bé42 = dod by, = 110. Since state bits bs 1bs.s can be arbitrary,
000100, for example, is also a valid rerouting tag; it spéciﬁes path
(1€8, , 2ES.1 , 0€8, , 0€S;). (b) Let the tag bg/; = 000110 specifies .a path o
. (16‘,‘5"0‘,726;5‘;1 , 468, , 0ES;). If both nonstraight output links of V4ES‘2 are
'block‘ecki,v the rerouting tag blo/s can be 000100 which specifies path |
(1€8, , 2€8; , 0ES, , 0€S;) by having b's,ob 3410542 — by,od dy. Since state
bits bé+2__ can be arbitrary, 000101 is also a valid rerouting tag which aléo '
specifies théasame pé,th'. |

The ré’routiﬁg path computed from Corollary 4.2 is blockage-frge from
stage O to stage :. While the rerouting path is different from the original rout-
ing path from stage 1—k to stage ¢, the routing path from stage 0 tp i—k—1
remains the same. This results from the fact that backtracking _v-aIWaYS
proceeds ‘ba_ckward aléng the original path until it stops at stage 71—k, and the
rerouting path only changes course from stage 1—k onwards. Although state
bits b, 4;/en—1 Temain unchanged, the routing path from stage 1 to n—1 ma,y.
still be altel;ed due to the changes from stage 1—k to :. For example, in Figure
5, the switch on the original routing path at stage :1+1 is jES; Whereas'thé
switch on the reroutihg path #t stage 1+1 may be (]'+2’.+1)€Sz-+1; which may

further induce changés at higher-order stages.

Ip the TSDT scheme, the tag can be computed by the nies;sage sender
which is assumed to know the location of faulty links and switches in the net.-.
work. Thué, rerouting is transparent to the switches in the sense that the tag
computed by the sender of the message simply avoids the usage of faulty liﬁks
and sWitcheé. Therefbre switches do not require any extra hardware for rerout-

ing purposes. An alternative is to implement dynamic rerouting for the TSDT
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scheme. Since backtracking is indispens'able for avoiding a straight link bloék-:
age, it is required that each switch can detect the inaccessibility ‘of an}‘rr- ontput
port (connected to a switch at the next stage) and signal the presence of th‘e
blockage back to the switches of previous stages [10][12]. Whether reronting‘_ 1s _
done by the sender or dynamically‘ is an implementation decision which "dep‘ends

on how many stages of backtracking are allowed. When the sender computes
the tag, it must be able to 1dent1fy and track the sw1tches and links on ‘the .
corresponding routing and rerouting paths (the next paragraphs explaln ‘how
this is done) If any of the switches or links in the path is known to the ‘se‘nder
as being faulty, then the sender computes another tag by changlng the state'

b1ts as descrlbed in Section 5.

Locating the switches on the routing path is straightforward. For-a given
source s and a destination d, the initial routing path can be specified by _s:-_ettin‘g |
state b1ts bn/2n 1= 0p /901 (2 strmg of n 0%), equivalent to setting evéry
- switch in the IADM network to state C Then every switch on the orlgmal
path has label dg/;_15;/,1€5;, O <1¢ < n-—1, since now the IADM network

, functions 11ke an ICube network [6}[15]

To find the sw1tches on the rerouting path let 5€S; be the sw1tch whose
output link is blocked. First consider the case where the blocked ,hnk is a non-
straight link. It may’i.bei an (a) positive or (b) negativelink. In oasev (a) the
switch’at stage 1+1 reached by the positive link is (j+2i)€S,~v+1 and, from
- Corollary 4.1, rerouting can done through switch ( ]'—f2i)6.5',-+1; In case (b) the
switch at stage i+l reached by the negative link is (52 )ESt 41 and, from
‘Corollary 4.1, rerouting can done through switeh ( j+2') ;41 Let the sw1tch |
at bbstage z+1 on the rerouting path be ,wo/n_li The state bits b"+(iv+1.)/,n”1

remain intact (equal to 0’s) because it corresponds to having every switch from
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stage 1+1 to n—1 reméin in state C' so that the TADM network from stage 141
'to n—1 can emulate the ICube netwoi‘k from stage :+1 to n—1. Thus, the bits

I, i+1 <1 < n—1, of the label of a switch on the rerouting path are Wy 1 |
From LeI,mna 2.1, bits 0 to {1, 1 < l‘ < i+1, of the label of a switch on a path
to destination dg/, must be d, i—1- Hence the switch on the rerouting path

from stage 1+1 to n—1 has label dg/_ w; /g, 1+1 <1 < n—1.

Nexf consider the case where the blockage of jES; is a straight link BIOCk—
age or: 55 double nonstraight link blockage so that backtracking is .necessa’r&.
There aré‘ ﬁwo sub-cases for each type of blockage: (1) the nonstraight liﬁk
found in backtracking is a negative link and {ii) it is a positive link. Here only
sub-case (i) of the stfaight link blockage is considered; the other cases can be
dealt with similarly. From the proof of Corollary 4.2 (case (i) only), the switch
on the rerouting path is (j-l'—2l)€S,, 1—k <1 <4. The switch of stage 41 on
the rerouting path is j€S5;, if b,:+,~ =0 and jE&S;,, is an odd; switch or if
b,_:“- =1 and jES;,, is an even; switch, and is (j+2'tHES;,; if b.,;_H- =0 aﬁd
jESZ"_Fl is’a,_n even; switch or if b,;+,~ =1 and J€S;, is an odd,» switch. The
iden‘ig,iﬁcbati,or‘l of switches on the rerouting path from stage 2 +i to n—1 is done

as in the case of a nonstraight link blockage described above.

‘The blocked link can be represented by the two switches joined by the link.
Since every switch on the original routing path and the rerouting paths can be
easily identified as described above, it can be readily determined whether or not

the blocked link is on the current path.

