



































































































































































































































































































































































































































s Dwyer’s algorithm is the strongest overall for the range of problems that we tested (see
Chapter 2).

e Using random samples for divide and conqguer is a viable basis for a parallel algorithm to
construct the Delaunay trianguiation but suffers from large constant factors in its empirical
runtime {see Chapter 3).

e In the randomized incremental construction algorithm, most insertions update independent
areas of the current diagram, and thus can be processed concurrently (see Chapter 6).

¢ In parallel, the incremental search algorithm performs better, even though its abstract constants
are higher, because it avoids high-overhead operations such as synchronization and fine-
grained read/write sharing of data structures (see Chapter 6).

Finally, the data parallel models allowed us to implement our algorithm in terms of high-level
data structures and appropriate primitive operations. The cost of using such data structures could
be incorporated into the parameters of the model. The sequential algorithms in Chapter 2 used such
structures as buckets, heaps, queues, dictionaries, and the quad-edge data structure. The parailel
algorithms utilized concurrent versions of these same structures. This use of data abstraction greatly
aided the implementation and analysis of both the sequential and parallel algorithms.

7.3 Implementations and Benchmarks

The final contribution that this dissertation makes is a suite of implementations of both sequential
and parallel algorithms for closest point problems. The sequential suite collects code from severai
sources and adds the implementations the I have constructed myself. The parallel suite is made up
of the four programs, two for ali-nearest-neighbors and two for Delaunay triangulation construction
that were used for the experiments in Chapters 4 and 6.

The parailel programs form the basis of a new set of benchmarks for studying the performance
of parallel computers on programs that solve proximity problems. Such a benchmark suite will be
useful to those evaluating the possible use of large machines on the many applications that use these
algorithms. In addition, our algorithms exhibit behaviors that are typical of many irregular and
dynamic programs. Therefore, they can be used in the further study of architectural and language

support for such programs.

7.4 Future Work

The experience that we have gained from designing and constructing implementations of these
algorithms leads to many questions for future consideration.

7.4.1  Algorithms.

In Chapter 2 and Chapter 4, we were able to match experiments results with known analytical results
from the literature in computational geometry. While the experimental results in Chapters 5 and 6
are fairly conclusive, no formal proofs were presented to back them up, only heuristic arguments.
Therefore, an interesting open problem is to match the mathematical analysis of these algorithms
to their performance in practice.

In addition, many improvements and extensions to the algorithms in Chapter 6 are possible.
The main bottleneck in Algorithm CRIC is memory management and synchronization overhead
resulting from the algorithm’s need to maintain a complicated shared data structure. In particular, the
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algorithm displays a large amount of read/write sharing, which on the KSR means that it generates a
large amount of invalidate traffic on the network. Newer shared memory machines, with faster CPUs
and higher performance networks and cache protocols could improve the absolute performance of
the algorithm substantially. But the experience we have gained with this algorithm suggests that
some algorithmic refinements would have a larger impact. Modifying the algorithm to use a better
scheduling scheme, like Guided Self-Scheduling could potentially reduce synchornization overhead
in the insertion loops.

In addition, a more sophisticated locking protocol could remove the need for barriers in the
inner loops of the algorithm. This would reduce the runtime of the algorithm by another 20% to
30%. However, it is unclear how to construct such a protocol in such a way as to avoid deadlock and
starvation, especially because the algorithm accesses the quad-edge structure in an unpredictable
fashion, making deadlock avoidance difficult.

Recently, Herlihy and Moss [HMO92] have proposed an extension to standard cache coherency
schemes, called transactional memory that would, to a large extent, alleviate these problems.
Transactional memory allows the programmer to construct custom, multi-word read-modify-write
operations that act atomically on shared data structures. This mechanism would allow us to define
Insert-Object transactionally without the use of barriers or complicated locking schemes. A
restructured version of Algorithm CRIC that takes advantage of this mechanism is currently under
construction on a simulator for Transactional Memory.

The incremental search algorithm could also be improved by incorporating a better data
structure to support site searches. Bentley has proposed some novel data structures for supporting
these types of queries in two and higher dimensions [Ben90}. It would be interesting to explore how
to use these structures in a concurrent environment, In addition, using techniques from Chapter 4,
the incremental search algorithm could be vectorized, resulting in even better performance on
machines like the Cray and the new CM-5 that have hardware to take advantage of vector code. In
particular, I am investigating the implementation of this and other algorithms in Blelloch’s NESL
language [Bie93], which will allow a vector style implementation to run on many platforms.

