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Abstract

Network latency is a performance concern especially for collective communication because
communication overhead for small messages dominates the system performance in both off-chip and
on-chip large-scale interconnection networks. The aggregate path hops strongly affect the network
latency in collective communication. In this context we try to minimize the number of total packet
path hops for collective communication by introducing a combination of path-based multicastings,
especially for random topologies. From our graph analysis results, multicasts based on multiple paths
that include all the destinations can reduce the aggregate path hops by up to 5.5% when compared
to path-based if the number of destinations is small. Our recommendation to support multicasts for
a few destinations is to use multicasting based on multiple paths.

Thoi gian tré trong truyén thong mang trén chip 12 mot mdi quan tAm dic biét d6i véi hoat
dong truyén thong da diém vi su truyén thong cho céc géi tin nhd chiém phan 16n hiéu ning ctia hé
théng két nbi trén chip va ngoai chip. Pbi v6i hoat dong truyén thong da diém, tdng s6 hop cin di
qua clia mot goi tin anh hudng rat 16n t6i thoi gian truyén. Trong boi canh nay, chiing (6i ¢6 gz“ing
giam thiéu sé hop tdng cong dé giao tiép da dlem bang phu’dng phdp téng h0p cic dudng truyén da
diém t6i uu khic nhau, dic biét 1a cho cic ciu tric két ndi mang dang ngiu nhién.Tir két qua phan
tich do thi ctia ching toi, phuong phap truyén thong da diém dua trén nhiéu dudng truyén tdi uu
khac nhau dén cic diém dich c6 thé giam s6 hop téng cong 1én dén 5.5% so vé6i phuong phdp dua
vao mot dudng dan tdi vu duy nhat d€ di dén cac diém dich khi s6 lugng diém dich 1a nhé. Khuyén
nghi ctia ching t6i 1a d€ hd trg truyén thong da diém khi s6 diém it 1a dua vao nhiéu dudng truyén
thong khac nhau.

Index terms

Interconnection networks, collective communication, random topology

1. Introduction

OTH on-chip and off-chip interconnection network become latency sensitive as their
B number of endpoints increases, e.g., 256 cores for on-chip and 100,000 hosts for off-
chip. In on-chip interconnection networks, the latency, especially of collective communica-
tions, is the primary performance factor, since it directly affects the cache access time and
memory-consistency overhead that affects the performance of applications. Similar to on-chip
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interconnection networks, in off-chip interconnection networks, large parallel applications to
be deployed on next generation High Performance Computing (HPC) systems require ultra-low
communication latencies that could reach hundreds of nanoseconds [1], [2], [3].

Router and switch delay is larger than link delay. For example in an on-chip network, a
packet can be transferred across a small chip in a single clock cycle for the ideal case where
switch delays are ignored [4]. However, on-chip router requires at least one or two clock to
transfer a header flit. In an off-chip network, switch delays (e.g., about 100 nanoseconds in
InfiniBand QDR) are larger than the wire and flit injection delays.

To achieve low latency in both on-chip and off-chip interconnection networks, a network
topology of switches/routers should have low diameter and low average shortest path length,
both measured in number of hops. Interestingly, random topologies, which are generated by
augmenting classical topologies with random links, achieve low diameter, average shortest path
length, and thus end-to-end network latencies [3]. Its routing is reported in [5], and random
topologies are discussed for datacenter networks [6]. In addition to the theoritical studies
on random structure [7], randomness receives a fair attention for designing interconnection
networks.

In this work we consider multicasts, especially for a small number of destinations, in a
fully random topology. It is reported that a fully random topology that does not rely on
classical structure, e.g. ring or mesh is better than a random topology that includes the
classical structure [8]. We thus focus on the fully random topology in this study. The case for
small number of destinations is important for on-chip and off-chip HPC networks, because
invalidation messages are frequently multicasted so as to maintain coherence.

If the topology is non-random, such as k-ary n-cubes, optimal or semi-optimal multicast
methods have been discussed in prior works [9], [10], [11]. Lessons from the work [11]
recommend us to use path-based multicasting when the number of destinations is small.
The optimal multicast method is path-based in a random topology. Our recommendation is
multipath-based.