In summary, for both SDT schemes, the binary representation of the desti-
nation address can be used directly as the routing tag. In the SSDT scheme,
re'roufing tags are not needed and in the TSDT scheme, rerouting tags result

from simplé bit complementing operations. In terms of complexity of the
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computetion for a rerouting tag, the SSDT scheme and the TSDT scheme for
one instance of nonstraight link blockage require timeXspace 'complexity' 0(1), ’
en improvement over previous proposed schemes [9] dealing with r‘eroutixig for a
nonstraight link blockage that require timeXsoace complexity O(logN). | In [10]
a Sihgle-sta;ge look-ahead scheme for rerouting of a straight link blockage :Was‘
pfoposed; it requires use of two’s complement to compute the positive and nega-
tive dominant tags so that the scheme has timeXspace complexity of O(logN).:
Note 'Vthat’:the single-stage lookfahead rerouting scheme is valid only for some
cases of .fh‘e straight link blockage; it cannot be app]ied to any case of the
straight link blockage. From Corollary 4.2, k-stsge backtracking is needed for

a straight link blockage and & bits of the state bits needs to be changed; thus -
the complexity of the TSDT scheme for a nonstraight link is O(k). If oniy ‘
single-stage backtracking (corresponds to single-stage look-ahead) is necessary, |
rerouti)n_g can be done‘dynamically and the complexity is O(1), an improvement

over the scheme in [10].

5. A Universal Rerouting Algorithm for Multiple Blockages

The TSDT scheme can be applied to not onIy one instance of some blo‘ck‘-_‘
age, but also can be applied repetitively each time a new blockage is encoun-
tered as the message propagates along This section considers the derlvatlon of
an algorlthm to deal Wlth any case of multlple blockages. The backtrackmg
schemes proposed in Corollary 4.2 find a rerouting path for a stralght llnk
blockage and a double nonstraight link blockage. Nevertheless, it is poss1ble
that blockages also exist on the rerouting path; then further backtracking to a
lower-order stage is needed. Since this phenomenon can recur, repeated back—

tracking may be necessary due to blockages on the rerouting paths. The
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- ‘algorithm"‘"BACKTRACK described next performs iterated baektr'acking to find
an alternate routing path. It underlies a unjversal rerouting alg’orithm' (called
REROUTE) to. be shown later that can find a routing path, if there exists any,

to: bypass multiple blockages in the network.

The mputs to algorithm BACKTRACK are the current routlng path P, the
st»age_ number ¢ where a blockage occurs, and state bits b n /2n_1 representmg
path P. The algorlthm returns updated values of the state bits b n/2n—1 Which
specify a reroutmg path that is blockage-free from stage 0 to stage ¢ if such a
reroutmg-path exists, or returns FA]L if the blockages on the cur_rent ro‘utmg
path -and  the rerouting paths eliminate tl1ev possibility of commu‘nication
betwee'li the source and ,tlie destination. It is assumed that the blockage on' the
original routing path at stage ¢ is a straight link blockage or a double non-
stra‘ight“ lmk blockage and JES; is the switch whose output links ,are the‘
blocked links. Informal ‘explanations for the algorithm will be given 'following
the algor-ithm and the correctness proof of this algorithﬁi can vbe found in -
Appendix A2. | | |

Algorithm BACKTRACK (and REROUTE) presumes existence of the
knowledge of all blockages in the network. The network controller is ‘fe_sponsi-
ble for collectilig this information and ‘maintaining a global map of blockages, |
which is accessible to every sender of the messages in order ‘to compute a path
to avoitlvthe 'blockages. In addition, since it may take several iterations before a
: blockag:'e‘afree‘ path can be found or it can be concluded that no blockage-free
paths e).cist,‘the sender of the message needs to maintain and update tl1e loca-

tions of switches on thebrerouting path in each iteration.

Algorithm BACKTRACK (P, i, b /20_1)
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- If lznkfound =0, set b

-23-.

q9= stage nurnber where a blockage .occur.

q<— i | | |

i P= the current routlng path. ‘
-;Backtrack on path P from stage ¢ to find a nonstralght hnk If no non-

stralght link exists at any precedlng stage, return(FAIL) otherW1se ass1gn :

to r the stage number where the ﬁrst nonstraight output 11nk is found. .

v 'If the nonstralght hnk at stage r on the routlng path is +2', ass1gn ﬂag o

lmkfound value 0; if it is —2", assign lznkfound Value 1.

If lmkfound =0, b' n/n—1 b’ n/n+, ld,/q lb n+q/2n —1 1f lmkfound = 1 ‘

n/2n -1 4'__bn/n+r ldr/q lb n+q/2n ~1°

This step applles only when the blockage at stage ¢ on path P is a zstraight a
hnk blockage o .
ntq = dgi If ((1=27)ES; , (1=29*)€S,.41) is blocked,

change b ntg to dq furthermore, if ((j —2q)E , jESq+1) is also blocked,'

!

:'return(FA]L) | _ H linkfound = 1, set bpig = Jq? it

4b:

(( ],+2.‘1 )6 , ( j+27 "'1)6 _,_1) is blocked change b n+q to d furthernlore, if -

(g +2q)€ , ]E +1) is also blocked, return(FAIL)

Thls step applies only When the blockage at stage q on path P is a double

nonstralght link blockage. ,

o ((j—29)€S, , (j—29)ES,41) is blocked for 'lz'nkfound‘ =0, or
(( j'+2‘1 )ES . j+2q')€ q+1) is blocked for linkfound =1, return(FA]L)

Let Q denotes the part of the reroutlng path (specified by the tag in. step

' ) from stage r+1 to q from step 3. | o
hIf, _ : o ~ linkfound =0, | o é =
(o= 2"“)6 o (20T, (5-20)€S,); i linkfound =1,
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.24

QA = v‘((j+2_r+1)esr+l y "0 (]'+2q—1)€Sq_1 ’ (:7.+2q)€SQ)'
If a blockage occurs on paf,h é, return(FAIL).

If linkfound =0 and ((j—27)€S, , (7—2"*)€S, ;) is blocked, or if link-

' 'féundW: 1 and ((7427)€S, , (542" €S, ;) is blocked, go to 'Step 7, else

return(b', 2 —1)-

.7 ;—j+2ra q <71,

Backtrack on path P from stage ¢ to find a nons'traight link. If no non-

straight link exists at any preceding stage, return(FAIL); otherwise assign

to r the stage number where the first noﬁstraight output link is found.

