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Goals of this lecture 

Â Motivate you! 

Â What is parallel computing? 

ÁAnd why do we need it? 

Â What is high-performance computing? 

Á²ƘŀǘΩǎ ŀ {ǳǇŜǊŎƻƳǇǳǘŜǊ ŀƴŘ ǿƘȅ Řƻ ǿŜ ŎŀǊŜΚ 

Â Basic overview of 

ÁProgramming models 

Some examples 

ÁArchitectures 

Some case-studies 

Â Provide context for coming lectures 
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[Ŝǘ ǳǎ ŀǎǎǳƳŜ Χ 

Â Χ ȅƻǳ ǿŜǊŜ ǘƻ ōǳƛƭŘ ŀ ƳŀŎƘƛƴŜ ƭƛƪŜ ǘƘƛǎ Χ 

 

 

 

 

 

 

 

 

Â Χ ǿŜ ƪƴƻǿ Ƙƻǿ ŜŀŎƘ ǇŀǊǘ ǿƻǊƪǎ 

ÁThere are just many of them! 

ÁQuestion: How many calculations per second are needed to emulate a brain? 
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Source: wikipedia 
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Source: www.singularity.com Can we do this today? 
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Source: www.singularity.com Blue Waters, ~13 PF (2012) 

Tianhe-2, ~55 PF (2013) 

1 Exaflop! ~2022? 



Human Brain ς No Problem! 

Â Χ ƴƻǘ ǎƻ ŦŀǎǘΣ ǿŜ ƴŜŜŘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ Ƙƻǿ ǘƻ ǇǊƻƎǊŀƳ ǘƘƻǎŜ 
ƳŀŎƘƛƴŜǎ Χ 
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Human Brain ς No Problem! 
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Scooped! 

Source: extremetech.com 



Under the Kei Computer 
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Other problem areas: Scientific Computing 

Â Most natural sciences are simulation driven or are moving towards 
simulation 
ÁTheoretical physics (solving the Schrödinger equation, QCD) 
ÁBiology (Gene sequencing) 
ÁChemistry (Material science) 
ÁAstronomy (Colliding black holes) 
ÁMedicine (Protein folding for drug discovery) 
ÁMeteorology (Storm/Tornado prediction) 
ÁGeology (Oil reservoir management, oil exploration) 
ÁŀƴŘ Ƴŀƴȅ ƳƻǊŜ Χ όŜǾŜƴ tǊƛƴƎƭŜǎ ǳǎŜǎ It/ύ 
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Other problem areas: Commercial Computing 

Â Databases, data mining, search 
ÁAmazon, Facebook, Google 

Â Transaction processing 
ÁVisa, Mastercard 

Â Decision support 
ÁStock markets, Wall Street, Military applications 

Â Parallelism in high-end systems and back-ends 
ÁOften throughput-oriented 
ÁUsed equipment varies from COTS (Google) to high-end redundant 

mainframes (banks) 
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Other problem areas: Industrial Computing 

Â Aeronautics (airflow, engine, structural mechanics, 
electromagnetism) 

Â Automotive (crash, combustion, airflow) 

Â Computer-aided design (CAD) 

Â Pharmaceuticals (molecular modeling, protein folding, drug design) 

Â Petroleum (Reservoir analysis) 

Â Visualization (all of the above, movies, 3d) 
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What can faster computers do for us? 

Â Solving bigger problems than we could solve before! 

ÁE.g., Gene sequencing and search, simulation of whole cells, mathematics 
ƻŦ ǘƘŜ ōǊŀƛƴΣ Χ 

ÁThe size of the problem grows with the machine power 

Ą Weak Scaling 

 

Â {ƻƭǾŜ ǘƻŘŀȅΩǎ ǇǊƻōƭŜƳǎ ŦŀǎǘŜǊΗ 

ÁE.g., large (combinatorial) searches, mechanical simulations (aircrafts, cars, 
ǿŜŀǇƻƴǎΣ Χύ 

ÁThe machine power grows with constant problem size 

Ą Strong Scaling 
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High-Performance Computing (HPC) 

