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Enhanced Cube Network for the High Reliability
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Abstract

Multistage Interconnection networks (MIN) for the high performance compufing and communications must be efficient and
reliable. While a number of fault tolerance schemes have been developed, some of them are not efficient enough with respect
fo all evaluation meosures or overheads of others are too significant. In this paper we develop a new efficient fault tolerant MIN
which displays high relicbility and fault tolerance capability using a simple structure, Structure and reliabilities of Enhanced Cube

Network are evaluated and compared with previous designs to show the effectiveness of new design.
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1. Introduction

One of major problems suffered in parallel and dis-
tributed processing is the degradation of performance
due to the commumication overhead. Therefore, inter-
connection networks by which efficient communication
can be achieved are crucial to this system The simplest
types of interconnection networks are crossbar and
single shared bus which have problems in cost and
performance, respectively. To solve these problems,
various multistage interconnection networks(MINs) have
been proposed[1-5].

To improve the reliability and performance of MINS,
fault tolerance capabilities should be implemented for
MINs. A number of different fault tolerance designs
for MINs, which involve modification of original to-
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pology, have been proposed in the literature[6-15].
In providing path redundancy several typical schemes
employed such as adding extra stages or rows of
switches[6-8], varying switch complexities[8-9], extra
links[10], and duplicating networks[14]. These schemes
are used alone or some of them are combined together
to obtain the desired fault tolerance capability. Effec-
tiveness of these fault tolerance designs are evaluated
usually with respect to terminal and network reliability,
Mean Time To Failure(MMTTF), and network surviv-
ability.

The proposed Enhanced Cube Network(ECN) is
developed based on the fact that the network re-
liability will be very high and a large number of
fault can be tolerated if original connectivity of
MIN is enhanced efficiently. This brought a design
which allows the network to be alive as far as
each switch in the conjugate pairs (and attached
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link) in the path is good. Additional hardware re-
quired to support this feature is as simple as two
multiplexers and demultiplexers (mux/demux) in each
switch node and the doubled links between stages.
The network reliability is much higher than other
previously proposed designs with a much more sig-
nificant or comparable hardware overhead. Due to
the structural simplicity and regularity of the design,

routing is also very simple and straightforward.

2. Reliability Measures

+ Terminal Reliability

Terminal reliability(TR) is defined to be the pro-
bability of existence of at least one fault-free path
between a given pair of input and output terminal.
Redundancy graph{17] is a directed graph showing
the possible paths between a given input and out
terminal.

» Network Reliability

Network Reliability(NR), also called all-terminal
reliability, addresses the probability that at least one path
exists between every source and destination pair.

¢ Mean Time To FailureMTTF)

If NR(?) is the time dependent network reliability,
MTTF can be obtained by

MTTF = j NR(t)dt
0

3. The Proposed Enhanced Cube
Network

3.1 Motivation

Even though the approach employed in ESC is
efficient, it has several shortcomings which requires
some improvement. First of all, ESC is effective for
only a small number of faults (so requires high com-
ponent reliability) due to its somewhat rigid utilization
of extra stages[16,19]. For example, for a 16x16 ESC,
the network survivability rapidly drops down to 0.089
from 1.0, when the number of switch faults increases
to three from one{19]. Moreover, this shortcoming
becomes more important as the network size grows.
This is because the role of the extra stage for pro-
viding redundant paths becomes less significant.

3.2 Structure of ECN

An 8x8 ECN is shown in Figure 1. As explained,
onc additional set of links(what I call conjugate
links) is augmented between every stage to realize
the connections of each conjugate switch. For example,
SWs. has additional connections to SW;; and SWi,
to which SWix{conjugate of SWy2) has connections.
All other additional links are made by the same way.

2
0
3 7
* Network Survivability W P
U
Network survivability is the probability that the ST
network is alive in the presence of a fixed number
of faults. Therefore, it is a good measure of the ¢
detrimental effect of an additional fault on the net- 7 7
STAGE 2 1 0
work reliability. Figure 1. Structure of ECN
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Also, because each input and output port of a switch
is connected to two links now, a multiplexer and
demultiplexer is required to put in each place. No-
tice that the original links are connected to the
upper input position of each mux/demux, while the
conjugate links are connected to the lower input
position except the links to output terminals. This
arrangement of links is for correctly routing messages
using a bit of the destination address, as explained
in the section for routing.

As shown in Table I of structure comparisons in
Section 4.1, the hardware requirement of ECN is
much smaller than DR and Gamma network. It is
also said to be at least comparable with ESC, which
has one extra columm of switches. Note that mux/
demux in our ECN operate in a different fashion
from ESC such that it is not used to bypass switches
but simply select one link out of two. Thus each
network cycle is uniform, and no extra delay occurs
because of extra stage between communicating pairs
like ESC.

