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Abstract. In this paper we propose two new topologies for on-chip net-
works that we have denoted as king mesh and king torus. These are a
higher degree evolution of the classical mesh and torus topologies. In
a king network packets can traverse the networks using orthogonal and
diagonal movements like the king on a chess board. First we present
a topological study addressing distance properties, bisection bandwidth
and path diversity as well as a folding scheme. Second we analyze dif-
ferent routing mechanisms. Ranging from minimal distance routings to
missrouting techniques which exploit the topological richness of these
networks. Finally we make an exhaustive performance evaluation com-
paring the new king topologies with their classical counterparts. The
experimental results show a performance improvement, that allow us to
present these new topologies as better alternative to classical topologies.

1 Introduction

Although a lot of research on interconnection networks has been conducted in the
last decades, constant technological changes demand new insights about this key
component in modern computers. Nowadays, networks are critical for managing
both off-chip and on-chip communications.

Some recent and interesting papers advocate for networks with high-radix
routers for large-scale supercomputers[l][2]. The advent of economical optical
signalling enables this kind of topologies that use long global wires. Although
the design scenario is very different, on-chip networks with higher degree than
traditional 2D meshes or tori have also been recently explored[3]. Such networks
entail the use of long wires in which repeaters and channel pipelining are needed.
Nevertheless, with current VLSI technology, the planar substrate in which the
network is going to be deployed suggests the use of 2D mesh-like topologies. This
has been the case of Tilera[d] and the Intel’s Teraflop research chip[5], with 64
and 80 cores arranged in a 2D mesh respectively. Forthcoming technologies such
as on-chip high-speed signalling and optical communications could favor the use
of higher degree on-chip networks.

P.D’Ambra, M. Guarracino, and D. Talia (Eds.): Euro-Par 2010, Part II, LNCS 6272, pp. 428 2010.
© Springer-Verlag Berlin Heidelberg 2010



A First Approach to King Topologies for On-Chip Networks 429

In this paper, we explore an intermediate solution. We analyze networks whose
degrees double the radix of a traditional 2D mesh while still preserving an at-
tractive layout for planar VLSI design. We study meshes and tori of degree eight
in which a packet located in any node can travel in one hop to any of its eight
neighbours just like the king on a chessboard. For this reason, we denote these
networks king meshes and king tori. In this way, we adopt a more conserva-
tive evolution towards higher radix networks trying to exploit their advantages
while avoiding the use of long wires. The simplicity and topological properties of
these networks offer tantalising features for future on-chip architectures: higher
throughput, smaller latency, trivial partitioning in smaller networks, good scal-
ability and high fault-tolerance.

The use of diagonal topologies has been considered in the past, in the fields
of VLSI[6], FPGAJT7] and interconnection networks[§]. Also mesh and toroidal
topologies with added diagonals have been considered, both with degree six[9]
and eight[10].The king lattice has been previously studied in several papers of
Information Theory[T1].

The goal of this paper is to explore the suitability of king topologies to con-
stitute the communication substrate of forthcoming on-chip parallel systems.
With this idea in mind, we present the foundations of king networks and a first
attempt to unleash their potential. The main contributions of our research are
the following:

i) An in-depth analysis of the topological characteristics of king tori and king
meshes.
ii) The introduction and evaluation of king tori, not considered previously in
the technical literature.
iii) A folding scheme that ensures king tori scalability.
iv) An adaptive and deadlock-free routing algorithm for king topologies.
v) A first performance evaluation of king networks based on synthetic traffic.

The remainder of this paper is organized as follows. Section [2]is devoted to de-
fine the network topologies considered in this paper. The most relevant distance
parameters and the bisection bandwidth are computed for each network and a
folding method is considered for networks with wrap-around links. Section B tack-
les the task of finding routing algorithms to unlock the networks’ potential high
performance, starting with simple minimum-distance algorithms and evolving to
more elaborate missrouting and load balancing techniques. Section E] presents a
first performance evaluation of these networks. Finally, Section [ concludes the
paper highlighting its most important findings.

