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Many applications running on large parallel computers are designed to solve various
challenging problems, such as weather forecasting and drug discovery. To solve these
challenging problems more efficiently, modern large parallel systems (supercomputers)
rely on hundreds of thousands of compute nodes to provide powerful computational
capabilities. Applications running on parallel computers usually require the
collaborative work of many compute nodes to complete the computational task; the
collaboration between compute nodes involves a great deal of mutual communication.
Collective communication, a mode of communication involving multiple processes or
compute nodes, is widely used in applications running on parallel computers.

For many parallel applications, the collective communication operations dominate
the execution time. Improving the performance of collective communication operations
is a crucial way to shorten the execution time of the applications. The performance of
collective communication operations is affected by both hardware and software. At the
hardware level, a crucial factor is the interconnection network, especially network
topology. Network topology dictates the connectivity among compute nodes within
parallel computers. A low latency network topology reduces the communication
overhead between compute nodes and thus improves the performance of collective
communication operations. At the software level, the implementation of algorithms for
collective communication operations and the mapping strategy of jobs and processes
can affect the performance of collective communication operations.

In this dissertation, we present efficient collective communication in parallel
computers with shortcut network topologies. The shortcut network topology consists of
a baseline topology with shortcut links, which shorten the diameter and average shortest
path length (ASPL). We propose the implementation of efficient collective
communication operations on two types of network topologies: the random shortcut
topology and the non-random shortcut topology.

The first approach proposes implementing efficient collective communication using
random shortcut network topologies. The random network topologies can be used to
achieve low hop counts between nodes and, thus, low latency on average. We describe
three process mapping strategies on random shortcut topologies: random mapping,
hierarchical-tree mapping, and ring-based continuous mapping. Then, we apply the two-

opt algorithm to the mapped compute nodes to optimize the rank placement for building



efficient collective communication operations on random shortcut network topologies.
The two-opt approach minimizes the total path hops or possible communication
contention of point-to-point communications that form the target collective
communication by implementing the process rank re-placement for efficient collective
communication. Our proposed two-opt approach can significantly reduce the number of
hops for collective communication operations such as Broadcast, Allreduce, and Alltoall.
SimGrid discrete-event simulation results show that the two-opt approach can
dramatically improve the performance of collective communication and, in parallel
applications where collective communication operations dominate, the two-opt
approach can improve the overall performance of the application.

The second approach proposes using circulant network topologies. Unlike random
shortcut topologies, a circulant topology is obtained by adding non-random links to a
ring topology. The circulant network topologies provide algorithmic features that reduce
the total hop counts of some typical collective communication algorithms; these features
make them ideal for collective communication operations. We propose two process
mapping strategies for circulant network topologies, which are ring-based consecutive
mapping and circulant mapping. These two mapping strategies result in very low path
hops of collective communication operations, and it is even possible to achieve the
optimal hops. SimGrid discrete-event simulation results show that ring-based
consecutive mapping and circulant mapping significantly improve the performance of
collective communication operations. We also evaluate the parallel applications on
circulant network topologies; the application evaluation results also show that when
communication operations dominate the performance, the low hops mapping strategies
on circulant network topologies achieve better performance.

Finally, we compare these two shortcut network topologies. Circulant network
topologies have a higher diameter and average shortest path length (ASPL) than random
shortcut network topologies in the case of having the same degree. However, the
collective communication operations (e.g., Broadcast, Allreduce, and Alltaoll) on
circulant network topologies have far fewer hops than random shortcut network
topologies, which results in better performance for collective communication operations
on a circulant network topology. Moreover, we compare the cable length of random
shortcut topologies and circulant topologies with the same degree; the circulant network
topologies have much less cable length than random topologies, which makes the
circulant network topologies less costly than the random shortcut network topologies in

constructing network interconnection for parallel computers.
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