Figure 1 shows an example how the connection
between input port 0 and output port O is realized
in ECN with some faults. Here X denotes the faulty
switch nodes. Note that, with this fault distribution,
ESC can not allow the connection for this pair. As
shown in this example, ECN will survive from much
more significant number of faults than ESC.

3.3 Performance Evaluation of ECN

+ Terminal Reliability

Redundancy graph of ECN is shown in Figure 2.
There exist four links between adjacent stages and
eight links between stage 1 to O for any input and
output pair in ECN. However, to employ a practical
simple digit controlled routing scheme, the number of
available links between any stage is fixed to four.

SWo1 SWa2 SWes  SwA SWo

Co(SWed)  Co(SWa3) Co(SWe3) Co(SW1) Co(SWo)
Figure 2. Redundancy graph of ECN

For the explanation of redundancy graph of
Figure 2, let’s denote SW; to any switch box in
Stage j. 1 also assume R; to be the probability that
at least one fault-free path is available from SWj.,
to the destination D, given that SW., is fault-free.
R, is assumed in the same way using Co(SW.;).
Here, j is from n-2 to 0. Because destinations are
nonfaulty, R,=R. =1 Also, by the symmetry of
the redundancy graph, R =K, is obtained. The
following recurrence relationship can then be obtained
from Figure 2.

R; = Prob{SW, is nonfaulty} R.; + Prob{SW, is
faulty} Prob{Co(SW)is nonfaulty} K.,

Ri=pR; .+ p(1—pR5_,
Ri=pR; |+ p(1—pR,_,

TRecn can be obtained as follows.

TR pcy= Prob{ SW,_,is nonfaulty}R,—,
+ Prob{SW,_is faulty}Prob
{Co(SW,,_1)is faultv}R;_,
=pR, »+(1—p)pR;_,
={p+A—-pnt"

 Network Reliability and MTTF

ECN is alive as long as no conjugate pair of
switch boxes are faulty while there exist nNA4
conjugate pairs. Thus network reliability is simply
obtained as follows.

NR oy :{1_(1_1’)2}%]
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Tabel |. Comparison

of structures of the fault tolerant MINs.

Features G. Cube SEN+ ESC DR Gamima ABN-1 ECN
Number of switch boxes | nN/2 (n+1)N/2 (n+1)N/2 M)NTS) | DN | (n-1)N/2 nN/2
Size of switch 2x2 22 22 33 33 5x3,3x3,3x5 22
Number of links (DN nN nN In(N+5) 3nN (3n/2-1)N 2(nt+1)N
Extra hardware None None Mux, Demux Norne None Aux. link | Mux, Demux

MTTF of ECN is given by

MTTF,,, =+2* ﬁL k (-2)
VAT [ Sk+ili
nN
Here, k==

* Network Survivability

In an NxN ECN, there exist nN/2 number of
switch boxes and nN/4 number of conjugate pairs.
If at least one switch box is good in any conjugate
pair, the network can survive. Let’s assume that
there exist f number of faulty switch boxes. The

total number of combinations of selecting f switch

N2
boxes 15{ 7

lecting conjugate pairs exists. In each pair selected,

}, and {M}/Z} number of ways of se-

there exist two choices of switch boxes. Therefore
NS of ECN can be obtained as follows.

{nN/4}2 ;

L f

ECN — {nN/z}
f

4. Comparison of ECN with
Other Designs

NS

4.1 Comaprison of Structures

Table I summarizes and compares the structures
of several fault-tolerant MIN including ECN. Observe
from the table that ECN requires smaller number of
switch nodes than ESC, while links are about twice.

Also, it needs more multiplexers and demultiplexers.
However, links and mux/demuxs (pure combinational
circuit) are much simpler and reliable than switching
elements. Therefore, ECN can be said to require at
least a comparable structural overhead as ESC. ABN-1
requires slightly fewer switch nodes and links than
ECN, while much more complex and nonhomogeneous
switch nodes are used. Again, the overheads in terms
of hardware complexity are about the same. However,
more importantly, structure of ECN is completely
regular and simple, while the other two are not. The
property of regularity is very important for MINs be-
cause it directly determines the complexity of message
routing control, and eventually the performance of
the system. Gamma and DR networks require signifi-
cantly higher hardware overhead.

4.2 Comparison of Terminal Reliabilities

Figure 3 compares the terminal reliability of various
networks when p=09. The TR of ESC is con-
sistently higher than SEN+ as expected because ESC
network can still be alive even when switch boxes
in either the first or last stage fail, by utilizing
multiplexers and demultiplexers.