2 Description of the Topologies

In this Section we define and analyze distance properties of the network topolo-
gies considered in this paper: square meshes, square king meshes, square tori and
square king tori. Then, we obtain expressions for significant distance parame-
ters as well as the bisection bandwidth. Finally, we consider lay-out possibilities
minimizing wire length for those topologies with wrap-around edges.
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As usual, networks are modeled by graphs, where graph vertices represent
processors and edges represent the communication links among them. In this
paper we will only consider square networks, as sometimes networks with sides
of different length result in an unbalanced use of the links in each dimension[I2].
Therefore, in the following we will obviate the adjective “square”. Hence, for
any of the networks considered here the number of nodes will be n = s2, for any
integer s > 1.

By Mg we will denote the usual mesh of side s. This is a very well-known
topology which has been deeply studied. A mesh based network of degree eight
can be obtained by adding new links such that, any packet not only can travel
in orthogonal directions, but also can use diagonal movements. Will denote by
K M, the king mesh network, which is obtained by adding diagonal links (just
for non-peripheral nodes) to M.

Note that both networks are neither regular nor vertex-symmetric. The way to
make this kind of network regular and vertex-symmetric is to add wrap-around
links in order to make that every node has the same number of neighbors. We
will denote as T’ the usual torus network of side s. The torus is obviously the four
degree regular counterpart of the mesh. Then, KT, will denote the king torus
network, that is, a king mesh with new wrap-around links in order to obtain an
eight degree regular network. Another way to see this network is as a torus with
extra diagonal links that turn the four degree torus into an eight degree network.
In Figure [l an example of each network is shown.
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Fig. 1. Examples of Mesh, King Mesh, Torus and King Torus Networks
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In an ideal system, transmission delays in the network can be inferred from
its topological properties. The maximum packet delay is given by the diameter
of the graph. It is the maximum length over all minimum paths between any
pair of nodes. The average delay is proportional to the average distance, which
is computed as the average length of all minimum paths connecting every pair of
nodes of the network. In Table [[] we record these parameters of the four networks
considered. The diameter and average distance of mesh and torus are well-known
values, [I3]. The distance properties of king torus were presented in [I4].

Table 1. Topological Parameters

Network M, KMs T, KT
Diameter 2s s S L5]
Average Distance ~ g s =~ 175 s~y R
Bisection Bandwidth 2s 6s 4s 12s

An specially important metric of interconnection networks is the throughput,
the maximum data rate the network can deliver. In the case of uniform traf-
fic, that is, nodes send packets to random nodes with uniform probability, the
throughput is bounded by the bisection. According to the study in [I3], in net-
works with homogeneous channel bandwidth, as the ones considered here, the
bisection bandwidth is proportional to the channel count across the smallest cut
that divides the network into two equal halves. This value represents an upper
bound in the throughput under uniform traffic.

In Table [Il values for the bisection for mesh and torus are shown, see [13].
The obtention of the bisection bandwidth in king mesh and torus is straightfor-
ward. Note that a king network doubles the number of links of its orthogonal
counterpart but has three times the bisection bandwidth.

In a more technological level, physical implementation of computer networks
usually requires that the length of the links is similar, if not constant. In the
context of networks-on-chip, mesh implementation is fairly straightforward. A
regular mesh can be lade out with a single metal layer. Due to the crossing
diagonal links, the king mesh requires two metal layers.

However tori have wrap-around links whose length depend on the size of the
network. To overcome this problem, a well known technique is graph folding.
A standard torus can be implemented with two metal layers. Our approach to
folding king tori is based on the former but because of the diagonal links four
metal layers are required. As a consequence of the folding, the length of the links
is between two and v/8 in king tori. This seems to be the optimal solution for this
kind of networks. Figure[2 shows a 8 x 8 folded king torus. For the sake of clarity,
the folded graph is shown with the orthogonal and diagonal links separated.

Now, if we compare king meshes with tori, we observe that the cost of doubling
the number of links gives great returns. Bisection bandwidth is 50% larger,
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Fig. 2. Folding of King Torus Network. For the sake of clarity, the orthogonal and
diagonal links are shown in separates graphs.

average distance is almost 5% less and diameter remains the same. In addition,
implementation of a king mesh on a network-on-chip is simpler, as it does not
need to be folded and fits in two metal layers just like a folded torus.

3 Routing

This section explores different routing techniques trying to take full advantage
of the king networks. For simplicity it focuses on toroidal networks assuming
that meshes will have a similar behaviour. Our development starts with the
most simple minimum distance routing continuing through to more elaborate
load balancing schemes capable of giving high performance in both benign and
adverse traffic situations.

