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General information about the course

¥ Web Site:
P http://www.dsi.unive.it/~calpar/
P Join in the course discussion list

¥ The exam is subdivided into two parts:
b Written exam (60%)
B Home assignments or project (40%)

¥ Text, Reading list, Didactic Material
b Slides
b A. Grama, A. Gupta, G. Karypis, V. Kumar. Introduction to Parallel
Computing, 2j Ed., Addison-Wesley, 2003.

b B. Wilkinson, M. Allen. Parallel Programming: Techniques and Applications

Using Networked Workstation and Parallel Computers. 2j Ed., Prentice-Hall,
2003.

b The Sourcebook of Parallel Computing. J. Dongarra, |. Foster, G. Fox, et al.
Morgan Kaufmann, 2002.

b [. Foster. Designing and Building Parallel Programs. Addison-Wesley, 1995,
Versione online disponibile presso http://www-unix.mcs.anl.gov/dbpp.
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HPC and Parallel Computing

¥ Parallel hardware and software are employed for High-
performance computing (HPC)

b HPC uses supercomputers, computer clusters, heterogeneous
computing architectures to solve advanced computation
problems

b Today computer systems approaching the Tera Flops (1012
Floating Point Operations Per Second) are counted as HPC
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Sequential vs. Parallel Computing

¥ Sequential computing:

b solve a problem with an algorithm whose instructions are
executed in sequence

b the corresponding computational model is characterized by a
single processor

¥ Parallel computing:

D solve a problem with an algorithm whose instructions are
executed in parallel

b the corresponding computational model is characterized by
multiple processors and associated mechanisms of cooperation

b the algorithm has to exploit in an efficient way the parallelism
that can be made explicit in the problem, with the goal of making
the execution faster
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The parallelization process

¥ General methodology

b subdivide (de-compose) the problem among the
various processors/workers

P processors work on their own parts of the whole
problem, but cooperate for solving shared portions of
the problem

b the final goal is
¥ to balance the load among processors

¥ to reduce as much as possible communications/
synchronizations due to processor cooperation

¥ to avoid replication of the same task by multiple processors
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Pros and Cons of Parallel Computing

¥ The benefit in exploiting parallelism to speedup
applications has been a disputed argument in the last
years

¥ Today parallelism is in the mainstream

b nowadays parallel processors even equip mobile
phones

¥ In the the following, we discuss some arguments used
as Pros and Cons for exploiting parallel computing
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Cons

¥ Parallel software development is very complex

b Complexity depends on the need of specifying concurrent tasks
and coordinating their execution, with performance guarantee

b Software is non portable between different platforms
D The programming environments are not standardized enough
b Performance debugging is expensive

¥ Continuous improvements in the performance of
microprocessors

P OWhich are the advantages in devoting so much time and money
In developing complex parallel software, when the Moore law
also holds for the performance of microprocessors (doubled
approximately every two years)?0

b Unfortunately, this continuous increment of performance is no
longer true
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Pros: Limits in the improvement of unicores

¥ Limit of the Moore Law

D The curve of the performance of sequential microprocessor (single core)
stops increasing

¥ even if the Moore Law applies to the density of transistors (2x transistor/chip
every 1.5 year), this density increase also entailed a similar performance
increase

¥ the performance curve is relative to the SPEC sequential benchmarks

Gordon Moore (cofounder of

Intel) predicted in 1965 that the
transistor density of semiconductor
chips would double roughly every

18 months.

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006
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Pros: Limits in the improvement of unicores

¥ In the last decades the performance
improvement of microprocessors (unicores)
was impressive, due to:

b Moore law (2x transistor/chip every 1.5 year)

b Parallelism/Pipeline in the instruction execution
¥ Implicit ILP (Instruction Level Parallelism)

¥ Average CPI (cycles per instr.) reduced of an order of
magnitude in a decade

b Deep memory hierarchies, with large and multilevel
caches
¥ memory bottleneck has became move evident

b Very short clock cycle (GHz frequency)
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Pros: Limits in the improvement of unicores

¥ Trend in the last years

b Limits in the automatic extraction of further ILP
(independent instructions) from a single sequential
program

b No benefits from adding further pipelined functional
units in unicores

b Limit in the further increase of the clock frequency
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Pros: Trends in parallel hw

P Due to the limit of unicore performance, the CPU
manufactures are now integrating two or more
individual processors (cores) onto a single chip:
multi-core microprocessors

¥ the plan is to double the number of cores per
microprocessors per semiconductor technology generation
(about every two years)

b GP-GPU (General Purpose — Graphic Processing
Units) equipping PC and laptops are high-
performance many-core processors that can be used
to accelerate a wide range of applications (not only
graphics)

b Such architecture needs to be explicitly programmed
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Pros: Trends in parallel hw

¥ Clock Frequency Scaling Replaced by Scaling Cores

b high frequency processors need high power
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Pros: Trends in parallel hw

¥ Low cost of standard
electronic equipments (off-
the-shelf microprocessor
and other components such
as GP-GPUs, memory,
networks boards)

¥ This has permitted the
widespread diffusion of
computer clusters,

composed of many servers/
workstations, interconnected
by fast communication
networks

High Performance Computing - S. Orlando 1 3



Pros: Trends in hw

¥ Clusters are made of
multicore nodes (or SMP —
Symmetric Multiprocessors),
which host GP-GPUs

boards, and several disks

¥ Cluster are used not only
for scientific computing , but

Interconnection Network ?

