
Advanced parallel programming

Dottorato di Ricerca
Dip. Informatica di Pisa

M. Danelutto
Giugno-Luglio 2007

1



M. Danelutto - Tecniche di programmazione avanzata - Corso di dottorato - Pisa - Giu-Lug-07

Program

• Introduction

• Classical programming models

• Structured programming models 

• Skeleton parallel programming environments

• Open problems

• Project
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Goal

• parallel programming: 

• problems and solutions 

• strcutured parallel programming tools

• from Pisa and from abroad :-)

• advanced topics

• grids

• components

• autonomic managers

• semi formal reasoning 
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Final exercise

• Project: 

• implementation of a simple prototype on a Linux cluster

• application (student choice) 
(possibly from his/her own research framework)

• discussed in a seminar

• application design

• parallelisation techniques

• tools

• results
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Technology ...
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Classification(s) (used in the following ...)

• Flynn (1972) 

• SISD, SIMD, MISD, MIMD

• MIMD

• distributed memory, shared memory, distributed shared memory

• Memory access 

• UMA, NUMA, NORMA

• Interconnection networks

• bus, crossbar, mesh, hypercube, fat-tree, ... 
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Moore’s Law

• Moore's original statement can be found in his publication "Cramming more 
components onto integrated circuits", Electronics Magazine 19 April 1965:

• “The complexity for minimum component costs has increased at a rate of 
roughly a factor of two per year ... Certainly over the short term this rate can 
be expected to continue, if not to increase. Over the longer term, the rate of 
increase is a bit more uncertain, although there is no reason to believe it will 
not remain nearly constant for at least 10 years. That means by 1975, the 
number of components per integrated circuit for minimum cost will be 65,000. 
I believe that such a large circuit can be built on a single wafer.”
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Moore - Intel
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Moore’s law (revisited)

• The original one: 

• number of active components/transistors doubles each year and a half

• limits: 

• usage ? processor model  ? 

• big chip areas for small performance improvements !

• and therefore

• law moved to cores per chip  !!!
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Top500

• rating publiches every 6 months (june and november) 

• at the same time of Supercomputing conference

• precise benchmark suite 

• measures (raw) computing power 

• but also the trend (archive from 1993)
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Evolution: architectures 

• 1993

• 2000

• 2006
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Evolution: architectures 
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Evolution: processor architecture (top500)

• 1993

• 2000

• 2006
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Evolution: processor architecture (top500)
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Evolution: interconnection family (top500)

• 1993

• 2000

• 2006
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Evolution: interconnection family (top500)
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Evolution: operating system (top500)

• 1993

• 2000

• 2006
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Evolution: operating system (top500)
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Evolution: number of processors (top500)

• 1993

• 2000

• 2006
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Evolution: country (top500)

• 1993  

• 2000

• 2006
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Evolution: country (top500)
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Evolution: applications
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current Top500
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IBM Blue Gene
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What’s up in Italy ? 
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“Desk processor”

• http://www.intel.com/pressroom/kits/quickrefyr.htm

• 1993 

• 2000

• 2006
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Then ? 

• Quad core available 
5300

• Proof of concept per 80-core !!!
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80 core Intel proof of concept

• 4Ghz chip with mesh (logical and 
physical) 10x8 core FP, 1,28 TFlops

• Tile: 

• router: addesses each core on 
chip, implements the mesh

• VLIW  processor (96 bit x 
instruction, up to 8 ops per 
cycle), in-order-execution, 32 
registers (6Read/4Write), 2K 
Data, 3K Instruction cache, 2 
FPU (9 stages, 2FLOPs/cycle 
sustained), 

• Cicli: FPU:9, Ld/St:2, Snd/
Rcv:2, Jmp/Br:1
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Intel trends
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Intel trends (2)
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Programming models ? 

• message passing

•  communications

•  remote procedure/method call

• shared memory

• binding for different programming languages (C, C++, F77)

• different implementations (open source, proprietary)

• different performance

• all responsabilies completely in charge of the programmer
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“Production” programming models

• Pure message passing

• PVM 1989 (Univ. Tennessy, Emory and Oak Ridge Nat. Lab.) 