Enabling packets to reach their destination in direct networks is traditionally
done with source routing. This means that at the source node, when the packet
is injected, a routing record is calculated based on source and destination using
a routing function. This routing record is a vector whose integer components are
the number of jumps the packet must make in each dimension in order to reach
its destination.

In 2D networks routing records have two components, Ax and Ay . These
components could be used to route packets in king networks, but the diagonal
links, that can be thought as shortcuts, would never be used. Then it is necessary
to increase the number of components in the routing record to account for the
greater degree of these new networks. Thus we will broaden the definition of
routing record as a vector whose components are the number of jumps a packet
must make in each direction, not dimension. Thus, king networks will have four
directions, namely X and Y as the horizontal and vertical, Z for the diagonal
y = and T for the diagonal y = —z.
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3.1 Minimal Routing

To efficiently route packets in a king network, we need a routing function that
takes source and destination nodes and gives a routing record that makes the
packet reach its destination in the minimum number of jumps. Starting with
the 2D routing record, it is easy to derive a naive king routing record that is
minimal( Knaive). From the four components of the routing record, this routing
function will not use two of them. Hence, routing records will have, at most, two
non-zero components, one is orthogonal and the other is diagonal. The algorithm
is simple, consider (Ax,Ay) where Ax > Ay > 0. The corresponding king
routing record would be (dx,dy,dz,07) = (Ax — Ay, 0, Ay, 0). The rest of the
cases are calculated in a similar fashion.

In addition to being minimal, this algorithm balances the use of all directions
under uniform traffic, a key aspect in order to achieve maximum throughput.
The drawback, however, is that it does not exploit all the path diversity available
in the network. Path diversity is defined as the number of minimal paths between
a pair of nodes a, b of a network. For mesh and tori will denote it as |Rgp|.

Bl + 14|
|Rap| = < .
4|

Similarly, in king mesh and tori the path diversity is:

o= (1), e (1), =20 () (25)

J=0

Thus, the path diversity for king networks is overwhelmingly higher than in
meshes and tori. Take for example A, =7, A, = 1, this is the routing record to
go from the white box to the gray box in Figure[Il In a mesh the path diversity
would be Ry, = 8 while in a king mesh RK,, = 357.

Now, the corresponding Knaive routing record is (dx, dy, dz,d1) = (6,0, 1,0).
This yields only 7 alternative paths, so 350 path are ignored, this is even less
than the 2d torus. This is not a problem under uniform and other benign traffic
patterns but on adverse situations a diminished performance is observed. For
instance, see the performance of 16 x 16 torus with 1-phit packets in Figure [3
The throughput in uniform traffic of the Knaive algorithm is 2.4 times higher
than that of a standard torus, which is a good gain for the cost of doubling
network resources. However, in shuffle traffic, the throughput is only double and
under other traffic patterns even less.

A way of improving this is increasing the path diversity by using routing
records with three non-zero components. This can be done by applying the notion
that two jumps in one orthogonal direction can be replaced by a jump in Z plus
one in T without altering the path’s length. Based on our experiments we have
found that the best performance is obtained when using transformations similar
to the following.

(5x,0,07,0) — (Vﬂ ,0,07 + Vﬂ : V;J)
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Being this an enhancement of the Knaive algorithm we denote it EKnaive. It is
important to note that it is still minimum-distance and gives more path diversity
but not all that is available. Continuing with our example, this algorithm will
give us 210 of the total 357 paths (See Table [2]).

As can be seen in Figure[3] the EKnaive routing record improves the through-
put in some adverse traffic patterns due to its larger path diversity. However this
comes at a cost. The inherent balance in the link utilization of the Knaive algo-
rithm is lost, thus giving worse performance under uniform traffic.