As expected, ECN displays the highest terminal
reliability among the designs studied. When p=09,
the terminal reliability changes from 0.970 to 0.886
if the network size grows from 8x8 to 40964096.
Observe that the TR of ECN is consistently higher
than ABN-1 as well as ESC, and the difference is

28
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Figure 3. Comparisons of Terminal Reliability.

more significant for relatively large networks. With
switch boxes of higher reliability(p=0.99) ESC performs
better. However, ECN still outperforms ESC even in
this case. Note that the effectiveness of TR as a mea
sure for network reliability and performance varies
depending on the network topology (path sharability

among pairs).

4.3 Comparison of Network Reliabilities

Table [ compares the network reliabilities of
the networks when p=09. Improvement of network
reliability of ECN is even more significant than for
terminal reliability. Network reliability of ESCub
and ECN are 0203 and 0.851, respectively when
N is 16 and p=09. The improvement increases
geometrically as the network size grows.

ABN-1 requires much more complex switches
than ours while slightly fewer links are used. Be-
cause of its operational characteristic of looping
between switches, switches and the overall network
structure are not uniform. As mentioned this is ex-
pected to cause routing and switching control very
difficult. Thus, ECN seems to be more practical.

ECN is expected to even improve the network
performance because messages can be rerouted using

Tabel H. Network reliabilities of fault tolerant MiNs (p=0.9)

ﬁe"mf"g)k Gergfe’md SENH, SENM, BCo | ESCa Gamma DR(S=3)
4 6.56x10" 6.50x10" 6.50x10" 89x10" | 899x10" 2.82x10" 645x10"
8 282x10" 3.80x10" 414x10™ 5.74x10" 6.08x10™ 343x10° 1.40x10"
16 343x10° 8.98x10” 164x10" 120107 | 208x10° 218x10° 1.75x10°
R 218x10° 232107 2.49x10* 26710° | 25%10° | 00 00
64 0.0 00 5.28x10* 0.0 | 580" 00 00
128 00 0.0 00 00 00 00 00
Network Size(N) ABN-1, ABN-1p, ECN
4 9.90x10" 9.90x10* 9.80x10*
8 961x10" 9.44x10™ 9.41x10™
16 8.86x10™ 8.29x10™ 851x10"
) 7.25x10" 594x10™ 6.69x10™
64 448x10™ 2.63x10™ 3.81x10"
128 1.45x10™ 3.83x10 1.05x10™
256 1.11x10* 452x10* 5.82x10°
512 3.39x10° 1.90x10° 9.37x10°
1024 8.78x10" 3.40x10™ 6.70x10™
2048 449x10% 9.44x10™ 2.62x10°%
409 6.84x10° 5.95x10™ 2.32x10%
&= QlE{ul HEsts] (4 63) 29
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Tabel 1ll. Comparison of network survivabilities of ECN and ESC

ESC ] ECN

Network f=4 f=4

Size(N) =2 B | Lower Bound)|(Upper Bound)| - = =
8 0233 0.0286 00022 0020 | 09 07273 04848
16 03282 0.089%0 00172 00648 09677 09032 0.809%
2 04105 01644 0.0464 0204 | 0% 09620 09245
61 04792 02409 0.0831 0.1809 09948 09843 09687

conjugate paths in the case of congestion. A number
of schemes such as packet combining and buffer
bypassing have been proposed for the performance
enhancement of MIN with nonuniform traffic. One
shortcoming of these schemes is the nontrivial hard-
ware and software implementation overhead. Our
ECN design will be a good candidate for solving
this problem.

4.4 Comparison of Network Survivabilities

As shown in [19], network survivability(NS) of
ESC is much better than that of DR. Therefore, here,
comparisons between ESC and ECN are presented
in Table II. From Table III, it can be seen that ECN
is incomparably better than ESC in tolerating faulty
components. ECN, thus, can be said to be much
more preferable than ESC for an application where
the system is required to fully operate with some
faulty components.

5. Conclusions

To develop an efficient design for fault tolerant
MINs, it is important to study the effect of imple-
mented redundancy. Based on conjugate pair concept
an efficient fault tolerant network called ECN is de-
veloped. It displays a very high terminal and network
reliability. Structure of ECN is also very simple, and
thus routing is straightforward. Because of this pro-

perty of high reliability and structural simplicity, ECN
is expected to be very effective for large scale parallel
system especially in VLSI environment. One important
aspect relevant with fault tolerant MINs is that the
extra hardware implemented for fault tolerance can
positively or negatively influence the performance of
the original network.
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