Â ŀΦƪΦŀΦ ά{ǳǇŜǊŎƻƳǇǳǘƛƴƎέ 

Â vǳŜǎǘƛƻƴΥ ŘŜŦƛƴŜ ά{ǳǇŜǊŎƻƳǇǳǘŜǊέΗ 
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High-Performance Computing (HPC) 

Â ŀΦƪΦŀΦ ά{ǳǇŜǊŎƻƳǇǳǘƛƴƎέ 

Â vǳŜǎǘƛƻƴΥ ŘŜŦƛƴŜ ά{ǳǇŜǊŎƻƳǇǳǘŜǊέΗ 

Áά! ǎǳǇŜǊŎƻƳǇǳǘŜǊ ƛǎ ŀ ŎƻƳǇǳǘŜǊ ŀǘ ǘƘŜ ŦǊƻƴǘƭƛƴŜ ƻŦ ŎƻƴǘŜƳǇƻǊŀǊȅ ǇǊƻŎŜǎǎƛƴƎ 
capacity--ǇŀǊǘƛŎǳƭŀǊƭȅ ǎǇŜŜŘ ƻŦ ŎŀƭŎǳƭŀǘƛƻƴΦέ ό²ƛƪƛǇŜŘƛŀύ 

ÁUsually quite expensive ($s and kWh) and big (space) 

Â HPC is a quickly growing niche market 

Ábƻǘ ŀƭƭ άǎǳǇŜǊŎƻƳǇǳǘŜǊǎέΣ ǿƛŘŜ ōŀǎŜ 

Á Important enough for vendors to specialize 

ÁVery important in research settings (up to 40% of university spending) 

άDƻƻŘȅŜŀǊ tǳǘǎ ǘƘŜ wǳōōŜǊ ǘƻ ǘƘŜ wƻŀŘ ǿƛǘƘ IƛƎƘ tŜǊŦƻǊƳŀƴŎŜ /ƻƳǇǳǘƛƴƎέ 

άIƛƎƘ tŜǊŦƻǊƳŀƴŎŜ /ƻƳǇǳǘƛƴƎ IŜƭǇǎ /ǊŜŀǘŜ bŜǿ ¢ǊŜŀǘƳŜƴǘ CƻǊ {ǘǊƻƪŜ ±ƛŎǘƛƳǎέ 

άtǊƻŎǘŜǊ ϧ DŀƳōƭŜΥ {ǳǇŜǊŎƻƳǇǳǘŜǊǎ ŀƴŘ ǘƘŜ {ŜŎǊŜǘ [ƛŦŜ ƻŦ /ƻŦŦŜŜέ 

άaƻǘƻǊƻƭŀΥ 5ǊƛǾƛƴƎ ǘƘŜ /ŜƭƭǳƭŀǊ wŜǾƻƭǳǘƛƻƴ ²ƛǘƘ ǘƘŜ IŜƭǇ ƻŦ IƛƎƘ tŜǊŦƻǊƳŀƴŎŜ 
/ƻƳǇǳǘƛƴƎέ 

άaƛŎǊƻǎƻŦǘΥ 5ŜƭƛǾŜǊƛƴƎ IƛƎƘ tŜǊŦƻǊƳŀƴŎŜ /ƻƳǇǳǘƛƴƎ ǘƻ ǘƘŜ aŀǎǎŜǎέ 

 14 



The Top500 List 

Â A benchmark, solve Ax=b 

ÁAs fast as possible! Ą as big as possible J 

ÁReflects some applications, not all, not even many 

ÁVery good historic data! 

Â Speed comparison for computing centers, states, countries, nations, 
continents L 

ÁPoliticized (sometimes good, sometimes bad) 

ÁYet, fun to watch 
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The Top500 List (June 2014) 
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Piz Daint @ CSCS 
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Blue Waters in 2009 

This is why you need to understand  
performance expectations well! 

