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Adaptlive wormhnoie routing in tort witn rauits

S.Chalasani
R.V.Boppana

Indexing terms: Adaptive routing, Deadlocks, Fault-tolerant routing, Multicomputer networks, Message routing, Performance evaluation, Torus networks,

Wormhole routing

Abstract: The authors present a method to
enhance wormhole routing algorithms for
deadlock-free fault-tolerant routing in tori. They
consider arbitrarily-located faulty blocks and
assume only local knowledge of faults. Messages
are routed via shortest paths when there are no
faults, and this constraint is only slightly relaxed
to facilitate routing in the presence of faults. The
key concept used is that, for each fault region, a
fault ring consisting of fault free nodes and
physical channels can be formed around it. These
fault rings can be used to route messages around
fault regions. We prove that, at most, four
additional virtual channels are sufficient to make
any fully-adaptive algorithm tolerant to multiple
faulty blocks in torus networks. Simulation
results are presented for a fully-adaptive
algorithm showing that good performance can be
obtained with as many as 10% links faulty.

1 Introduction

Point-to-point torus and related networks are being
used in many recent experimental and commercial mul-
ticomputers and multiprocessors [1-3]. A (k,n)-torus
network has an m-dimensional grid structure with k
nodes (processors) in each dimension such that every
node is connected to two other nodes in each dimen-
sion by direct communication links. The wormhole
(WH) switching technique by Dally and Seitz [8] has
been used in many recent multicomputers [1-4]. In the
WH technique, a packet is divided into a sequence of
fixed-size units of data, called flits. If a communication
channel transmits the first flit of a message, it must
transmit all the remaining flits of the same message
before transmitting flits of another message. To avoid
deadlocks among messages, multiple virtual channels
are simulated on each physical channel and a prede-
fined order is enforced on the allocation of virtual
channels to messages.

For fault-free networks, important issues in the
design of a routing algoritlim are high throughput,
low-latency message delivery, avoidance of deadlocks,
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livelocks and starvation and ability to work well under
various traffic patterns. Given a network with faults,
our approach is to use the existing network rather than
recreate the original network using spare nodes and
links. Therefore, for networks with faults, a routing
algorithm should exhibit the following additional fea-
tures: graceful degradation of performance and ability
to handle faults with only a small increase in routing
complexity and local knowledge of faults.

The well-known e-cube or dimension-order routing
algorithm is an example of nonadaptive routing algo-
rithms, since always a particular path is used in routing
messages between a pair of nodes even when multiple
shortest paths are available. With the e-cube, even a
single fault disrupts communication between multiple
pairs of nodes. With increase in adaptivity, a message
is more likely to find a less congested path or fault-free
path. Therefore, the issue of adaptivity, the extent of
choice in selecting a path between a pair of nodes in
routing a message, plays an important role in designing
fault-tolerant routing algorithms.

1.1 Description of the problem and results
We present a technique to enhance minimal, fully-
adaptive routing algorithms for fault-tolerant routing
in tori. A minimal fully-adaptive algorithm routes mes-
sages along any of the shortest paths available. We
consider routing methods that use only local knowl-
edge of faults. We assume that faulty processors are
confined to one or more rectangular blocks.

For each fault region, there exist one or more paths
that pass through fault-free nodes and links and encir-
cle the fault. For a fault in a 2D torus, there is an undi-
rected ring of fault-free nodes and links; we refer to
this ring as fault-ring. In this paper, we show that fault
rings can be used to route messages around the fault
regions using only local knowledge of faults and with-
out introducing deadlocks and livelocks.

1.2 Related results

Adaptive, fault-tolerant routing algorithms for WH
and virtual cut-through switching techniques has been
the subject of extensive research in recent years [5-10].
Reddy and Freitas [11] use global knowledge of faults,
spare nodes, and routing tables to investigate the per-
formance limitations caused by faults. Gaughan and
Yalamanchili [12] use a pipelined circuit-switching
mechanism with backtracking for fault-tolerant rout-
ing. These two results are applicable to networks with
arbitrarily-shaped faults. Our interest in this paper, is
to design fault-tolerant wormhole routing algorithms
that can be applied with local knowledge of faults. One
important criterion is that the fault-free performance
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There are no previous results speciftcally on fault-tol-
erant wormhole routing in tori. Often, the results devel-
oped for meshes [5,8,13] can be extended to tori with
suitable modiftcations, since meshes and tori are closely
related. The wraparound links in tori lead to extra
deadlock possibilities, however. Therefore, if the results
developed for meshes are applied with few changes, the
number of virtual channels required to avoid deadlocks
may be doubled [5]. Furthermore, meshes have edges,
for example, the top row in a 2D mesh, and faults on
edges are complicated to handle [13]. But this case
never arises in tori, since they are node symmetric.
Hence, extending efficient mesh routing techniques to
tori in a straight forward manner may not necessarily
yield efficient routing algorithms for the latter net-
works.

