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Abstract

Routing in mesh networks is studied in great detail
in the literature. Interest in torus networks however
is steadily increasing due to its symmetry in traffic
distribution. In this paper, we present a new con-
cept of wirtual mesh network to map the torus inter-
connection networks on to the mesh networks. Using
this concept, we show how the routing algorithms for
meshes can be applied to the torus networks with the
use of minimum extra hardware. The concept is il-
lustrated by an example of the fully adaptive PFNF
algorithm. Although all the discussion assumes two
dimensional mesh and torus networks, the idea is ap-
plicable to multi- dimensional networks.

Key words: Message routing, PFNF algorithm,
Torus networks, Virtual mesh network, Wormhole
routing.

1 Introduction

In distributed parallel computers, tasks are ex-
ecuted by a set of interconnecting nodes or processors.
The performance of the interprocessor communication
depends on the selection of the interconnection net-
work switching technique, the routing algorithm.

Interconnection network refers to the physical con-
nection between the processors or the nodes in the
system. Since direct networks utilize the locality of
the message references more efficiently, most of the
existing systems use direct networks such as k-ary n-
cubes or n-dimensional meshes. Performance analysis
of direct networks have shown that with wormbhole
switching technique, lower dimensional networks offer
improved latency and throughput results for the same
network bandwidth [1, 7]. Recent interest in multi-
computer systems is therefore concentrated on 2 and 3
dimensional mesh and torus networks [2, 3, 11, 12, 13].

Switching technique determines the allocation of
resources as the message travels through the network.
Virtual cut-through and wormbhole routing are the
main switching techniques used in multicomputer sys-
tems. Amongst the three, virtual cut-through and
wormhole routing result in lower latency than store
and forward routing. Due to its lower buffer require-
ments, wormhole routing is preferred over virtual cut
through, and is being used in serveral contemporary
multicomputer systems [15].

Routing algorithm determines the path a message
follows to reach its destination. If the path between
every pair of source and destination is fixed, the al-
gorithm is called a deterministic algorithm. For bet-
ter system performance, it is however preferable that
the algorithm adapt itself to the network faults and
traffic congestion and allow alternate paths. Depend-
ing upon whether the algorithm can use all the possi-
ble physical paths between the source and the desti-
nation, adaptive algorithms are classified as partially
adaptive or fully adaptive. Turn model[10], direction
restriction model [5] and planar routing [6] are exam-
ples of partially adaptive algorithms. Fully adaptive
algorithms are developed using the concept of virtual
channels[8]. Examples of fully adaptive routing algo-
rithms include [4, 9, 14, 16, 17]. All these algorithms
differ from one another in terms of their virtual chan-
nel requirements and the efficiency they provide.

Mesh interconnection networks are simple and eas-
ily scalable. However, they are not symmetric at the
edges which causes uneven traffic distribution in the
network even though the generated traffic is uniform
[17]. This uneven distribution limits its performance.
Many research and commercial systems therefore use
the torus networks instead. The wrap-around connec-
tions in the torus make scaling of the network diffi-
cult. But better performance is delivered by the torus
network because of its symmetricity throughout the
whole network. The recent commercial system Cray
T3D [12] uses a torus interconnection topology.



In this paper, we present a new concept of wvirtual
mesh network to map the torus interconnection net-
works to the mesh interconnection networks. Since
routing in mesh is widely studied[10, 5, 6, 16, 4, 17],
the concept of virtual mesh networks helps in ad-
dressing the torus routing issues in a simpler and
methodological manner. In most cases, the routing
algorithms for meshes can be easily extended or mod-
ified for use in torus networks. We illustrate this con-
cept by giving example of the fully adaptive PENF[17]
routing algorithm. Throughout the paper we have as-
sumed wormhole switching and two dimensional net-
works. The idea is, however, easily applicable to other
switching techniques and higher dimensions.

The rest of the paper is organized as follows. Sec-
tion 2 summarizes the required definitions. The con-
cept of virtual mesh networks is discussed in Section
3. Section 4 illustrates the concept with an example
of the PFNF algorithm. Conclusions are presented in
Section 5.

2 Definitions

This section presents the terminologies used
throughout the paper. Some of these definitions are
reiterated from previous works [9, 4, 7] for the sake of
completeness.