Table 2. Alternative routing records for (6,0,1,0) with corresponding path diversity

Routing Record Path
(6x,0y,0z,07) Diversity
(6,0,1,0) 7
(4,0,2,1) 105
(2,0,3,2) 210
(0,0,4,3) 35
theoretical 357
16x16 king torus, uniform traffic 16x16 king torus, shuffle traffic
5 1.2 T T T T T T 7T = 1.2 | — T T 1
3 3 Routing
o 1} = Q 1} 2dtorus —— -
[ = (= .
D 2 Knaive
S o8k S o8| EKnaive ---x-- n
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Fig. 3. Throughput comparison of the various routing algorithms in 16 X 16 toroidal
networks

3.2 Misrouting

In the light of the previous experiences, we find that direction balancing is key.
But is it important enough to relax the minimum distance requirement? In re-
sponse to this question, we have developed a new routing function whose routing
record may have four non-zero components. Forcing packets to use all directions
will cause missrouting as the minimum paths will no longer be used. Thus we
name this approach Kmiss.

Ideally, to achieve direction balance, the four components would be as close
as possible. However this would cause path lengths to be unreasonable long. A
compromise must be reached between the path length and component similarity.
With Kmiss, the routing record is extracted from a table indexed by the 2D
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routing record. The table is constructed so that the components of the routing
records do not differ more than 3.

The new function improves the load balance regardless of the traffic pattern
and provides packets with more means to avoid local congestion. In addition it
increases the path diversity.

Experimental results as those shown in Section [ show that this algorithm
gives improved throughput in adverse traffic patterns but the misrouting dimin-
ishes its performance in benign situations. Figure [B] shows that Kmiss is still
poor in uniform traffic, but gives the highest throughput under shuffle.

3.3 Routing Composition

In essence, we have a collection of routing algorithms. Some are very good in
benign traffic but perform badly under adverse traffic, while others are reason-
ably good in the latter but disappointing in the former. Ideally, we would like
to choose which algorithm to use depending on the situation. Better yet would
be that the network switches from one to another by its self. This is achieved
to a certain extent in Universal Globally Adaptive Load-balancing (UGAL)[I5].
In a nutshell what this algorithm does is routing algorithm composition. Based
on local traffic information, each node decides whether a packet is sent using a
minimal routing or the non-minimal Valiant’s routing [I6], composing a better
algorithm that should have the benefits of both of the simple ones.

As we show next, KBugal is an adaptation of UGAL to king networks and
bubble routing with two major improvements. On one hand, for the non-minimal
routing, instead of Valiant’s algorithm, we use Kmiss routing. This approach
takes advantage of the topology’s path diversity without significantly increasing
latency and it has a simpler implementation. On the other hand, the philosophy
behind UGAL resides in estimating the transmission time of a packet at the
source node based on local information. Thus selecting the shortest output queue
length among all profitable channels both for the minimal and the non-minimal
routings. In the best scenario, the performance of KBugal is the best out of the
two individual algorithms, as can be seen in Figure Bl

The use of bubble routing allows deadlock-free operation with only two virtual
channels per physical channel in contrast to the three used by original UGAL.
In order to get a better estimation, KBugal takes into account the occupation
of both virtual channels together for each profitable physical channel. The rea-
son behind this is fairly simple. Considering that all virtual channels share the
same physical channel, the latency is determined by the occupation of all virtual
channels, not only the one it is injected in.

4 Evaluation

In this section we present the experimental evaluation carried out to verify the
better performance and scalability of the proposed networks. This is done by
comparing with other networks usually considered for future network-on-chip
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8x8 networks, throughput 8x8 networks, latency
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Fig. 4. Throughput and latency of king topologies with Knaive compared to mesh and
tori under uniform traffic

architectures, as are the mesh and torus with size 8 x 8. The same study was
made with 16 x 16 networks, but due to their similarity to 8 x 8 and lack of
space, these results are not shown.

All the experiments have been done on a functional simulator called fsin[17].
The router model is based on the bubble adaptive router presented in [I8] with
two virtual channels. As we will be comparing networks of different degree, a
constant buffer space will be assigned to each router and will be divided among
all individual buffers. Another important factor in the evaluation of networks are
the traffic patterns. The evaluation has been performed with synthetic workload
using typical traffic patterns. According to the effect on load balance, traffic
patterns can be classified into benign and adverse. The former naturally balances
the use of network resources, like uniform or local, while the latter introduces
contention and hotspots that reduce performance, as in complement or butterfly.
Due to space limitations, only the results for three traffic patterns are shown as
they can represent the behaviour observed on the rest. These are uniform, bit-
complement and butterfly.