The rest of this paper is organized as follows. Section 2 surveys multicasts in interconnection
networks. Section 4 evaluates influences of multicast methods on path hops through the graph
analysis. Finally, Section 5 concludes this paper.

2. Related Work

2.1. Multicast Communications

Hardware-, path-, and unicast-based algorithms are typical methods for multicasts in inter-
connection networks.
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Hardware multicasts duplicate packets at intermediate switches. Since it reduces the aggre-
gate packet hop counts in a multicast, it efficiently sends data to multiple destinations. The
typical implementation usually relies on a tree structure. The packet header needs a logic to
control packet duplication at intermediate switches and multiple-destination tags.

Another way to support a multicast is to do a large number of unicasts. This is called a
unicast-based multicast. In a simple unicast-based multicast, each source sends packets to all
destinations.

When a source scatters the same data to all destinations, a binary-tree-based multicast is
practical for reducing both the number of packet contentions and the aggregate packet hops.
In a binary-tree-based multicast, first a source sends data to a single destination. Then these
two nodes send data to four nodes. For d destinations, log,(d 4 1) unicast steps are required.

A path-based multicast sends data along a path that includes all destinations. Therefore it
requires an efficient multicast-path search, such as a Hamiltonian cycle. To reduce aggregate
path hops, the use of multiple paths is recently attempted in k-ary n-cubes [11].

In this work, we explore the path-based multicast mainly for random topologies, and we
compare our solution to the unicast-based ones in terms of aggregate path hops.

2.2. Path-based Multicasting

The path-based method is reported as the best multicasting approach for some cases on
regular network topology in terms of hop counts. This method is based on the Hamilton path
which goes through all nodes in a network exactly once [15]. Figure / shows an example
of two directed Hamilton paths in a 2-D mesh network. Every node in Figure / is assigned
a label based on its integer coordinate using the formula in [16]. The labelling effectively
divides the network in Figure /. (a) into two subnetworks, the high-channel subnetwork and
the low-channel subnetwork, which are showed in Figure /. (b) and /. (c) respectively. Thus,
multicast messages from the source node will always be sent to the destination nodes using
the high-channel subnetwork if the labels of the destination nodes are greater than that of
the source node. Vice versa, if the labels of the destination nodes are smaller than that of
the source node, the multicast messages will be sent through the low-channel subnetwork.
Besides, to reduce the path hops, the vertical links that are not part of the Hamilton path (the
dash lines in Figure /) could be used if they have the appropriate direction.

In previous works, several path-based multicasting techniques were explored for the 2-D
mesh topology, such as dual path (DP) [16], multipath (MP) [16], and column path (CP)
[12]. The DP and the MP algorithms are based on Hamilton path described in Figure /. In
the DP routing algorithm, the destination node set is partitioned into two subsets, namely
Dy and Dy, as shown in Figure 2. (a). Every node in Dy has a higher label number than
that of the source node, whereas every node in Dy, has a lower label number than that of
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(a) Undirected Hamilton path (b) Decreasing-order directed path (c) Increasing-order directed path

Figure 1. Example of a Hamilton path in 2D mesh

the source node. Therefore, the source node always uses the high-channel subnetwork and
the low-channel network to send the multicast messages to the destinations in Dy and Dy,
respectively. Figure 2. (a) in which the label of each node is showed instead of the integer
coordinate of the node illustrates an example of the DP algorithm. In this example, the source
node is the node labelled 21 and the destination nodes are 2, 4, 7, 9, 11, 24, 29, 30, 32.
The multicast message will follow the two directions, one from the source to the higher-label
nodes labelled 24, 29, 30, 32 and one from the source to the lower-label nodes labelled 2, 4,
7,9, 11. The solid arrows show the path and the direction that a message goes from the source
to the destinations while the dash arrows provide a shorter path to go to the destinations if
it is possible to do that. Consequently, the thicks arrows in Figure 2. (a) show the path that
the multicast messages go from the source node to the destinations.

The MP algorithm further reduces the aggregate path hops than that of the DP by dividing
the destination node set into four parts as shown in Figure 2. (b). The Dy set is further
divided into two subsets considering the node location. One subset includes all destination
nodes whose x coordinates are greater than or equal to that of the source node.The Dy, set is
also divided in a similar way. Figure 2. (b) illustrates the same example in the Figure 2. (a)
using MP algorithm instead of DP.