4-way 4-way 4-way

also for business data-intensive applications

b e.g., as parallel data intensive platform for hosting
web servers, databases, search engines, data mining,

rendering farms

b greater aggregate bandwidth and size of the various

memory levels
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Other Pros

¥ High latency of main and secondary memory

b It is well known that the overall performance also
depends on the capability of memory hierarchies to
promptly supply data to the computational core

b Memory hierarchies introduced to reduce the
consequence of the Von Neumann bottleneck
¥ cache to reduce memory access latency

b Parallel platforms may reduce the consequences of
the bottleneck

¥ In these platforms we can exploit the aggregate memory
banks and disks at the various levels of the hierarchy

¥ This increases the overall memory size and bandwidth, but
also the reduces the average memory latency if we are able
to increase the cache hit rate

¥ However, in order to effectively exploit aggregate memory,
parallel algorithms must be carefully designed in order to
exploit locality
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Other Pros: Parallelism in distributed infrastructure

¥ Computer Network and Distributed Infrastructures

b To solve large scale problems, often with data already
distributed in remote sites, we can nowadays exploit many
computers connected by wide-area networks (Internet)

b Such computers can be regarded as a large scale,
heterogeneous, parallel and distributed platform

b The exploitation of this platform requires parallel programs and
a suitable problem decomposition strategy

¥ unfortunately, not all the problems can be parallelized successfully
on these platforms

b Examples:

¥ SETI@home (Search for Extra Terrestrial Intelligence) employs the
power of desktop computers to analyze the electromagnetic signals
coming from the space

¥ Factorization of large integers, with applications in cryptography
and optimization problems
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When parallelism is necessary

¥ Traditional scientific paradigm: first theory and then lab
experiments to confirm or deny the theory.

¥ Traditional engineering paradigm: first design and then build a
laboratory prototype.

¥ Both paradigms are being replacing by numerical experiments and
numerical prototyping.

b Real phenomena are too complicated to model (e.g. climate
prediction)

P Real experiments are too hard, too expensive, too slow, or too
dangerous for a laboratory (e.g. oil reservoir simulation, large
wind tunnels, overall aircraft design, galactic evolution, whole
factory or product life cycle design and optimization, etc.).

¥ Computational science
b Large scale numerical simulation: a new way to do science
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When parallelism is necessary

¥ Many of the fundamental questions in science (especially those
with potentially broad social, political, and scientific impact) are
sometimes referred to as "Grand Challenge" problems.

b Many of the the Grand Challenge problems are those that can
only be solved computationally

b They require a lot of storage and computational resources to be
solved in a reasonable time, and a suitable parallel software
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Some particularly challenging computations

¥ Science

b Global climate modeling

b Astrophysical modeling

D Biology: genomics; protein folding; drug design

b Computational Chemistry

b Computational Material Sciences and Nanosciences
¥ Engineering

b Crash simulation

B Semiconductor design

b Earthquake and structural modeling

b Computation fluid dynamics (airplane design)

b Combustion (engine design)
¥ Business

b Financial and economic modeling

b Transaction processing, web services, data mining and search engines
¥ Defense

D Nuclear weapons -- test by simulations

b Cryptography
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Global Weather forecasting

The simulation algorithm requires the atmosphere to be subdivided into
disjoint regions (tridimensional cells)

The algorithm executes repeated computations for each cell, at each time
step
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Global Weather forecasting

¥ Example:
D cells of 1 mile / 1 mile ! 1 mile, for a total height of the atmosphere of
10 miles (10 cells)
P total number of cells: 5 / 108 cells
P suppose that a per-cell computation requires 200 FP ops, so that a
whole time step requires a total of 1011 FP ops
b using a simulation time step of 10 minutes, we need 6 steps for 1 hour,

and a total of 1440 steps (about 1,4 / 104 FP ops) for 10 days of
weather prediction

P a computer able to execute 100 Mflops (108 FP ops/sec) takes more
than 10% sec (about 16 days !!!!)

P to execute the same computation in 10 min, we would need a computer
able to execute 0,2 Tflops (0,2! 1072 FP ops/sec)

b what would it happen if we increased the number of steps per hour, o
we made smaller the cell size?
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Motion of celestial objects (N-bodies)

¥ N bodies masses m,, ... ,my in three-dimensional (physical) space

b with the initial positions and velocities, where the force of attraction
between each pair of bodies is Newtonian.