Definition 1: An n-dimensional torus is defined as
an interconnection structure that has Ky x K7 x...x
K, _1 nodes with n as the number of dimensions and
K; as the number of nodes in ith dimension. Each
node in the torus is identified by an n-coordinate vec-
tor (zo,21,...,2p_1), where 0 < 2; < K; — 1. Two
nodes, (zg,z1,...,2,-1) and (Yo,¥1,...,Yn—1), are
connected if and only if there exists an 7 such that
z; = (y; £ 1) mod K;, and z; = y;, for all j # i.
Definition 2: A Physical Interconnection Network,
PN, is a strongly connected graph, PN(PV, PC),
where PV represents the set of processing nodes and
PC represents the set of physical channels connecting
the nodes.

Definition 3: A Virtual Interconnection Network,
VN, is a strongly connected graph, VN(PV,V(C),
where PV represents the set of processing nodes and
VC represents the set of virtual channels, that are
mapped to the set of physical channels PV.
Definition 4: A Channel along dimension ¢
is termed as positive channel if its source node
X(xo,21,...,2,-1) and sink node Y (yo, 41, -, Yn-1)
differ in the ith coordinate such that z; = y; —
1 mod Kj;.
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Figure 1: A 5 x 5 two-dimensional unidirectional
torus.

Definition 5: A Channel along dimension ¢
is termed as negative channel if its source node
X(xo,&1,...,2,-1) and sink node Y (yo, 41, .-, Yn—1)
differ in the ith coordinate such that z; = y; +
1 mod K;.

Definition 6: An n-dimensional torus is defined as
untdirectional if the nodes connected in the network
are connected either by all the positive or all the neg-
ative channels.

Definition 7: An n-dimensional torus is defined as
bidirectionalif the nodes connected in the network are
all connected both by the positive and the negative
channels.

Definition 8: A routing algorithm R : N x N —
p(C), where p(C) is the power set of C, supplies
a set of alternative output channels to send a mes-
sage from current node n. to the destination node ngy.
R(n.,nq) = (c1,c2,...,¢p).

Figure 1 shows a 5 x 5 two-dimensional unidirec-
tional torus network. The nodes are all connected
by the positive channels. The figure also shows the
directional notations used throughout this paper.

3 Virtual Mesh Network

In wormhole switching, a message is split into a
number of small flits. Only the header flit has the
address of the destination and all the other flits follow
the header flit in a pipelined fashion. Since no trailing
flits has any information about the destination, if the
header is blocked at some node, the whole message
gets blocked. If the blocked messages in the network
form a cycle, it can create a deadlock.



In mesh interconnection networks, cyclic depen-
dency can occur due to the inter-dimensional turns
made by the messages. All the possible turns a mes-
sage can make are shown in Figure 2(a). The cycles
formed in Figure 2(a) also refer to the deadlock con-
figurations.
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Figure 2: Deadlock configurations in (a) mesh and (b)
torus networks.

In torus networks, since there are wrap-around
connections (refer to Figure 1), besides the inter-
dimensional turns, cyclic dependency can also occur
in the same dimension. The possible deadlock config-
urations for a torus are shown in Figure 2(b).

DATELINE

Node 0 Node 1 Node 2 Node 3 Node 4
"” == == = == =
| : VCl —
| ! ve2 - -
o _______ — o _______u
@
DATELINE
Node 0 Node 1 Node 2 Node 3 Node 4
R R R Ee
. e
(b)

Figure 3: Avoiding Wrap-around dependency

Since deadlock situations in meshes are prevented
by the routing algorithms, if the wrap-around depen-
dencies are some how broken, routing algorithms for
mesh networks can be efficiently applied to torus net-

works. The concept of virtual mesh network is intro-
duced to enable this mapping. It defines the addi-
tional hardware and routing constraints required to
break the wrap-around dependencies and therefore
the mapping of torus interconnection networks to the
corresponding mesh interconnection networks.

3.1 Breaking wrap-around dependency

Wrap-around dependencies can be broken by
using two virtual channels per physical channel in
each direction and enforcing a rule that messages
should travel only on one virtual channel before it
crosses one particular node and on the other virtual
channel after crossing that node. Consider only one
row of nodes as shown in Figure 3 and routing through
the positive z direction.

Enforcing the rule that all the messages traveling
positive  would travel on virtual channel VC1 be-
fore they cross node 4 and on virtual channel V' C2
after they cross node 4, there can not be any cyclic
dependency due to the wrap-around connection. The
same concept can be extended to the whole torus net-
work and to all the dimensions. We call the set of
nodes which force a transition of channels to form a
dateline. Determination of the nodes that would re-
quire these additional virtual channels would depend
on the selection of the dateline nodes and on the torus
topology (unidirectional or bidirectional).