:. If linkfound =0 and the nonstraight link at stage r is -27, or‘ if link-

found .= 1 and the nonstraight link at stége r is +27, return(FAIL).

If linkfound =0, b'y/30_1 = b'p/nir 18y /0 1b'n1g/2n_1; if linkfound =1,

1 ] - ] .
b n/2n=1 € b n/n+r—1dr/q—1b n+q/2n—1° Go to step 4b.

Sfep 0 is the initialization step. From Theorems 3.3 and 3.4, an alternate

path exists for avoiding'a straight link blockage or a double nonstraight link

blockage if and only if there exists a nonstraight link at some stage preceding

stage r; step 1 of the algorithm searches backward for such a nonstraight link.

If not found, it results in premature termination of the algorithm, reflecting the

fact that no alternate'paths for rerouting exist. Step 2 is used to differentiate

the cases when the nonstraight link at stage r found in the first backtracking is

a positive link and when it is a negative link; flag linkfound is assigned 0 for

the former and 1 for the latter. If a nonstraight link exists at some stzige

| preceding t‘hevbllockages, in step 3, Corollary 4.2 is applied to find the stage bits

specifying the rerouting path; cases (i) and (ii) in Corollary 4.2 correspond to

linkfound =1 and linkfound = 0, respectively, and ¢ and r correspond to
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and ¢ —k, respectively.

Steps 4a a.n'd 4b deal with the link blockage at stage ¢ on the rerouting
path computed in step 3. If the blockage of a switch at stage ¢ on path P is a
straight link, the possible rerouting links at stage ¢ are two nonstraight links.
In step 4a the default link is negative link if lne found = 0 and a positive link if
linkfound = 1. If the devfault link is blocked, step 4a attempts to reroute the
message through the other nonstraight link. If both nonstraight links are
blocked, there exist no blockage-free paths. Step 4b applies if the blockage of a
switch at stage ¢ on path P is a double nonstraight link blockage. The rerout-
ing path must use a straight link at stage‘ g. If it is also blocked, no blockage-

free path exists.

Step 5 checks blockages from stage r+1 to stage ¢—1 on the rerouting
path; if any blockage falls on é, there exists no blockage-free path. In step 6,
if the blockage falls in the link of stage r on the rerouting path, further back-
tracking is necessary. Otherwise (no blockages on the rerouting path), the algo-
rithrﬁ terminates with the state bits specifying the rerouting path. Step 7
updates the stage number ¢ and the switch label ; where a blockage on the
rerouting path occurs, initiating a new iteration of backtracking. Step 8 is the
same as step 1, searching backward at lower-order stages again for a non-
straight link. Step 9 of the algorithm dictates that if the encountered non-
straight link in the first iteration of backtracking is a positive (or negative) link,
the nonstraight link found in each subsequent iteration of backtracking must be
-"_1130 a positive (or negative) link; otherwise no blockage-free paths exist. If the
conditioﬁ in step 9 is satisfied, step 10, which is the same as step 3, computes a
rerouting path. After the rerouting path is found, the algorithm returns to step

4b, to check for further blockages on the rerouting path.
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‘For each source/destination pair, a link on some routing path for the
| source/destination pair is called a participating link. As a direct result, “of
TheoreI'n' 3.2, the set ‘of participating output links of a switch is .composed of
either 1ts stralght output link or both of its nonstraight output links, but never
all. of them. So the output link blockages of a switch, for a given
source/destination pair, can only be a straight link blockage, a nonstraig’ht link
blockage, or a double nonstraight link blockage. Algorithm BACKTRACK
deals with the first and third kind of blockages, and the second kind of block-
age can be overcome by applying Corollary 4.1. Algorithm BACKTRACK and
Corollary 4.1 can be used to form a universal algorithm capable of rerouting '
messages when multiple blockages exist in the JADM network. This algorlthm,
called REROUTE returns state bits b’ n/2n—1 SPecifying a blockage—free rerout—

ing path 1f one exists, or returns FAIL otherwise.
Algmu.thm RERQILTE (P, b’ n /2n 1)

0: P the orlglnal routlng path.
b, /2n_1= the routing tag specifying the original routing path.

!

b, f2n—1= the rerouting tag specifying the rerouting path.
o
b n/2n—1 bn/2n—1'
1: Let ¢+ be the smallest stage number such that there exists a blo,ckage at

stage ¢ on path P. If no blockages occur on path P, return(b In/2n—1)‘ "
2: I the blockage at stage 7 on path P is a nonstraight link blockage and the
“other honstraight link is not blocked, apply Corollary 4.1 to find state'bits'r

b 'n /2n_71 and go to step 4.

3: bpjap_g — BACKTRACK(P, i, b', j5,_y)-
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4: @ = the rerouting path specified by state bits b'n /2n—1-

P «— @ and go to step 1.

Step 0 is the initialization step. At the end of each iteration, a blockége-
free path from stage 0 to stage ¢ is fbund. Then a new iteration stéfﬁs and 1 is
given a new v‘alue in ofder to find a path avoiding the blockages at a higher-
order stage.. The only terminating conditions for'algorithm REROUTE are that
a retu‘rnj of FAIL from step 3 indicating that no blockage-free paths 'ekist and
the . returri from step 1 indicating a blockage-free path is found. Algoriﬁhm ,
REROUTE":is executed iteratively to evade blockages from lower-order to
high‘er-‘or»der stages. The correctness of this algérithm follows from the correct-

ness of algorithm BACKTRACK and Corollary 4.1.