In terms of adaptivity and performance comparisons,
the results by Dally and Aoki [8] are the most relevant
to ours. With the dimension-reversal schemes of Dally
and Aoki, a message may lose its adaptivity, if its
number of dimension reversals equals the number of
virtual channel classes. A message that has lost adap-
tivity is routed by the e-cube algorithm and is not guar-
anteed to be delivered to its destination if there are
faults in the network. Thus the number of virtual chan-
nels needed and the number of faults tolerated is highly
dependent on the number of virtual channels and the
location of faults. In contrast, our algorithms can toler-
ate any number and combination of rectangular faulty
blocks with simple logic, and require only four virtual
channels more than that required for the original adap-
tive algorithm. (Throughout this paper we indicate the
number of virtual channels on per physical channel
basis). This result compares well with our earlier result
that four extra virtual channels are sufficient for rout-
ing in meshes with faults [13].

2 Preliminaries

A (k,n)-torus (also called k-ary n-cube) has »n dimen-
sions, numbered from 0 to (n-1), and N = k" nodes.
Each node is uniquely indexed by an n-tuple in radix k.
Each node is connected via communication links to
two other nodes in each dimension. The neighbours of
the node x = (x,., ..., Xg) in dimension i are (X, ...,
X X £ 1, Xiq..., Xg), where addition and subtraction
are modulo k. A link is said to be a wraparound link if
it connects two neighbours whose addresses differ by
k-1 in dimension /, 0 < i < n. A (k, n)-mesh is a (k, n)-
torus with the wraparound connections missing. We
assume that each communication link represents two
unidirectional physical communication channels. The
link between nodes x and y is denoted by <x, y>. To
simplify presentation, we discuss the concept of fault-
rings for two dimensional (2D) tori. We label the sides
of a 2D torus as North, South, East and West.

2.1 Fault model
We consider both node and link faults. All the links
incident on a faulty node are considered faulty. We
assume that faults are permanent and nonmalicious
faults. Therefore, messages are generated by and for
nonfaulty processors only. We develop fault-tolerant
algorithms, for which it is sufficient if each nonfaulty
processor knows the status of the links incident on it.
A fault set is delined as the set F of faulty nodes and
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faults and two link faults in the two-dimensional net-
work shown in Fig. 1. We assume that faults in a 2D
torus have rectangular shapes. A set F of faulty nodes
and links in a 2D torus is said to have a rectangular
shape if there is a rectangle in the torus such that: (a)
there are no faulty components on the boundary of the
rectangle, (b) the interior of the rectangle’ includes all
faulty components in F and (c) the interior of the rec-
tangle contains no component that is not present in F.
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Fig.1 Three fault regions and their associated fault rings in a 6 X 6 torus

For example the set {(3,3),(3,4),(4, 3) (4,4)} of faulty
nodes shown in Fig. 1 is rectangular, since the interior
of the rectangle — with corners (2,2),(2,5),(5,2), and
(5,5) — includes all faulty components in F and no non-
faulty component (recall that a processor fault implies
that all links incident on it are faulty). However, the set
of faulty links {<(1,1),(1,2)>, <(1,2),(2,2)>, <(2,2),
(2,1)>, <(2,1),(1,1)>} in a 6 x 6 torus is not rectangu-
lar, since any rectangle with nonfaulty elements on its
boundary contains at least one-element not in F. The
faulty link <(1,2), (2,2)> is an example of a rectangular
fault region, since the interior of the rectangle with cor-
ners (1,1), (1,3),(2,1), and (2,3) contains only the faulty
link. The faulty link <(0,0),(0,1)> in Fig. 1 is consid-
ered rectangular; the rectangle that covers the faulty
link has processors (1,0),(1,1),(5,1) and (5,0) as its cor-
ners.

An f-region is the fault region of the torus given by a
block-fault. Under the block-fault model, the fault-set
in a 2D torus can be written as a union of disjoint
smaller fault sets, each of which denotes an f-region.
For example, the fault set F in Fig. 1 is in fact the
union of three disjoint f-regions {(3,3),(3.4),(4,3),(4,4)},
{<(0,0),(0,1)>} and {<(1,2),(2,2)>}. We assume that
faults do not disconnect the network.

There are many reasons to consider block faults.
First, they model several common fault scenarios such
as faults of isolated nodes and links and consecutive
nodes in a row or column. Second, an arbitrarily-
shaped fault can be modelled as a block-fault, albeit by
labelling some nonfaulty processors and/or links as

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