LƳŀƎƛƴŜ ȅƻǳΩǊŜ ŘŜǎƛƎƴƛƴƎ ŀ Ϸрлл a  
supercomputer, and all you have is: 



Blue Waters in 2012 



History and Trends 

 

21 Source: Jack Dongarra 

Single GPU/MIC Card 



High-Performance Computing grows quickly 

Â Computers are used to automate many tasks 

Â Still growing exponentially 

ÁNew uses discovered continuously 
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Source: The Economist 

IDC, 2007: ά¢ƘŜ ƻǾŜǊŀƭƭ It/ ǎŜǊǾŜǊ ƳŀǊƪŜǘ ƎǊŜǿ  
ōȅ мрΦр  ǇŜǊŎŜƴǘ ƛƴ нллт ǘƻ ǊŜŀŎƘ ϷммΦс ōƛƭƭƛƻƴ ώΧϐ  
while the same kinds of boxes that go into HPC  
machinery but are used for general purpose  
ŎƻƳǇǳǘƛƴƎΣ ǊƻǎŜ ōȅ ƻƴƭȅ оΦс ǇŜǊŎŜƴǘ ǘƻ ϷрпΦпέ 

L5/Σ нллфΥ άŜȄǇŜŎǘǎ ǘƘŜ It/ ǘŜŎƘƴƛŎŀƭ ǎŜǊǾŜǊ  
market to  grow at a healthy 7% to 8% yearly  
ǊŀǘŜ ǘƻ ǊŜŀŎƘ ǊŜǾŜƴǳŜǎ ƻŦ ϷмоΦп ōƛƭƭƛƻƴ ōȅ нлмрΦέ 
 
ά¢ƘŜ ƴƻƴ-HPC portion of the server market was  
ŀŎǘǳŀƭƭȅ Řƻǿƴ нлΦр ǇŜǊ ŎŜƴǘΣ ǘƻ ϷопΦсōƴέ 



How to increase the compute power? 

23 

4004 
8008 

8080 

8085 

8086 

286 386 486 

Pentium® 
Processors 

1 

10 

100 

1000 

10000 

1970 1980 1990 2000 2010 

P
o

w
e

r 
D

e
n

si
ty

 (
W

/c
m2

) 

Source: Intelá 

Hot Plate 

Nuclear Reactor 

Rocket Nozzle 

{ǳƴΩǎ {ǳǊŦŀŎŜ 

Clock Speed: 



How to increase the compute power? 
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Clock Speed: 
Not an option anymore! 
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Source: Wikipedia 



A more complete view 
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So how to invest the transistors? 

Â Architectural innovations 
ÁBranch prediction, Tomasulo logic/rename register, speculative execution, 
Χ 

ÁHelp only so much L 

Â What else?  
ÁSimplification is beneficial, less transistors per CPU, more CPUs, e.g., Cell 

B.E., GPUs, MIC 

Á²Ŝ Ŏŀƭƭ ǘƘƛǎ άŎƻǊŜǎέ ǘƘŜǎŜ Řŀȅǎ 

ÁAlso, more intelligent devices or higher bandwidths (e.g., DMA controller, 
intelligent NICs)  
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Source: IBM Source: NVIDIA Source: Intel 



Towards the age of massive parallelism 

Â Everything goes parallel 

ÁDesktop computers get more cores 

2,4,8, soon dozens, hundreds? 

ÁSupercomputers get more PEs (cores, nodes) 

> 3 million today 

> 50 million on the horizon 

ü1 billion in a couple of years (after 2020) 

Â Parallel Computing is inevitable! 
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Parallel vs. Concurrent computing 
Concurrent activities may be executed in parallel 
Example:  
  A1 starts at T1, ends at T2; A2 starts at T3, ends at T4 
  Intervals (T1,T2) and (T3,T4) may overlap! 
Parallel activities:  
  A1 is executed while A2  is running 
  Usually requires separate resources! 



Goals of this lecture 

Â Motivate you! 

Â What is parallel computing? 

ÁAnd why do we need it? 

Â What is high-performance computing? 