6. Pelfmutation Routing and Cube Subgraphs of the IADM Network

The results discussed ‘s‘o far are a consequence of the existence of spare
nonstraigh't' links in addition to the ICube network embedded in the IADM net-
work. Tlhis'section pursues this issue further by showing that there exist multi-
plé dlstmct subgraphs in the IADM network, each called a cube subgraph, that
are isomorphic to the ICube network. Two cube subgraphs are considered to be
distinct if they differ in at least one link. As mentioned in the ‘introduction of
this paper, the cube-type networks have been‘stvvudied extensively in the litera-
ture and shown to be topologically equivalent. Together with results from these
studies, the knowledge of how to identify cube subgraphs can _help the under-
standing of the capabilities of the IADM network and be useful for permutation
routing in the JADM network. o

~Since each switch can be in state C or C, there are as many as gN'n

(= NN ) network states, although each does not necessarily generate a unique



- 98 -

permutation. Setting a switch to a certain state indicates that one of its non-
.straight output links can be used for routing (i.e. it is active) while the other
~ cannot. - Thus, each network state can be associated with a subg‘r_aph of the
IADM netw_ork which contains only the active links. When all switches in the
IADM‘,Inetwo‘rk are set to state C', the JADM network functioﬁs as ‘an [Cube
net'vsfor‘k; ‘this network state corresponds a cube subgraph. The  constructive
derivation of a lower bound for the number of cube subgraphs of the IADM net-
work usestvh»e‘ two basic ideas discussed in the next paragraphs.

Since 42" ! = —2" " mod N, C,_(j,t,_1) = 5n_1(1',tn;1), i.e. the state of
each switch’ of stage n—1 is irrelevant in the sense that any switch at stageb
n—1 is always connected to the same two switches at stage n Consequently,
‘given any cube subgraph, there exist (2V F—l) subgraphs isomorphic to it which
differ only "i’_nttheir choices of the nonstraight link +2" 1 or —2"7! at stage n—1.
Therefore, the total nufnber of distinst cube subgraphs is given by the product
of?2Nﬂ an_d .,f,hev number of distinct subgraphs of the IADM nefwork from stage 0

to stage n—2 that are isomorphic to the same stages in the ICube network. |

The calculation of the number of subgraphs in the first n—1 stages uses an
idea similar to that proposed in [5] for reconfiguring the DR netwofk so that it
performs as a Generalized Cube network. All switches of the JADM network
‘are logically relabeled by adding a constant z, 0 < z < N—1 to the original -
labels, i.e. switch 7 becomes j' = j 4+ z. By setting each switch to be an even;
~or odd, sw1tch according to its ﬁeW label and having all switches bé in state c,

a cube subgraph results for each reIabeling. However, of the N possible sub-
graphs, oﬁly ?N are distinct as far as the first n—1 stages are concerned. This

result is stated in Themém 6.1. A graphical interpretation of cube subgraph

isomorphism for an JADM network of size N=8 is illustrated in Figure 8. In
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Figure 8,‘ eeeh physical switch 7 acts as a logical switch j' =(J +1) mod 8. The
isomorphism to the ICube network can be easily visuvalized‘by moving switch 7
to the topef each stage as shown in the figure. Notice that setting some switch
to state c according to its logical label may be equivalent to setting the switch
to state C according its original label. For instance, switch 0€S, (logical label

1) is set to state C in Figure 8.
Ih.egnem 6.1 There exist at least ?N°2N distinct cube subgraphs in the JADM

network.
Proof: See Appendix Al. O

In order to reconfigure the IADM network to one of its cube subgraphs,
each switch of stage 1, for 0 <1 < n—2 needs to know the i-th bit of its logi-
cal label. This can be done by sending the same logical label to every switch in
the same row at system reconfiguration time. Each switch is set as being an
odd or even; switch by examining the :-th bit of the logical label. All sw1tches‘
operate in state C according to its logical label with the exception of those at

stage n—l for which different states correspond to dlfferent subgraphs

The results of this section can be used in different ways. One hsege is in
» characteriiing a clase of permutations performable by the JADM network. Per-:
mutations passable by the ICube network are discussed in [15] and adaptable
from [6]. Thus, the JADM network can perform all of these permutations plus

the same set of permutations with a given z added to both the same source and
destination ‘,labels, 0<z <‘?N. Another use of the results of this section is

that the: JADM network can pass the permutations performeble by the ICube
netWork when the ICube network embedded in the IADM network experiences

nonstraight link failures. This is done by incorporating a reconfiguration
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functibn in the system that reassigns each switch j to (j+z) and réébnﬁgﬁring
the JADM network to a corresponding cube subgraph which does not "inclﬁ_de'_'the
faulty ﬁonstraight links. In [21] it is shown that any of the cube-type netﬁorks
can pass the permutations performable by the others by ,incorporatiﬁg app’rbpi‘i—*
ate reconfiguration functions. By the same token, the IJADM network with a
nonstraight link fault can also pass the permutations performable by the cube-

type networks by including these reconfiguration functions in the system.

7. Concluding Remarks

©"One of the main contributions of this paper is the identiﬁcatio}n of de's}\t'in:a'-'
tion tag routing schemes for the JADM network. They are simpler é,ﬁ_d'mofe
efﬁéientrthdnbreviously known approaches, thus requiring less complex'.' Switches
and reducing message communication delays due to routing overhead. 'In"the |
SSDT scheme rerouting can be done when nonstraight links fail and in the
TSDT scheme both the straight and double nonstraight link blockages c'a;li be

avoided. As for the SSDT scheme, routing and rerouting are transparent_to‘thé
source and only negligible hardware and time are used by each switch for rout-
ing‘ and rerouting purpose. These are considerable advantages over previously
proposed schemes which do ﬁot use destination tags and require extra hardware
or delays of O(log/N) complexity instead of O(1). In addition, previous WOrké:‘all
deal bniy with certain typesbf blockages. Based on the TSDT é.t.:heme, a
| ugiversal rerouting algorithm is derived, which is capable of avoiding any éon;e
bination of :multiple blockages if there exist a blockage-free path ahd indigaﬁng
absence of such a path if therer exists none. The rerouting capabilvit'ieS of thé
he'w schemes can be readily used for fault-tolerance and load balanéing pur-

poses since they adequately exploit the redundancy available in the IADM
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network.
Another contribution of this paper is the constructive derivation of a lower

bound on the number of cube subgraphs of the JADM network. While it was -

preiriously known that the ICube network is a subgraph of the IJADM network,
this paper shows that there exist at least -]gv-'ZN distinct cube subgraphs. This,

combined with previous multistage cube network studies, can »help characterize
- some of the permutatlons performable by the IADM network. As other use of
the subgraph analysis, it is shown how to reconfigure the IADM network under

nonstralght link faults to pass the cube-admissible permutatlons.