The dateline and the extra virtual channels re-
quired for the purpose of breaking wrap-around de-
pendencies can be considered to form a different layer
of the network. We term this network as a wvirtual
mesh network. Next subsections describe the virtual
mesh networks for two-dimensional unidirectional and
bidirectional torus networks.

3.2 Bidirectional Torus

Bidirectional networks have both positive and neg-
ative links between all the connected nodes. Figure
4(a) shows a bidirectional torus with two virtual chan-
nels VC1 ad VC2 per physical channel. The wrap-
around connections are not shown. If we consider
routing only through positive y direction and assume
that the dateline in positive y direction is at row 4 as
shown in the figure, then only nodes at rows 0 to 2
would require two virtual channels to break the cyclic
dependency in positive y direction. this is because in
minimal routing, no message would cross row 2 in pos-
itive y direction after taking the wrap-around. If the
message destination is anywhere above row 2, going in
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Figure 4: Virtual mesh networks for a bidirectional
torus with dateline at Row 4.

negative y direction initially itself would be a short-
est path. The virtual mesh network for bidirectional
torus would thus require only half of its nodes to have
two virtual channels per direction. Figure 4(b) shows
the virtual mesh networks for the dateline considered.

Note again that the position of the dateline deter-
mines which nodes would require additional virtual
channels in a given direction. If we choose dateline at
row 1 instead of at row 4, only nodes at row 2 and
above will require two virtual channels. The virtual
mesh network in positive y direction would then be as
shown in Figure 5.
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Figure 5: Virtual mesh networks for a bidirectional
torus with dateline at Row 1.

3.3 Unidirectional Torus

Unidirectional networks are connected only by ei-
ther positive or negative links. Figure 6(a) shows a
5 x 5 unidirectional torus network with positive links.
Consider again, routing through positive y direction
and dateline at row 4, i.e., a message can route on
VC1 until it crosses row 4, after which it uses virtual
channel VC2. Since the torus has connectivity only
through positive links, all the nodes would require
two virtual channels for full connectivity under this
dateline condition. The virtual mesh network can be
visualized as a superposition of two virtual networks
comprising VC1 channels and VC2 channels as shown

in Figure 6(b).
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Figure 6: Virtual mesh networks for a unidirectional
torus.

4 Mapping PFNF algorithm to Torus
- An Example

In this section we show how the concept of vir-
tual mesh network can be used to map the algorithms
for mesh to the torus networks. This is illustrated
by the example of the fully adaptive algorithm PFNF
[17] proposed for the mesh networks.

Note that the virtual mesh network describes how
a mesh network - a physical network or a virtual net-
work translates to the corresponding configuration in
the torus interconnection. As shown in the previous
section for example, one virtual network in the uni-
directional mesh would translate to two virtual net-
works in the torus network and one virtual network in
the bidirectional mesh would translate to 3/2 virtual
networks in the corresponding torus. When mapping

the mesh algorithms to torus the main issue is, if the
algorithm for mesh involves more than one virtual net-
works, how to choose the corresponding datelines so
as to minimize the overall hardware requirements in
the torus.

Consider the example of the PFNF algorithm in
bidirectional mesh network. The algorithm requires
two virtual channels (i.e. two virtual networks).
Routing is positive first in one virtual networks and
negative first in the other. While mapping this algo-
rithm to torus, each virtual network would require 3/2
virtual networks in torus. The overall virtual chan-
nels can be minimized by choosing the datelines in
these two networks halfway across from each other as
shown in the Figures 4 and 5. Thus the implemen-
tation of PFNF in torus would then require totally
three virtual channels per physical channel (Figure 7.

[ positiveFirst Routing

] NegativeFirst Routing

Figure 7: PFNF algorithm mapped from mesh(a) to
torus (b).

With a proper choice of datelines, all the algo-
rithms for mesh can be mapped to torus in a me-
thodical way as described for the PFNF algorithm.

5 Conclusions

In this paper, we have presented a new way
of looking at the torus networks by visualizing them
as a mesh topology with few additional routing con-
straints. This is shown by the concept of virtual mesh
network. The concept defines the minimum hardware
and conditions required to break the wrap-around de-
pendencies and thereby maps the torus interconnec-
tion networks to the mesh networks. Since routing in
mesh has been studied in great detail, it presents an
elegant way to map the algorithms for mesh networks
onto the torus networks. An example mapping of the
fully adaptive PFNF algorithm is shown. The same




methodology can be used for other routing algorithms
and for higher dimensional k-ary n-cubes.
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