Á²ƘŀǘΩǎ ŀ {ǳǇŜǊŎƻƳǇǳǘŜǊ ŀƴŘ ǿƘȅ Řƻ ǿŜ ŎŀǊŜΚ 

Â Basic overview of 

ÁProgramming models 

Some examples 

ÁArchitectures 

Some case-studies 

Â Provide context for coming lectures 
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Granularity and Resources 
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                       Activities 

ÁMicro-code instruction 

ÁMachine-code instruction  
(complex or simple) 

ÁSequence of machine-code  
instructions: 

Blocks 

Loops 

Loop nests 

Functions 

Function sequences 

 

 

                  Parallel Resource 

Á Instruction-level parallelism 

ÁPipelining 

ÁVLIW 

ÁSuperscalar 

ÁSIMD operations 

ÁVector operations 

Á Instruction sequences 

ÁMultiprocessors 

ÁMulticores 

ÁMultithreading 

  

 



Resources and Programming 
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                  Parallel Resource 

Á Instruction-level parallelism 

ÁPipelining 

ÁVLIW 

ÁSuperscalar 

ÁSIMD operations 

ÁVector operations 

Á Instruction sequences 

ÁMultiprocessors 

ÁMulticores 

ÁMultithreading 

  

 

                     Programming 

ÁCompiler 

Á (inline assembly) 

ÁHardware scheduling 

 

ÁCompiler (inline assembly) 

ÁLibraries 

ÁCompilers (very limited) 

ÁExpert programmers 

ÁParallel languages 

ÁParallel libraries 

ÁHints 

 

  

 



Historic Architecture Examples 

Â Systolic Array  

ÁData-stream driven (data counters) 

ÁMultiple streams for parallelism 

ÁSpecialized for applications (reconfigurable) 

 

Â Dataflow Architectures 

ÁNo program counter, execute instructions when all input arguments are 
available 

ÁFine-grained, high overheads 

Example: compute f = (a+b) * (c+d)  
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Source: ni.com 

Source: isi.edu 



Von Neumann Architecture 

Â Program counter Ą Inherently serial! 
Retrospectively define parallelism in instructions and data 
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SISD 
Standard Serial Computer  

(nearly extinct) 

SIMD 
Vector Machines or Extensions 

(very common) 

MISD 
Redundant Execution 

(fault tolerance) 

MIMD 
Multicore 

(ubiquituous) 



Parallel Architectures 101 

 

 

 

 

 

 

 

 

 

 

Â Χ ŀƴŘ ƳƛȄǘǳǊŜǎ ƻŦ ǘƘƻǎŜ 
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¢ƻŘŀȅΩǎ ƭŀǇǘƻǇǎ ¢ƻŘŀȅΩǎ ǎŜǊǾŜǊǎ 

¸ŜǎǘŜǊŘŀȅΩǎ ŎƭǳǎǘŜǊǎ ¢ƻŘŀȅΩǎ ŎƭǳǎǘŜǊǎ 



Programming Models 

Â Shared Memory Programming (SM/UMA) 

ÁShared address space 

Á Implicit communication 

ÁHardware for cache-coherent remote memory access 

ÁCache-coherent Non Uniform Memory Access (cc NUMA) 

 

Â (Partitioned) Global Address Space (PGAS) 

ÁRemote Memory Access 

ÁRemote vs. local memory (cf. ncc-NUMA) 

 

Â Distributed Memory Programming (DM) 

ÁExplicit communication (typically messages) 

ÁMessage Passing 

 

35 



Shared Memory Machines 

Â Two historical architectures: 

ÁάaŀƛƴŦǊŀƳŜέ ς all-to-all connection  
between memory, I/O and PEs 

Often used if PE is the most expensive part 

Bandwidth scales with P 

PE Cost scales with P,  Question: what about network cost? 
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Source: IBM 



Shared Memory Machines 

Â Two historical architectures: 

ÁάaŀƛƴŦǊŀƳŜέ ς all-to-all connection  
between memory, I/O and PEs 

Often used if PE is the most expensive part 

Bandwidth scales with P 

PE Cost scales with P,  Question: what about network cost? 

Answer: Cost can be cut with multistage connections (butterfly) 

ÁάaƛƴƛŎƻƳǇǳǘŜǊέ ς bus-based connection 
All traditional SMP systems  

High latency, low bandwidth (cache is important) 

Tricky to achieve highest performance (contention) 

Low cost, extensible 
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Source: IBM 



Shared Memory Machine Abstractions 

Â Any PE can access all memory 

ÁAny I/O can access all memory (maybe limited) 

Â OS (resource management) can run on any PE 

ÁCan run multiple threads in shared memory 

ÁUsed since 40+ years 

Â Communication through shared memory 

ÁLoad/store commands to memory controller 

ÁCommunication is implicit 

ÁRequires coordination 

Â Coordination through shared memory 

ÁComplex topic 

ÁMemory models 
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Shared Memory Machine Programming 

Â Threads or processes  

ÁCommunication through memory 

Â Synchronization through memory or OS objects 

ÁLock/mutex (protect critical region) 

ÁSemaphore (generalization of mutex (binary sem.)) 