Perhaps the most fundamental contribution of this paper is that of the net‘-
work state model used for the IADM and the ICube networks. The essence of
this model is in the recognition that the routing action of each switch is concep-
tually ',dep'endent on its position in the network (topologicval information), its
state (functional information), and the destination of the message (routing
information)., Topologicalvinformation is fixed and, when using destination
| tags, the same can be said of routing information for a given message destina—
tion." Consequently, the routing path is solely determined by the state of the
network. These basic concepts are applicable to networks other than those‘con-.
sidered in this paper; the state model can help devise new designs, solve routing

problems, and understand relationships among networks.
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Appendix A1

Proof of Theoremi.f? 3 | | 7
a The only if" part follows 1mmed1ately from Theorem 3.2. To prove the "f
' part let ]ES be the switch Whose stralght output link is the blocked hnk on
the routing’ path and z—k be the largest stage number for ) > k > 0 such that
a sthch at stage z—k has a nonstralght output link on the rout1ng path (i)
| Assume that the nonstralght link at stage t—k found in backtracklng is hnk' |
—oi=k Clearly, - as v: illustrated  in - Figure 5, " the path .
((J+2‘-’°)es o HETEYES L, ey (JH29)ES; ,jes,-;l) s a rerouting

path for path (542 )ESiy 5 TES;_p1 » JES;- k+2 "J'GS' ) JES '+1)"~(ii),

Assume that . the nonstralght link at stage z—k found in backtrackmg is link o

+2' ELTERE . B : similarly . . ERE path‘
((G—2° ")ES L 2TES s e (I—2)ES; , j€8ipy) Bs B r‘erbﬁting»,
Path fOl‘ Path (( —2'~ k)e k> JESi k41 J'Esi—k}z y oo s JES; ,,jGS;+1)- o
Proof of Theorem 3.4 lt | ‘- | :

| The only if" part agam follows 1mmed1ately from Theorem 3 2. To prove ‘the

1f part let notatlons z, i—k and ]ES be the same as those in the proof of '

- '_Theorem 3. 3 The proof is lllustrated in F1gure 6 From Theorem 3. 2 ‘

( J —2 )E i+1 and ( J 2t )ESz +1 can reach the same subset of destmatlons S0 that

it does not matter which is on the reroutmg path (1) Assume that the non- |
| :stralght hnk at stage z—k found in- backtrackmg is link —2°~ k It is self-
explanatory S that : : o B path o

- ((]+2’ lc)EIS' ks ’(]+2' k“)ES} —k+1 y evee’y (j+2i)€. , (j+2')€S,+1) is a rerout-‘ .
ing pathfor hoth paths ((J 42t k)E ik JES; g1y ]‘ES , (J +2 )ES’H),"

' ‘allv‘d"(‘(j+2,ijk)ES¢_kv, jESi—k{I y t , JES;, (]'-42i)ES;-‘+1); (i ) Assume that

- the nonstraight link 'at,stage i—k found in backtracking is link +2'._"°; similarly o
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path ((7— 2’ )ESi 5 (=2 FNES ks s s (1-29)ES) 5 (4 ~2)€S;,) is a
reroutmg path Note that the participating input link of jES; may be a non-
'.stralght hnk however, this is just a special case for k = 1.0

Proof‘of Corollary 4.2

First two lemmas are‘ presented, which are to be used to preve CQrollary 4.2.
Lemma. ‘Al.L 1n the TSDT scheme, the links +2' and —2! connected; to ays‘wi‘tch
];ES, are »s‘p’,eciﬁed by tag bits b,b,;+l = J_,j, and b,bn‘+, = ;,]—, respectively, aﬁd |
the straight link is speciﬁed by b;b, . = 57, or bjb, ;= j J_l S
Proof: Follow 1mmed1ately from the definition for the TSDT scheme. 0

Lemma A1.2 (i) Let ]ESI and (] +2! )ESI+1 be two switches joined by a positive
nonstraight link +2' and they are on a path to the destination do/n—1- In the
TSDT vs‘(‘:‘heme, the routing tag can be set to b;b, ;, = d,(Z to controi rout’ing to
send the message from j€S; to (j+2')€S,,,. (ii) Let j€S, and (7—2")ES;,, be -
two sw1tches _]omed by a negative nonstraight link —2! and they are on a path
‘to the destination dg/, ;. In the TSDT scheme, the routing tag can be set to
b;by 41 = d;d; to control routing to send the messag_’e from jES; to ( ]'——211)_65»', +1-
Proof: Only proof for.(i) is given’ and proof for (ii) is similar. :_From Lemma 2.1
and the proof for Theorem 3.1, the switch j'(=, j+2ll)ES, +1 has ‘the label
].'O/n;i. =do/_14Wy41/n—1y Where wi+l/n_1 depends on ﬁetwork state. ‘So
J.'l = d,.. Additionally, j', = ;l because j' = j+2!. Hence N =d_, By Lem.fna,
AL1, bb,,, = dyd;. O |
Proof of Corollary 4.2:
Only proofs of (i) for (a) a straight link blockage and for (b) a deuble non-
straight link bloekage are given; proofs of (ii) for cases (a) and (b) are vsivmilar‘.‘

Since the destination bits always remain unchanged, only state bits need to be



-37 -

considered. (a) This proof first derives the state bits controlling the rerouting'v
path @1 = ((5+2'™%)ES;_, , (j+2"*™NeSi_111 s -or s (F42°)ES;) in Figure 5
(which illustrates the proof of Theorem 3.3). Since the links on path @ are all
positive nonstraight links, by Lemnia Al.2, b'n Hi—k)/nie1 = Ji—k/i—-l représents
the state bits for path @*. In addition, by Theorem 3.2, the link of stage ¢ on
bthe‘ rerouting path can be either link —2° (( j+2i)€Si , JES; ;1) or link +9¢
(74+29€ES; , (j+2'™)€S,,;). Thus b'n+i can be 0 or 1. (b) Notice that the
rerouting paths erm stage 1—k to stage ¢ found in Theorem 3.3 and Theorem
3.4 are the same except the the link of stage ¢ on the rerouting path is a non-
straight link in Theorem 3.3 (Figure 5) and it is a straight link in Theorem 3.4
(Figure 6). By Lemma Al.1, the state bit b'n+,-, which specifies the straight link -
at stage ¢ in Theorem 3.4, can be 0 or 1. So the state bits specifying the
rerouting path from stage :—k to stage ¢ are the same as those in (a).
b'n+(,~+1) /2n_,'1 can be arbitrary because, régardless of the values of b'n+(i+1) /én_l,
as long as the destination bits are bg/,_; = dg/n_;, the path can reach the des-
tiﬁation do/ns_l. d |
Pro‘of of Theorem 6.1