In the CP algorithm, the destination set is grouped into 2k subsets, where £ is the number
of columns. An illustration of CP is shown in Figure 2. (c) in which the source node is the
thick circle and the destination nodes are gray. The multicast message is copied and sent to the
columns that have the destination nodes in it. Only one copy of message is needed to be sent
to a column if all the destination nodes in that column are either located below or above the
source node row. If the destination nodes are located both below and above, then two copies
of the message are sent to that column. However, the disadvantage of the CP algorithm is the
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high network latencies due to the start-up delay [11]. Besides, the performance of the network
is also degraded because many multicast messages would be sent through the columns by
each source node.

Yet another path-based multicast algorithm is proposed in [11] called low distance path-
based (LP), which was proven to have smaller aggregate path hops than that of DP, MP and
CP. The LP algorithm labels the node in different way from the DP and MP algorithm. The
formula to calculate the label of each node based on its integer coordinate is shown in [11].
Then the LP algorithm groups the destination set in a similar way to the MP algorithm. Instead
of following the Hamilton path, LP algorithm allows the message to find a shorter path by
reaching the destinations in the order of the low-distance from the source. The distance from
the destination to the source node is calculated by k = |y — yo| + |z — x|. Besides, to ensure
the algorithm is deadlock free, the odd-even turn model [17] is used in LP. The Figure 2.
(d) shows the same example with DP and MP above. The messages follow the bold solid
arrows to reach the destination nodes. Apparently, the average aggregate hop count of the
LP algorithm is smaller than that of DP and MP. Lessons from [11] motivate us to explore
multipath-based multicast algorithms for random topologies.

3. Multipath-based Multicasting Algorithm for Random Network Topology

Our approach relies on brute-force search for a multipath-based algorithm. A multicast is
completed by sending packets along multiple paths that include all the destinations. With a
given destination set, this brute-force search algorithm groups the destinations into all possible
combinations. Then by applying the breadth-first search and traveling salesman algorithm, we
find the best case which gives the smallest number of aggregate hop count.

In this work, we limit the maximum number of destinations in a multicast message to be
8 on 16-node and 32-node random networks. Based on our survey, there is no practical case
where a multicast message has mores than 8 destinations.

The number of possible partitions for a particular node set is known in advance. It is equal
to Bell number, which counts the number of partitions of a set [14]. A partition can have at
least one subset and at most n subsets, where n is the number of destinations in the destination
set. We use the algorithm in [13] to partition the destination set. An example of all partitions
for a 3-element set is shown in Figure 3.

Our algorithm finds the shortest path from the source node to each subset that includes
one or more destination nodes. The subsets in any specific partition can be divided into
two types: a subset with only one destination and that with two or more destinations. For a
single-destination subset, we use the breadth-first search (BFS) based on Dijkstra algorithm to
find the shortest path from the source to that specific destination. For a multiple-destination
subset, it can be regarded as a traveling salesman problem (TSP) to find the shortest path
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(a) Dual path

(c) Column path (d) Low distance path

Figure 2. Multicast techniques.

1:{1,2,3}
2:{1,2},{3}
3:{1,3},{2}
4:{1}.{2,3}
5:{1}.{2}.{3}

Figure 3. Partitions for a set of 3 elements: d = {1,2,3}.
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1:{1,2,3}
2:{1,3,2}
3:{2,1,3}
4:{2,3,1}
5:3,1,2}
6:{3,2,1}

Figure 4. Permutations for a set of 3 elements: d = {1,2,3}.

Algorithm: Finding a Hamiltonian shortest path from the source through all destinations
Input: The random network topology, Destination set D with n elements (1 < n < 9), Source
node s
Output: The minimum hop count
Initial: d < P;[1], hop_count[n!] = {0}

1: Find all the permutations P; of the destination set

2: for each partition P; from P; to partition P,

3: forj=1toj=n

4:  hop_count[i] =hop_count[i] + BFS(s, P;[j])
5 se Pjlde P+

6: j=J+1

7: end for

8: end for

9: Return the minimum hop count value in the hop_count|n!] array

Figure 5. BTTSP pseudo code (the number of destinations is 8).

from the source node to the destinations in the subset. In this work, we apply a brute-force
traveling salesman problem algorithm (BTTSP). In the BTTSP algorithm, we take a multiple-
destination subset as an input and find out all the permutations of the input subset. The
number of permutation is n! for a subset of n elements. An example of all permutation for
a 3-element set is shown in Figure 4.