D Determine the position of each body at every future moment of time.
¥ For N bodies, we must compute N-1 forces per body, i.e. approx N2 in total

¥ There exist approximate algorithms that require N! log, N force
computations

b they exploit the fact that distant groups of bodies (galaxies, solar
systems) appear very close, and can be treated as a single large body
centered at its center of mass

b force interaction between agglomerates rather than single bodies (e.g.
Solar system approximated with its center of mass to compute the force
interaction with the Proxima Centaury star)

center of

mass
Solar system

Proxima Centaury (diameter one-seventh that of the Sun) High Performance Computing - S. Orlando ) )



Motion of celestial objects (N-bodies)

¥ The approximate algorithm (Barnes-Hut ) exploits an irregular data structure
organized as a sort of tree (oct-tree)

b the creation of such tree dynamically divides the simulation volume into
cubic cells

b the tree maintains information about the bodies that fall in the same box
(agglomerates), and about their centers of mass
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Motion of celestial objects (N-bodies)

¥ The simulation algorithms for N-
bodies are iterated for many time
steps:

b at every step the new positions
of bodies are updated

¥ Suppose we have a galaxy of 10"
stars

¥ If the computation of each force
took 1 ps (10 sec), it should be
needed

P about 10° years per iteration by
employing the algorithm of
complexity N2

b about one year per iteration by
employing the algorithm of
complexity N! log, N

High Performance Computing - S. Orlando 24



Web Search Engines and its parallel components

~ Page Repository

Indexes
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Web Search Engines and PageRank computation

¥ PageRank computes > & ’/‘
b the relevance of a web \ $— s

page based on the link
structure of the WEB

¥ PageRank relies on the
democratic nature of the Web

b It interprets a hyperlink from
page X to page y as a vote, PdgEHdnH
by page x for page y

¥ Let W be the adjacency matrix
of the Web graph:

B WIi,j] = 1/o()), if o(j) is the number of outgoing links from |

B WIi,j] is the probability of the random surfer of going from page i
to page |.

B WIJi,j] has size N° where N is the number of Web pages
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Web Search Engines and PageRank computation

¥

=)

PageRank is computed |
. . >

by performing iteratively

a matrix by vector multiplication

2

At the end the result will
be a vector of N PageRank
values, each associated
with a Web page

PageRank

The PageRank value of a page reflects the probability that the
random surfer will land on that page by clicking on links randomly,
by also restarting the navigation from a random page

Efficient computing the PageRank scores for a large web graph
(billion of nodes) is actually one of the hot issues in Web-IR
community. Recent researches propose to accelerate the
computation using approximate and parallel algorithms
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Data Mining (DM)

¥ A typical business application, even if there are many scientific
applications

¥ Exploration & Analysis, in automatic or semi-automatic way, of large
data sets to discover and extract Significant Patterns & Rules

b Patterns & Rules must be innovative , valid, potentially useful,
understandable

DM algorithms on huge data are computationally and I/O expensive

¥ DM is a step of the KDD (Knowledge Discovery in Databases)
process ....

Clean, o D = I:.)a!:a
Collect, Data ata Training »| Mining
Surarmarize e Preparation Data |H

W

A

I Orperational Verification & Model,
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Data Mining (DM)

¥ Some of the main DM Tasks:
¥ Classification [Predictive, Supervised]

¥ Clustering [Descriptive, Unsupervised]
¥ Association Rule Discovery [Descriptive, Unsupervised]

¥ Le traditional sequential algorithms do not work due to
b huge data sets with high number of dimensions
b heterogeneous and distribute nature of data sets
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DM: Clustering

Given N objects, each associated with a d-dimensional
feature vectors

Find a “meaningful” partition of the N examples into K
subsets or groups

K may be given,

or ‘ d iS covere d Intracluster distances Intercluster distances
are minimized are maximized

Euclidean Distance Based Clustering in 3-D space.

Have to define some 000
notion of “similarity” ] ©o®
between objects °

@)

00

00 °
Feature vector can be / 0%

b All numeric (well defined distances)

b All categorical or mixed (harder to define similarity; geometric
notions don’t work)
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K-means: a Centroid-based Clustering Algorithm

¥ Specify ‘K’, the number of clusters

¥ Guess the K seed cluster centroids
1.! Look at each point and assign it to the centroid that is the closest
2.! Recalculate the centers (means)

¥ Iterate on steps 1. and 2. till centers converge or for a fixed
number of times

Final centers*
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K-means: a Centroid-based Clustering Algorithm

¥ Main operations:
b Calculate distance to all K means (or centroids) per each point

P Other operations:
¥ Find the closest centroid for each point
¥ Calculate mean squared error (MSE) for all points
¥ Recalculate centroids
¥ Number of operations (distance computations) per iteration :
b O(N!K!d ), where N is the no. of objects, K is the no. of clusters,
d is the no. of attributes (dimensions) of the feature vectors
b note that the complexity of each distance computation depends
on d
¥ If the computation of the distance for each dimension takes
optimistically 1 Flop, if we have N=10¢, K=102, and d=102
D the no. of Flops per iteration is 101°
b if the number of iterations are 102, then the total no. of Flops is 1012

b since we need that DM tools are interactive , we need a computer able
to execute about 1 Teraflops (1072 Flops/sec) vigh Performance Computing - 5. Orando 3