Conéide;' fWQ cube subgréphé generated by adding z and y, respectiveiy, to i';he
origihal labels of all switches of the IADM network. It is shown that

x mod ;N # y mod _]Zy— is a sufficient condition for these subgraphs to be dis-

tinct in the sense that they differ in at least one link of the first n—2 stages (it
is also possible to show the necessity of this condition). To prove thaﬁ the sub-
graphs are distinct, it is shown that, given the condition above, there exists
some physical switch j*ESn_z such that ( j*+m) and ( j*+y) differ in their
(n—2)-th bit, i.e. the switch with logical label (5 +z) is an even; switch and the

switch with logical label ( j*+y) is an odd; switch, or vice versa. This implies
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that a different nonstraight link is used and therefore the.sﬁbgraphS"afe dis-
tinct. Let the h-th bit of | To/n—2 a0d Yg/n_s be the highest order bit such that
TpFYpy 1€ Tpyy/n—2 = Yn41/n—2- Here h < n—2 since only the topology of the
IADM hetwork from stage 0 to stage n—2 is considered. Without_los.'s; of gen-
. ‘e.i'ality, assume that z,-=0 and y, =1 and let j*o/n_2 = 0(,:/;,‘_1‘1‘5',;_,_1‘ /n—2
(Where-Oo/h;l is a string of A 0’s). - Then | |
H ' . . .

{7 Az)ojm—2 = Zo/h-1(0+1)1p41/n—2 = Tojp—1la/n-sl  and

. LK .~ ) )

(7 +¥)o/n—2 = Yo/n-1l14+D)Lhs1/n—2 = Yo/n-10/n-30
differ in the value of their (n—2)-th bit. Therefore there exist g distinct .cube
subgraphs when considering only the tepology of the JADM network -from stage
0 to' stage n—2. For each of these g cube subgraphs, there eﬁcist oN subgraphs
of the IADM network which differ from it only in the choice of the nonstralght

hnks at stage n—l Thus, the JADM network contains at least ?N 2N d1st1nct

cube subgraphs. O

Appen‘dix A2:_ Proof of Algofithm BACKTRACK

| | . Terminology and two .lemm'as are introduced first in order to lay the
.‘greunrd for the verification of ztlgorithm BACKTRACK.  Given :a source and a
destination}, a switch on some roﬁting path for the source/destinetion pa‘uir‘ is
called a pivat. Conversely, by the definition of a pivot, a path in the IJADM pet;
work can lfeaeh the destination if and only if it passes through a pivot at each
stege. The set of pivots at each stage varies with different source/destination

pair and is characterized by the following lemma.
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Lemma A2.1 Let k be the smallest stage number er»WhiCh there e);isté,.-é; :nonf
rstraiight_link_ on at least one routing path from a given source.sd /n=1 to_'a given
destination dojn-1 in the JADM network. For this source/destinatioﬁ pair,
there is exactly one pivot at stage k 0< k < Ic and there exists exactly two
pivots at stage k' Ic+1 < k' < n—1. The pivot at stage k' is do/k 19K /n-1° Th
pivbts of ’«stage k' are dO/k”—lsk”/n—l _and either (do/k"—lsk"/n—1+2 ) or
(do/p"-15%"/n-1 2k”)- _

Proof By definition of k the routlng paths from stage 0 to k-1 consist of only |
straight hnks. From Theorem 3.2, there exists a unique path from stage 0 to
stage k and, therefore, the sét of pivots at stage k, 0 Sk' SI;:\, consists éf '
exactly on‘ev pivot. Existence of exactly two pivots at stage k' k+1 < K < n—'l;
and that their distance is 2¥ follow immediately from the single theorem in [13].
Since the IADM network functions like an ICube netwofk when every switch in
the iADM*network is set to state C, dg/p_18k/n-1€5%, 0 Sk < n—1, is on a
routiné path [6][15]; the lemma follows. O | o

Lemma A2.1 captures a s1mple characteristic of routing in the MDM net-
work and, for each source /destlnatlon pair, it allows the discussion to focus only.
on the behawor of the pivots at each stage. A pivot is unreachable if a.ll its par-
ticipating input links (defined in Section 3) are blqcked, and it is closed if all its
participatiﬁg output links are blocked. A pivot of a lower-order stage éan ber
closed due to the closure of pivots at higher-order stages. Likewisé, a pivot of

higher-order stage can be unreachable due to unreachability of pivots at lower-

order stages. From the definition of a pivot, an important lemma which o

identifies the causes for the absence of blockage-free paths between a

source /destination pair is stated as follows.
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Lemma A2.2 In the IADM network, for a given source/destination pair, if all
pivots of some stage are closed or unreachable, there exist no blockage-free

paths for the source/destination pair. O

: p_LeIm'na,é A2.1 and A2.2 describe the behavior of the switches aﬁd the links |
iﬁrthe{set ‘of routing paths for each source/de.st;,ination pair.} These‘;?lémmas
make it possible to ignore switches other than pivots and 1inks other than parti-
éipating links at each stage for a source/destination pair. Thesé »‘resuAlts- greatly

simp]i_fyt_hé complexity of rerouting in the JADM network.