ÁBarrier (synchronize a group of activities) 

ÁAtomic Operations (CAS, Fetch-and-add) 

ÁTransactional Memory (execute regions atomically) 

Â Practical Models: 

ÁPosix threads 

ÁMPI-3 

ÁOpenMP 

ÁOthers: Java Threads, QthreadsΣ Χ 
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An SMM Example: Compute Pi 

40 

Â Using Gregory-Leibnitz Series: 

  

 

Á Iterations of sum can be computed in parallel 

ÁNeeds to sum all contributions at the end 

 

Source: mathworld.wolfram.com 



Pthreads Compute Pi Example 
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int main( int argc, char *argv[] )  

{  

    κκ ŘŜŦƛƴƛǘƛƻƴǎ Χ 

    thread_arr = (pthread_t*)malloc(nthreads * sizeof(pthread_t)); 

    resultarr= (double*)malloc(nthreads * sizeof(double)); 

 

    for (i=0; i<nthreads; ++i) { 

      int ret = pthread_create( &thread_arr[i], NULL,  

                         compute_pi, (void*) i); 

    } 

    for (i=0; i<nthreads; ++i) { 

      pthread_join( thread_arr[i], NULL); 

    } 

    pi = 0; 

    for (i=0; i<nthreads; ++i) pi += resultarr[i]; 

  

    printf  ("pi is approximately %.16f, Error is %.16f\n",  

                  pi, fabs(pi - PI25DT));  

 }  

int n=10000; 

double * resultarr; 

int nthreads; 

 

void *compute_pi(void *data) { 

  int i, j;  

  int myid = (int)(long)data; 

  double mypi, h, x, sum;  

 

  for (j=0; j<n; ++j) {  

    h   = 1.0 / (double) n;  

    sum = 0.0;  

    for (i = myid + 1; i <= n; i += nthreads) {  

      x = h * ((double)i - 0.5);  

      sum += (4.0 / (1.0 + x*x));  

    }  

    mypi = h * sum;  

  }  

  resultarr[myid] = mypi; 

} 



Additional comments on SMM 

Â OpenMP would allow to implement this example much simpler (but 
has other issues) 

Â Transparent shared memory has some issues in practice: 

ÁFalse sharing (e.g., resultarr[]) 

ÁRace conditions (complex mutual exclusion protocols) 

ÁLittle tool support (debuggers need some work) 

Â Achieving performance is harder than it seems! 
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Distributed Memory Machine Programming 

Â Explicit communication between PEs 

ÁMessage passing or channels 

Â Only local memory access, no direct access to  
remote memory 

ÁNo shared resources (well, the network) 

 

Â Programming model: Message Passing (MPI, PVM) 

ÁCommunication through messages or group operations (broadcast, 
reduce, etc.) 

ÁSynchronization through messages (sometimes unwanted side effect) or 
group operations (barrier) 

ÁTypically supports message matching and communication contexts 
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Â Send specifies buffer to be transmitted 

Â Recv specifies buffer to receive into 

Â Implies copy operation between named PEs 

Â Optional tag matching 

Â Pair-wise synchronization (cf. happens before) 

DMM Example: Message Passing 
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Pr ocess  P Pr ocess  Q 

Addr ess  Y 

Addr ess  X 

Send  X, Q, t 

Receive  Y ,  P ,  t Match 

Local pr ocess 
addr ess space 

Local pr ocess 
addr ess space 

Source: John Mellor-Crummey 



DMM MPI Compute Pi Example 
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int main( int argc, char *argv[] )  {  

    // definitions 

    MPI_Init(&argc,&argv);  

    MPI_Comm_size(MPI_COMM_WORLD, &numprocs);  

    MPI_Comm_rank(MPI_COMM_WORLD, &myid);  