Figure (] shows the throughput and latency of king networks using Knaive
compared to those of 2d tori and meshes. It proves that the increased degree
of the king networks outperforms their baseline counterparts by more than a
factor two. The average latency on zero load is reduced according to the average
distance theoretical values. Packets are 16-phit long, thus making the latency
improvement less obvious in the graphs. Observe that king meshes have signifi-
cantly better performance than 2d tori, both in throughput and latency.

Figure [l presents an analysis of the different routing techniques under the
three traffic patterns and for 8 x 8 king tori and meshes. Comparing the results
of networks with different sizes highlights that the throughput per node is halved.
This is due to the well known fact that the number of nodes in square networks
grows quadratically with the side while the bisection bandwidth grows linearly.

For benign traffic patterns, the best results are given by Knaive routing. How-
ever in adverse traffic, a sensible decrease in performance is observed, caused by
the reduced path diversity. As mentioned in Section [ this limitation is overcome



Latency (cycles) Throughput (phits/cycle/node) Latency (cycles)

Throughput (phits/cycle/node)

A First Approach to King Topologies for On-Chip Networks

uniform traffic 8x8 king mesh
45 T T T T

40 |- .

35 - -

30

25

20

15 1 1 1 1
0 01 02 03 04 05
Offered load (phits/cycle/node)

uniform traffic 8x8 king mesh
1.2 T T T

1

0.8

0.6

0.4

0.2

1 1 1
0 0.5 1 15 2
Offered load (phits/cycle/node)

uniform traffic 8x8 king torus

45 T T T T

40 |- -
35 - -
30 |- b
25 (
20

15 1 1 1 1

0 02 04 06 08 1
Offered load (phits/cycle/node)

uniform traffic 8x8 king torus

2.5 rrrrriri
2 - /—m—n_
Vabh R B R
15 -1
/
K
1k / 4
05~ -1
0 | I T N B

0051152253354
Offered load (phits/cycle/node)

Latency (cycles) Throughput (phits/cycle/node) Latency (cycles)

Throughput (phits/cycle/node)

complement traffic 8x8 king mesh
45

40

35

30

25

20

15 1 1 1 1
0 01 02 03 04 05
Offered load (phits/cycle/node)

complement traffic 8x8 king mesh

0.45 —T
04 | -
0.35 |-

03 -

0.25 |-

0.2

ol moume
0.1 :’ Kmiss -
0.05 ugal ---x-- |

b
f IKBugIaI A

0
0 05 1 15 2
Offered load (phits/cycle/node)

complement traffic 8x8 king torus
45

40

35

30

25

20

15 1 1 1 1
0 02 04 06 08 1

Offered load (phits/cycle/node)

complement traffic 8x8 king torus

o'glllllll

08 |- -
0.7
0.6
0.5
0.4
ROUTING
03 ,? Knaive ——
0.2 -‘1 Kmiss -
ugal ---»--- |
0.1 ;' KBu?aI @
[ | 11

0051152253354
Offered load (phits/cycle/node)

Latency (cycles) Throughput (phits/cycle/node) Latency (cycles)

Throughput (phits/cycle/node)

437

butterfly traffic 8x8 king mesh
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Fig. 5. Throughput and latency of routings on 8 x 8 king meshes and tori under different
traffic patterns
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by the Kmiss routing. In fact this routing yields poor performance under benign
traffic pattern but very good under the adverse ones.

Our composite routing algorithm KBugal gives the best average performance
on all traffic patterns. In the benign situations the throughput is slightly less
than Knaive. And under adverse traffic, performance is similar to the Kmiss
routing, being even better in some situations. The results show that KBugal
gives better performance than its more generic predecessor UGAL. As can be
seen, under benign traffic a improvement of 15% is obtained and between 10%
(complement) and 90% (butterfly).

5 Conclusion

In this paper we have presented the foundations of king networks. Their topologi-
cal properties offer tantalising possibilities, positioning them as clear candidates
for future network-on-chip systems. Noteworthy are king meshes, which have
the implementation simplicity and wire length of a mesh yet better performance
than 2d tori. In addition, we have presented a series of routing techniques spe-
cific for king networks, that are both adaptive and deadlock free, which allow to
exploit their topological richness. A first performance evaluation of these algo-
rithms based on synthetic traffic has been presented in which their properties are
highlighted. Further study will be required to take full advantage of these novel
topologies that promise higher throughput, smaller latency, trivial partitioning
and high fault-tolerance.
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