- The correctness broof for algorithm BACKTRACK consists of two parts.
Firstﬁis' that thé path found by the algorithm is a valid path leading to the des- 7
tination and capable of avoiding blockages in the network. Seéond is that algo-
}ritrhm BACKTRACK always finds a rerouting path if there exists 5ny, whic‘h is
éqﬁiv#l»ent,gtr(‘) that algorithm BACKTRACK returns FAIL only if there exist no
blockage-fxfee paths. To prove thesevtwo parts, it requirés exami'na’tion of. phe' 7
condAitio-ns thé,t terminate algorithm BACKTRACK. |

.<The ‘rerouting path found by the algorithm can route the ‘message?'t(o_the
destination ‘because the destination bits of the rerouting tags equal to the
binary rép'resentation of the destination address. The rerouting path’s"abil_ity
to evade blockages is a natural consequence of Corollary 4.2, on which stei)s 3
~ and 10, the only }s'teps in the algorithm that genérate rerouting tégs, are 'ba-s'e.d.
Notiée that step 6 returns the rerouting tag if the rerouting path found from
step 3 or> IO is blockage-free. | | o

'The steps that return FAIL are steps 1, 4a, 4b, 5, 8 and 9. Steps 1 and 8
return FAIL because no alternate routing paths exist. Steps 4a, 4b, 5 and 9

retuljn FAIL because the communication between the source and the destination

is broken due to the blockages in the network. So it is inipossiblé for a
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blockagé»—fre\e path to exist without algorithm BACKTRACK finding it #nd not
| returning}F A]L Validity of steps 1 and 8 was discusse>d. Thereforé, the proof
for the Secgnd part is complete if steps 4a, 4b, 5 and 9 are veriﬁerd“
Proof of steps 4a and 4b

ot Im vi‘;he; following discussion for steps 4a and 4b, only the case where link-
found =1 is explored; vthebcases where lnkfound =0 cah be treated anal_o-
gously. In Figure 5 (inkfound =1 and ¢ = 1), the blockage at stagé q on path
P'is a straight link blockage and the link at stage ¢ on the rerouting path is
chosen. to be ((j+27)€S, , ( j+2q+l)€Sq +1) by setting b'n+q = Jq (Lemma A1.2).
| A blockage in ((74+27)€S, , ( j+2‘1+1)esq +1) can be overcome by reroutingbthe
message through the othér nonstraight link ((5+2%)€S, , jESq‘H). This is done
by complementing b',,,. If ((j+27)ES, , 5€S,41) is also blocked, links
( jE,Sq , jes.‘l’“)’ (( j+2Q)equ , J€S, +1) and (( j+2q‘)esq , ( j-_|—2'1+1)65‘q+1):‘..are> all
» blyo,c‘ke.d,,‘thubs both pivots at stage ¢, 7ES, and (5+27)ES,, are closed. Hence no
Blockage—ffee paths exist. The above explains step 4a. In Figure 6 (Link-
found - 1 and ¢ =1) both nonstraight links of j€S, on path P,
(€S, » (j%2q)€Sq+1) and (J€S; , (§+27)€S;41), are blocked and thus pivot
]'ESq is closed. If (7+27)€S, , (5+27)ES, 1) is also blocked, pivot (7 +2q)€Sq
is also closed. Because both pivots of stage ¢, 7€S; and (7427 )ESq, are cloéed,

there exist no blockage-free paths. This explains step 4b. O

The écope of the correctness proof for steps 6 and 10 is limited to"the case
'Where the first nonstraight link found in backtracking is —2" (linkfound = 1)
and'assdmes that the blockage at stage ¢ is a double nonstraight link blockage.
Diécussipﬁs' for the cases where link +27 is thé first nonstraight link fouhd in
backtracking and where the blockage at stage 1 is a straight link blockage can

be treated ..analogously.
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' An interesting property regarding' the behavior of the pivots at each itera-
tion: of backtraCking is discussed here. This is to be used in the‘correctneSs
‘proof for sb,:t‘eps‘5 and 9. The discussions are associated with Figures 5 and 6 for

= i»and.iv;,‘=‘ t—k. Since the links on path P from stage r+1 to ¢—1 are all
straightr ,linl{s‘, by Theorem 3.2, there exist no alternate rooting'paths 'frOm
JES, 41 to: ]ES So the closure of j€S, would effectively close every p1vot'
J€S, r+1 <1 < ¢g—1. Hence 1f JES, is closed, every j€S, r—l—l <l <gq,is
closed Due to the closure of j€S, .y, ((J+27)€S, ; jES,44) is blocked. If |
((7 +2’)€S, , j+2'+1)€ 1) is also blocked (step 6), both participating output
links of (j +2’ )ES, are blocked and thus (]+2' JES, is closed. After j and g are
updated in step 7 (ie. g+ j+2",q <1 so that (74+27)€ES, becomes JES,),
the same type of blockage recurs (i.e. bol‘,h nonstraight outpu’t links of jES v
are blocked and thus ]ES is closed) as that which took place When the ‘algo-
»rlthm was ﬁrst entered (i.e. ¢ =1) and thus a new. 1terat1on of backtrackmgr
begms For convemence of reference, the property described in this paragraph

is formally restated as a lemma.

L_emma A2.3 In each 1terat10n of backtrackmg in algorithm BACKTRACK on
| path P every p1vot - JES), r+1 </ < q, is closed if

((5427)€ES, , (7+2"T1)ES, ;1) is also blocked, (j+27)ES, is also closed. D

Beginning from the second iteration of backtracking, the link of stage ¢ on
the rerouting path is always a straight link, since the blockage at the onset of
ea'ch lteration of backt‘rackiné is always that both nonstraight output links of
]ES are blocked (Flgure 6) Hence only step 4b is concerned in checklng the
blockages of stage g on the rerouting path As a result in Flgures 5 and 6
 (linkfound =1), thelInks on path P from stage r to stage ¢ consist of'on_ly