With each permutation, we use BFS algorithm again so as to find the shortest path between
each pair of source and destination. The first pair illustrates the source node and the first
destination node in a specific permutation. Similarly, the next pair takes the destination node in
the previous pair as the source node, and the next destination node in the specific permutation
as the destination node. For example, for a subset of 8 elements, we have 8 pairs of source
and destination. Figure 5 shows the pseudo code of the BTTSP algorithm.

After calculating the shortest path for all pairs, we sum them up to have the aggregate hop
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Algorithm: Finding the shortest path from a source node to a destination set
Input: The random network topology, Destination set D, Source node s
Output: The shortest path, the corresponding hop count
Initial: hop_count[BELL_number| = {0}

1: Find all the partitions P; of the destination set

2: for each partition P; from partition P; to partition Pggrr, number

3: for each subset of the partition

4. if the subset has only one element

4: hop_count|i] =hop_count[i] + BFS(s, subset)

4: else if the subset has more than one element

4: hop_count|i] =hop_count|i] + BTTSP(s, subset)
4: end if

7: end for

8: end for

9: Return the minimum hop count value in the hop_count[BELL_number| array

Figure 6. Multipath-based multicast algorithm.

counts required to send a message from the source node to the subset of destinations. Finally,
the partition which has the smallest number of aggregate hop counts provides us the best
optimized path to go from the source to the given destination set. Figure 6 shows the pseudo
code of our algorithm.

Because our interests are to minimize the aggregate hop counts, we do not analyze the
computing complexity of our algorithm in detail. However, with a constraint of the maximum
number of destination to be 8, our algorithm can finish in less than 5 seconds in total on a
personal computer, including the time for the partitioning algorithm and the BTTSP algorithm.

Our random topology is generated using the a 2D matrix in which every element has a
binary value. If the value of element (z,y) is 1, it means that the node number x has a
connection with the node number y. Besides the number of node, the degree of the network
topology d is also specified. Each node is randomly connected to d other nodes. Finally,
the random topology is checked if it is strongly connected or not. If not, the topology is
regenerated using another random seed. A “strongly connected” random topology is a topology
that every node can find at least a way to reach each of the rest nodes in the generated topology.
Therefore, to check if a generated random topology is “strongly connected” or not we simply
check every node if it can find a way to reach each of the rest nodes in the generated topology.
The Figure 7 shows an example 2D matrix representing an 8-node 4-degree random topology.
Since our topology is undirected graph, the matrix is symmetrical.
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00011110
00001111
00011011
10101001
11110000
11000011
11100100
01110100

Figure 7. Random topology with 8 nodes, degree = 4.

4. Evaluation

Our algorithm supports three multicasting schemes: the unicast-based, the path-based, and
our proposed scheme (i.e. the multipath-based). The unicast-based scheme is simply the case
when we group the destination set with n nodes into n subsets, each of which contains only
one node. The path-based scheme is the case where we group the destination set into only one
subset which contains all the destinations. We run our algorithm with several configurations
for two main cases: 16-node and 32-node random network topologies. Table / shows the
interesting configurations that bring the surprising result. Through the experiment, we see
that if the number of the destination set is less than 4, the path-based scheme provides
good result than the multipath-based scheme. When the number of destinations is between 4
and 8, the multipath-based scheme is clearly better than the path-based scheme in terms of
aggregate hop count. The degree of the network is chosen to be at least 5, because degree
4 is the degree of a mesh/torus. When the degree of the network is very high, e.g., 12 in
a 16-node network, the aggregate hop count of the multipath-based scheme is exactly the
same as that of the path-based method. Since the random topology is different everytime
we generate it, each specific configuration is run with 30 different random topologies by
simply randomizing the topology 30 times using the same configuration. Figure 8 shows the
results comparing the unicast-based, the path-based, and the multipath-based schemes. From
the results, the unicast-based scheme is shown to be the worst in terms of aggregate hop
count. Our proposed multipath-based scheme has shown to be the best, although it has some
points that have the same aggregate hop count with that of the path-based scheme.