Finally, it should be possible to apply the methods used in these two algorithms to other
problems and applications. The randomized incremental framework can be applied to a wide variety
of problems. In particular, I would like to explore segment intersection and higher dimensional
convex hull and Delaunay triangulation construction algorithms. These problems have applications
that are potentially large enough to support the use of a multiprocessor. In addition, exploring
algorithms for the many applications of closest-point problems, such as the TSP problem, minimum
spanning trees, clustering, and so on, would lead to many more insights about the practical nature

of parallel algorithms.

74.2 Programming Parallel Algorithms.

Parallel algorithms need to be easier to program. Each algorithm in this thesis was painstakingly
built by hand. This limited the scope of our investigation to a small number of algorithms for a
restricted class of problems. If more comprehensive studies of practical parallel algorithms are to
be feasible, a portable, high level library implementing basic parallel prirmitives must be built. The
current trend is toward machines that are even more difficuit to program than current architectures,
making such a library even more necessary.

Data parallelism is about data abstraction more than anything else. By packaging a large set
of vuseful, data-oriented parallel primitives together and providing efficient access to them, data
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parallel languages provide users with a high level of abstraction at 2 modest cost. Currently, the
data parallel style is associated with aggregate operations on collection-oriented structures such as
vectors. I would like to study the mechanisms necessary to further expand the data abstractions
available to the programmer of parallel architectures. In particular, developing a transactional style
of programming, similar to the one used in Chapter 6 would be a promising avenue for further work.
This style has two critical characteristics:

Shared memory Programming in a single address space is easier than programming in multiple
address spaces and explicitly placing and moving data. For complicated data structures with
irregular and dynamic reference patterns, shared memory models provide a large gain in
programmer efficiency in exchange for a modest loss in runtime efficiency.

Atomic Operations Herlihy and Moss [HM92] show that simple extensions to current multiproces-
sor memory and cache management schemes can provide the programmer with an extendible
set of atomic operations that can be used to build transactional data abstractions without

complex locking protocols.

In order to make these idea usable in practice, much needs to be accomplished. Machines must be
built with suitable cache-management primitives. Notations for specifying concurrency and con-
current operations on data structures must be designed and incorporated into languages. Languages
based on such notations must be translated by new compilers into a runtime environment that is
suitable for the task. Algorithms that utilize the transactional style must be developed to test and
tune the primitives offered by such a system.

Finally, the high level tools that are available on workstations must migrate to multiprocessor
machines. High level programming languages, program instrumentation, profilers, data analysis
tools, algorithm animators, and debugging tools are all needed on the new machines. This thesis
has concentrated on the use of many of these kinds of tools and an ad-hoc fashion usually off-line
from the actual target machine. The future challenge is in integrating these tools together into a
coherent, efficient and systematic programming environment for multiprocessors.

7.4.3 Simulation and Performance Analysis.

In this thesis, simulations played a large role in the design and evaluation of algorithms. In addition,
execution-driven machine simulation is the main vehicle for studying questions about parallel
architecture. These simulation systems have the potential to allow algorithms designers to easily
observe the behavior of their programs in a relatively realistic setting. More importantly, simulators
would free designers from needing to develop many machine dependent versions of an algorithms
in order to evaluate its performance across a wide range of architectures. Also, the use of parallel
architectures to run simulations would allow large applications to be prototyped and tested in a
simulated environment, thus giving more realistic results. '

Having new applications available on simulators would also help the architecture and systems
community. The study of novel parallel algorithms can have a large impact on the design of future
machines, since many architectural decisions are made by studying the behavior of standard suites
of benchmarks. These suites need to be expanded to include a more diverse set of algorithms,
especially those that, like Algorithms CRIC and CIS, exhibit irregular and dynamic patterns of
read/write sharing. Ideally, one would like to accurately characterize the bottlenecks of more
irregular programs, and then design and evaluate new mechanisms for relieving these bottlenecks.
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With such simulation systemns availabie, many other problems become possible areas of re-
search. These include managing the data produced by large experiments, querying such a large
databases for useful information, visualizing performance trends, or dynamic and time-dependent
program behavior, and feeding performance information back into abstract machine models to
accurately predict the performance of related algorithms or machines.

Simulations could also be used in concert with high level performance models and compilers
to help programmers tune applications for better performance. A combination of static flow analysis
and dynamic information collected at runtime or through a simulation could be used to, for example,
tune data placement to increase locality or restructure programs to decrease synchronization costs.
Profiler/compiler feedback loops have been used before to restructure sequential program in various

ways.
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