• MPI (Draft 1.0 1994)

• SPMD

• RPC

• Sun RPC, Java RMI, CORBA,

• Shared memory

• HPF (1993) 

• OpenMP (1997)
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“Research” programming models

• Skeleton (1989)

• Parallel design patterns (metà anni ‘90)

• Coordination languages 

• Linda (1992): tuple space

• Manifold (ultimi ‘90): control oriented, strongly typed, block structured, 
event-driven

• Component programming models

• CCA

• CCM
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The Pisa experience

• Skeleton

• P3L (1990)

• Skeleton + coordination + components

• ASSIST (2000) 

• Skeleton + macro data flow

• Muskel (2000)
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Compute science 
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Definitions

• McDaniel, George, ed. IBM Dictionary of Computing. New York, NY: McGraw-
Hill, Inc., 1994.

• Parallel computing a computer system in which interconnected processors 
perform concurrent or simultaneous execution of two or more processes

• Dicotomy: 

• parallel vs. distributed 

• Institute of Electrical and Electronics Engineers. IEEE Standard Computer 
Dictionary: A Compilation of IEEE Standard Computer Glossaries. New York, 
NY: 1990

• Distributed computing a computer system in which several interconnected 
computers share the computing tasks assigned to the system
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Quantitative aspects

• characterising parallel/distributed computations

• through quantitative parameters

• Completion time & Service time

• Speedup / Scalability / Efficiency

• Communication time
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• Completion time

• time spent from computation init to computation end

• includes all the overhead 

• Service time

• time spent to deliver next item 
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Times 

Tc

Ts
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• Speedup

• superlinear speedup

• e.g. due to better usage of cache

• in the general case, must be no more than linear
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Speedup

sp(n) = Tseq

T (n)

speedup(n) = miglior tempo sequenziale
tempo su n processori
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Amdahl law

• serial fraction of the algorithm bounds speedup

• serial fraction = 1% , then

•  max speedup = 100 !

speedup(n) = tseq

ftseq+(1−f)tseq/p = p
fp+(1−f) = p

1+(p−1)f

lim
n→∞

speedup(n) =
1

f
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• Efficiency

• Alternatively:
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Efficiency

ε(n) = sp(n)
n

= Tseq

n×T (N)

nTn = Tseq + Tov

Tn = Tseq+Tov

n

speedup(n) = Tseq

Tn
= Tseq

Tseq+Tov
n

= pTseq

Tseq+Tov

ε(n) = Tseq

Tseq+Tov
= 1

1+
Tov
Tseq

ε(n) = 1

1+
Tov
Tseq
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Isoefficiency

• determines scalability of an application onto a given architecture ...

•  

• overhead function of n tells how to scale problem dimension to keep efficient 
constant (not possible in some cases!)

ε(n) = 1
1+ Tov

Tseq

1
ε(n) = 1 + Tov

Tseq

Tov

Tseq
= 1

ε(n) − 1 = (1−ε(n))
ε(n)

Tseq = Wtc
Tov

Wtc
= (1−ε(n))

ε(n)

W = 1
tc

( ε(n)
1−ε(n) )Tov = KTov
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Scalability

• similar to speedup

• measured on T(1)

•  

• measures somehow the efficiency “in insulation” 

• in some cases it is not significant (bad T(1) case ...)

scalab(n) = T (1)
T (n)
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• Simple model

• Comm network impact

• comm coprocessor 

• reduces

• better bandwidth (smaller         )

• smaller effect of “packetization”
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Comm time

Tcomm = t0 + dt1

t0

t1
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The problem

• Definition: Parallel computing is the use of two or more processors 
(computers) in combination to solve a single problem. The programmer 
has to figure out how to break the problem into pieces, and has to figure 
out how the pieces relate to each other. For example, a parallel program to 
play chess might look at all the possible first moves it could make. Each 
different first move could be explored by a different processor, to see how 
the game would continue from that point. At the end, these results have to 
be combined to figure out which is the best first move. Actually, the 
situation is even more complicated, because if the program is looking 
ahead several moves, then different starts can end up at the same board 
position. To be efficient, the program would have to keep track of this, so 
that if one processor had already evaluated that position, then others 
would not waste time duplicating the effort. This is how must parallel 
chess-playing systems work, including the famous IBM Deep Blue 
machine that beat Kasparav.
(http://www.eecs.umich.edu/~qstout/parallel.html)
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Parallel programming environments

• DEF “classical” environment: 

• qualitative and quantitative details related to parallelism exploitation in 
charge to the programmer 

• but also: mechanisms to implement parallelism in full charge to the 
programmer

• DEF “structured” environment: 

• qualitative aspects in charge to the programmer

• quantitative aspects and mechanisms in charge to the system 
(designer)
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In general:

• handle more control flows (processes, threads, ...) 