straight links and negative nonstraight links; correspondingly, the links on the



_43-
rerouting path from stdg’e r to‘stage ¢ consist of énly straight links and positive
nQnstraight‘links.. Similarly, for linkfound = 0, the links on path P from ‘stagé o
r to svta-g“e i—l consist of only straight links and positive nonstraight links;
co_;tespgﬁdiﬁgly, the links on the rerouting path from sﬁage r to stage»’i{_—l c_oh-
-si‘stiiof only-étraight links and negative nonstraight link‘s.v
Proof of step 5 .
Proof of step 5 is illustrated in Figure 6 for ¢ =¢ and r =1 —lc.,;Bec‘a}u‘:se of
Lemma, 'A2_.2, it suffices to show that, in each iteration of backtr,ﬁcking, a dou-
ble nonstraight link blockage at stage g ‘and an additional link blockage in
((j+2‘)€5', , (7+2"THES) ), for some I, r+1 < I < g1, effectivelj cl()se,\‘pi\?ot
jES[;I_llnand‘ make ( j+21)65',+1 unreachable. From Lemma A2.3, on path P
every:'pi_w‘rqj; ‘J'ESHI’ r4+1 <1 < q—i, is closed. On path é, ifva link blockage
alsb, o_,'ccurs,‘,.'in (7 +2Hes; , ’(J'+2I+I)ES,;|_1), pivot (J.+2I+I)GSI+'1: v‘becom‘es '
unreachéble_ unless JES;, the other pivot at stage l, is also co'ﬁnec_ted,to
(5+21HES 41 This would oc:cur. only if link +2/*! is a legitimate link at»étage
| , l, i.e. :21“‘ = 2" =0 mod 2*" (a straight link). But I < q——ll <(n —1)—1 rsvo,‘_tha‘t‘
141 #nq < n-—1 since ¢ is ‘the stage number at which a o}utpu}tv;f livn‘k: is
, blocked énd‘vstage' n—1 the last sﬁagé that has output links. Because 'pivot
‘ j'ES,.H is closed and ( j+2'*1€ES),; is unreachable, there existi'no' blockage-fr"ée
paths. (] | | o
Proof of step 9 |
From Lemma A2.3, af the end of each iteration of backtracking, ( j-l-2r)€S,‘ and
JES, 1y _are' closed. Afterva.‘new-itera.tion of backtracking starts aﬁd Stép 7 is N
e#ecuted, (7427)ES, is relabeled as jéSq and jES,,; is relabeléd as -
| (7—27)ES, 41- ‘So the COnditioﬁ that jES'q and (5j—27)€S, +1 afe b_bo‘t,h closéd is a

priori in the beginning of the new iteration. Since ( ]'-f2q)‘€Sq+1, one of the
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p“ivots at stage ¢+1, is. closed, any rei'outing path must ‘pass through '
( j+2‘1‘)eSq ﬁ, the other pivot at stage ¢+1. It is shown below thé,t such a
rerouti‘ng path does not exist if the nonstraight link at stage r found in back-
tracking is +2". The proof is villustrated in Figure 9. “The curreI‘ltAroiiti’ng path
is ((-j—2_’)€S., » J€S, 41, "1t 5 JES, ; (1—27)€S, ;) and there exists a- rerout-
ing path ((j—2")€S, , -~ -, (J—2!7)ES, 1, (1—27)€S, , (1—27)€S,41)- Thus
(/—29)€S, and jES, are the twé pivots at stage ¢. Since pivot jES, is closed,
any rérouting path must pass through pivot (j—27)€S,. But (5—27)€S, is not
connecte’d to (5+27)€S, ; since link +297! is not a legitimate link at stage ¢,
0<gq <n-—1. Therefore, no paths that pass through ( _7"—2" )ES, énd
(5+27)€S, ;1 exist. Note that al'though further backtracking to a still lower-
order stage is possible, as long as the nonstraight link af stage r found in back-
tracking is +27, the two pivots at stage ¢ never change. That is, further back- ‘

tracking will not result in a path that passes through ( J—2%)€S, and

(.7.+2q )ESq +1° O
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Figure 1. The Indirect Binary N-Cube (ICube) network for N=8 (according to
the first graph model); two possible states for each box are shown (i.e.

straight and exchange).
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Figure 2. The IADM network for N=8 (according to the first graph model);
even; and odd; switches, 0 < ¢ < 2, are enclosed with bold and regular
edges respectively. The solid edges (links) show the ICube subgraph.
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Figure 3. The Indirect Binary N-Cube (ICube) network for N=8 (accordmg to
the second graph model).
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odd (‘-—'?
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-function AC; 1.=0 \

tunction Aai

Figure 4. The connection links of stage ¢ of the ICube network can be described
by the function AC;. The connection links of stage ¢ of the IADM
network can be described by the union of the functions AC; and AC;.
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| jESiky JES,  JESm  JES;  JESim

’(j+2ff'=)e~9;_k el ] —{

S .
(F+2i-F e 5.'—/::?\

(7+2))eSs,

(G+2)E8iy

Figure 5. Rerouting for a straight link blockage in (j€S;, j€S;,,). Path
((5+2°%)ES; 4 » 5€Siks11+ * ** » JES,41) is a segment of the original
path; ((j4+2°7%)eS;y , (F+2*MNES 411y -, (F+29)ES; , JES;,,) and
(+27)E8; » (4274 ES oy s -+ (742065, , (7427)€8;40)  are
the rerouting paths for it. '
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(J‘—‘Z'. JESi1

» JESikn1 JES, JESm  JES
(+274)eSic T Jomee

\

(F+20ES e,

(5+2")eS,

(F+2")eS )
\
4

\
\

(5+29)es; (7+2°)ESip

Figure 6. Rerouting for a double nonstraight links blockage in

(5€S; , (1—2')ESi1) and (FES; » (5+2°)ES;1a)- Path
(542 F)ESi_ , (JH2*FMES; 441y -7+ » (GH2)ES; , (742')E€S;,1) i 2
rerouting path for both paths
(54+275)ESis » 5E€Sickars ** + 381 s (1-2°)ES,1) and

(54275)ES;k » TES; ka1 s * " 1 5E€Sinn » (142°)ES; 1)
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Figure 7. All routing paths from 1€S, to 0€S; in an IADM network of size
N=8. o
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Figure 8. A cube subgraph generated by relabeling each switch 7 to (j+1) mod 8
for an IADM network of size N=8. - '
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(j—29 )ES., (j“zq )ES,, +1

(J.—21+I)GSI+1

(7-2')es

(j—20)es,

JES, 11 JES JES JES,

(j—2')€S,

(7+29)eS,

Figure 9. Rerouting for nonstraight output link blockages of switch J€S,. The
original path is ((—27)ES, , j€S,41, = , JES, » (—27)€S, 1) and the
nonstraight link found in backtracking is a positive link
((j—zr)esr ’ jES,+1)-
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