Table 1. The input configuration.

Configuration | No. of node | Degree | No. of destination
1 16 7 6
2 16 8 6
3 16 8 7
4 32 20 4

139



Chuyén san Cong nghé thong tin va Truyén thong - Sé 5(10-2014)

14 4 14
12 12 ok *
* *. : % *
g 10 * * X g 10 % P e , ¥
51 ¢ P % . S kexex ¥ * 154 * %
& 81w . EE N ¥ & A NN /\ \
2 A JAN 2 A0 W N ARV
Y \ N\
P A AN :
0 =0
< <
44 4
Path-based —— Path-based ——
2 A Multi-path-based 2 A Multi-path-based
Unicast - Unicast -
0 T T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Random cases Random cases
(a) 16 nodes — 6 destinations — 7 degree (b) 16 nodes — 6 destinations — 7 degree
8
14 4
7 4 %
12 % ¥ ® *
1 v o « W 6 o *oox ¥ % % *
‘g 10 ek LS % ¥ % ¥ K]
g o g
g 3 g
s I\ N N 2
4 2
g2 °] 5 3
< <
44 52
Path-based —— Path-based ——
2 A Multi-path-based 14 Multi-path-based
Unicast - Unicast -
0 T T T T 0 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Random cases Random cases
(c) 16 nodes — 7 destinations — 8 degree (d) 32 nodes — 4 destinations — 20 degree

Figure 8. Simulation results.

A report on the mean and standard deviation for each configuration is shown in Table 2
and 3 for the cases of 16 nodes and 32 nodes, respectively. The configuration column of these
tables contains the input configuration for the algorithm. For example, the configuration 1 in
Table 2 means that the number of nodes is 16, the number of destinations of the multicast
message is 4, and the degree of the network topology is 6. To improve the accuracy of the
mean value, we generate 100 different random topologies for every configuration.

From the mean columns of Table 2 and 3, we could see that the multipath-based scheme
always has the smallest aggregate hop count on average compared with the path-based or the
unicast-based schemes. For each configuration of the two tables, we calculate the difference
between the mean of multipath-based and the path-based, then divide it by 100 to achieve
the improvement percent. The configuration number 4 in Table 2 provides the maximum
improvement percent which is 5.5. The comparison between multipath-based with unicast-
based is not calculated because the unicast-based scheme is even worse than the path-based
scheme. The standard deviation of the multipath-based scheme is also the best of the three
schemes.
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Table 2. Comparison of mean and standard deviation in the case of 16-node network.

No. Configuration  Path-based  Multipath-based Unicast

Mean SD Mean SD Mean SD

1 16-4-5 524 084 522 0.77 7.11  0.96
2 16-4-6 502 054 4.89 0.54 6.53 0.79
3 16-4-7 475 049 4.66 0.46 626 0.73
4 16-4-8 458 050 4.33 0.28 5776  0.58
5 16-4-9 434 028 4.19 0.17 5.68 0.66
6 16-4-10 420 0.16 4.06 0.06 520 0.62
7 16-4-11 412 011 4.06 0.06 5.00 0.64
8 16-4-12 407 0.07 4.00 0.00 458 038
9 16-5-5 639 0.66 6.24 0.74 9.18 1.81
10 16-5-6 592 055 5.65 0.49 813 0.81
11 16-5-7 563 053 539 0.34 7.69 0.73
12 16-5-8 542 036 5.26 0.21 748 1.05
13 16-5-9 519 0.19 5.06 0.06 6.94 0.80
14 16-5-10 513  0.11  5.01 0.01 649 0.83
15 16-5-11 503 0.05 5.00 0.00 6.15 0.63
16 16-6-5 7.17 0.60 6.87 0.57 10.84 1.73
17 16-6-6 6.77 0.68 6.44 0.33 9.76  0.90
18 16-6-7 636 031 6.15 0.13 929 0.79
19 16-6-8 6.16 0.17 6.03 0.03 8.65 097
20 16-6-9 6.07 0.07 6.00 0.00 827 0.80
21 16-6-10 6.05 0.05 6.00 0.00 7.70  0.79
22 16-7-6 7.85 0.65 7.66 0.46 12.68 2.14
23 16-7-6 741 030 7.25 0.23 11.44 1.05
24 16-7-7 7.19 017 7.07 0.07 10.84 1.03
25 16-7-8 7.09 0.08 7.01 0.01 10.16  0.83
26 16-7-9 7.03 0.03 7.00 0.00 9.65 091
27 16-8-5 8.61 056 827 0.24 1422 1.39
28 16-8-6 819 0.19 8.10 0.09 13.13 141
29 16-8-7 8.06 0.06 8.03 0.03 1237 0.93
30 16-8-8 8.02 0.02 8.00 0.00 11.53  0.97