• define them: which ones? how much? 

• mapping: where? 

• scheduling: when? 

• interactions among control flows (comms, sharing) ambiente locale o globale? 

• comm grain ? 

•  and what about I/O ? 
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Define control flows

• which are concurrent activities

• implications on parallleism and therefore on speedup/efficiency

• implications on communications

• implications on synchronization

• Simple case: enhance image quality, stream of images ... 

• each image can be processed independently

• file accesses (read/write) =>

• comms, synchro ... overhead
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Mapping 

• strong dependency on architecture

• homogeneous resources 

• SMP 

• local network (TCP/IP) of homogeneous resources

• heterogeneous resources 

• distributed/geographic network

• hypercube, mesh, fat tree architecture ...

• “contiguous” allocation helps comms and synchro ... 
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Scheduling

• usually: dependency graph

• execution order

• “workflow” problem

• single shot execution

• different problems when processing streams 
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Example

• one shot execution

• schedule A, then B and C, then D and eventually E

• proper choice of the critical resources

• e.g. A -> C -> D -> E is the critical path

• comm B -> E can be longer ... B scheduled on a far node anc A, C, D 
and E on the same node

• stream execution

• different nodes to exploit pipeline parallelism
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Communications 

• synchronous and asynchronous

• often can both be used in the same situation 

• synchronous comms => “more natural” control flow

• unless there are very loose time constrains

• asycnhronous comms => more efficient in general

• problem: comm completion probe

• problem: error handling 

• Symmetric and asymmetric comms

• implications on the control flow 
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Synchronization

• needed to guarantee correctness 

• alternative mechanisms (data flow tagged token for loops)

• heavy consequences if implementation is not efficient

• block, delay of  all the associated actitivies 

• implementation “cares” about activity mapping 

• as in comms
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Processi

• entità a grana grossa

• “programma in esecuzione”

• life cycle: 

• creazione: allocazione di tutte le risorse, caricamento del codice, 
schedulazione

• esecuzione: schedulazione

• terminazione: rilascio delle risorse
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Thread

• entità a grana più limitata

• “flusso di controllo indipendente all’interno di un programma”

• life cycle: 

• creazione: schedulazione 

• esecuzione: accesso a risorse condivise (memoria)

• terminazione: modello fork/join, cobegin/coend
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Computation grain

• activities executed on a different processing element

• RemoteComputationTime: time spent on the remote node to compute 
the result out of the input data

• CommTime: time spent to send input data to the remote node plus the 
time spent to send results from the remote node to the current one 
(possibly including serialization time)

• grain and efficiency: 

• larger grain = better efficiency

g =
TCalcoloRemoto

TComunicazione
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Computation grain and comms

• impact of communication mechanism on computation grain

• same architecture with

• Socket RAW

• Java RMI

• WS (serializzazione XML)

• grain smaller and smaller 

• if g < 1  

• serial computation is better than parallel one
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Computation grain and sharing

• same problems as in the explicit comm case

• hidden in shared variable access

• with transparent sharing

• or through ad hoc primitives (read/write, get/put, ...)

• usually: 

• shared memory programming has a finer grain than message passing 

• it’s a programmer fault, of course :-) 

58



M. Danelutto - Tecniche di programmazione avanzata - Corso di dottorato - Pisa - Giu-Lug-07

Complexities

• Just one case: mapping

• G program graph

• M machine graph

• find an optima mapping of G onto M (optimality w.r.t. a cost fucntion F) 

• NP complete for arbitrary graphs

• non-approximable

• most problems are “hard”

• solved by using heuristics and “scope” restriction
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More problems ... 

• Load balancing

• Reliability (fault tolerance)

• Security

• Autonomic control
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Load balancing

• resource partitioning 

• (non) homogeneous

• computation partitioning

• (non) homogeneous

• in both case: static or dynamic

• resource available change (or the load changes) 

• multigrid algorithms (static or dynamic) 
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Reliability

• fault tollerance  (hardware & software)

• checkpointing 

• forward recovery

• problems related to dynamic execution environments 

• “adaptivity”
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Security

• authentication 

• user rights / user classes

• sensible data handling

• code handling (maybe legacy)

• non intrusiveness 
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Autonomic control

• program in the application code 

• self configuration

• adapt to the environment, ...

• self healing

• handle faults, ..

• self optimisation

• exploit peculiar features, ... 

• self protection

• handle security, ...
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