5. Conclusion

In this work we tried to minimize the number of total packet path hops for collective
communication by introducing a combination of path-based multicastings, especially for ran-
dom topologies. We take a brute-force search for a multipath-based algorithm for the case
where a number of destinations is small. Our graph analysis results show that our multicasts
usually reduce the aggregate path hops by up to 5.5% when compared to path-based. Our
recommendation to support multicasts for a few destinations is the use of multicasting based
on multiple paths.
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Table 3. Comparison of mean and standard deviation in the case of 32-node network.

No. Configuration  Path-based  Multipath-based Unicast

Mean SD  Mean SD Mean SD

1 32-4-6 6.68 0.78 6.51 1.19 8.40 2.26
2 32-4-7 6.26 087 6.17 1.00 785 171
3 32-4-8 576 076 5.62 0.92 727 114
4 32-4-9 569 077 559 0.80 6.95 0.99
5 32-4-10 552 075 537 0.87 6.83 090
6 32-4-11 521 059 5.05 0.69 6.54 0.73
7 32-4-12 512 085 5.05 0.79 6.57 0.83
8 32-4-13 501 0.69 488 0.55 6.30 0.87
9 32-5-6 7.78 0.89 7.60 1.08 10.50 2.49
10 32-5-7 7.19 093 7.10 1.03 9.83 1.40
11 32-5-8 6.79 089 6.65 0.87 930 1.53
12 32-5-9 6.74 093 647 0.91 878 1.13
13 32-5-10 6.68 1.00 6.33 1.12 8.47 1.05
14 32-5-11 641 1.00 6.23 0.92 845 0.99
15 32-5-12 6.07 087 5.84 0.75 812 091
16 32-5-13 590 0.69 5.71 0.55 8.08 0.97
17 32-6-6 858 138 845 1.59 12.60 2.70
18 32-6-7 826 0.89 8.09 1.04 11.84 1.63
19 32-6-8 797 131 7.9 1.25 11.18 1.65
20 32-6-9 7.84 115 753 1.09 1052 1.23
21 32-6-10 733 090 7.15 0.99 1040 1.20

22 32-6-11 691 076 6.72 0.62 995 1.05
23 32-6-12 6.86 0.78 6.65 0.63 9.72  1.08

24 32-6-13 6.61 044 6.39 0.32 9.45 1.03
25 32-7-5 1040 152 10.34 1.78 16.95 3.89
26 32-7-6 9.75 125 9.46 1.41 1477  3.02
27 32-7-7 9.09 1.12 890 1.05 1390 2.25
28 32-7-8 885 135 8.57 1.31 12.84 1.33
29 32-7-9 843 093 8.02 0.80 1246 1.53
30 32-7-10 813 0.89 7.94 0.84 1222 1.35
31 32-7-11 802 082 7.73 0.60 11.69 1.23
32 32-7-12 775 073 754 0.51 1135 141
33 32-7-13 745 035 7.23 0.20 11.11  0.96
34 32-8-6 10.56 1.33 10.26 1.59 16.96 4.38
35 32-8-7 10.11 1.52  9.75 1.45 15.65 2.71
36 32-8-8 975 115 9.36 0.93 1455 1.89
37 32-8-9 928 0.76 892 0.57 1436 1.39
38 32-8-10 887 0.81 8.69 0.61 13.83 1.14
39 32-8-11 874 0.69 8.48 0.51 1337 1.57
40 32-8-12 846 045 8.18 0.23 12.71 1.53
41 32-8-13 837 033 824 0.22 1269 1.73
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