 

    double t = -MPI_Wtime(); 

    for (j=0; j<n; ++j) {  

      h   = 1.0 / (double) n;  

      sum = 0.0;  

      for (i = myid + 1; i <= n; i += numprocs) { x = h * ((double)i - 0.5);  sum += (4.0 / (1.0 + x*x)); }  

      mypi = h * sum;  

      MPI_Reduce(&mypi, &pi, 1, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);  

    }  

    t+=MPI_Wtime(); 

 

    if (!myid) { 

      printf ("pi is approximately %.16f, Error is %.16f\n", pi, fabs(pi - PI25DT));  

      printf ("time: %f\n", t); 

    } 

     

    MPI_Finalize();  

}  



DMM Example: PGAS 

Â Partitioned Global Address Space 

ÁShared memory emulation for DMM 

Usually non-coherent 

Áά5ƛǎǘǊƛōǳǘŜŘ {ƘŀǊŜŘ aŜƳƻǊȅέ 

Usually coherent 

Â Simplifies shared access to distributed data 

ÁHas similar problems as SMM programming 

ÁSometimes lacks performance transparency  

Local vs. remote accesses 

Â Examples: 

Á¦t/Σ /!CΣ ¢ƛǘŀƴƛǳƳΣ ·млΣ Χ 
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How to Tame the Beast? 

Â How to program large machines? 

Â No single approach, PMs are not converging yet 

ÁMPI, PGAS, OpenMP, Hybrid (MPI+OpenMPΣ atLҌatLΣ atLҌtD!{ΚύΣ Χ 

Â Architectures converge  

ÁGeneral purpose nodes connected by general purpose or specialized 
networks 

ÁSmall scale often uses commodity networks 

ÁSpecialized networks become necessary at scale 

Â Even worse: accelerators (not covered in this class, yet) 
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Practical SMM Programming: Pthreads 
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Kernel 

User 

CPU 0 CPU 1 

Kernel 

User 

CPU 0 CPU 1 

User-level Threads Kernel-level Threads 

Covered in example, small set of functions for thread creation and management  



Practical SMM Programming: 

Â Fork-join model 

 

 

 

 

 

Â Types of constructs: 

Source: OpenMP.org 

Source: Blaise Barney, LLNL 

+ Tasks 



OpenMP General Code Structure 
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#include <omp.h> 

 

main ()  { 

int var1, var2, var3; 

// Serial code  

 

// Beginning of parallel section. Fork a team of threads. Specify variable scoping  

#pragma omp parallel private(var1, var2) shared(var3) 

{ 

// Parallel section executed by all threads  

// Other OpenMP directives 

// Run-time Library calls 

// All threads join master thread and disband  

}   

// Resume serial code  

} 

Source: Blaise Barney, LLNL 



Practical PGAS Programming: UPC 

Â PGAS extension to the C99 language 

 

 

 

 

 

 

Â Many helper library functions  

ÁCollective and remote allocation 

ÁCollective operations 

Â Complex consistency model 
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Practical DMM Programming: MPI-1 

52 Collection of 1D address spaces 

Helper Functions 

many more 
(>600 total) 

Source: Blaise Barney, LLNL 



Complete Six Function MPI-1 Example 
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#include <mpi.h> 

 

int main(int argc, char ** argv) { 

  int myrank, sbuf=23, rbuf=32; 

  MPI_Init(&argc, &argv); 

 

  /* Find out my identity in the default communicator */ 

  MPI_Comm_rank(MPI_COMM_WORLD, &myrank); 

  if (myrank == 0) { 

    MPI_Send(&sbuf,      /* message buffer */ 

             1,                  /* one data item */ 

             MPI_INT,             /* data item is an integer */ 

             rank,                /* destination process rank */ 

             99,             /* user chosen message tag */ 

             MPI_COMM_WORLD);    /* default communicator */ 

  } else { 

    MPI_Recv(&rbuf,  MPI_DOUBLE,  0, 99, MPI_COMM_WORLD,  &status); 

    printfόάǊŜŎŜƛǾŜŘΥ ҈i\ƴέΣ rbuf); 

  } 

 

  MPI_Finalize(); 

} 



MPI-2/3: Greatly enhanced functionality 

Â Support for shared memory in SMM domains 

 

 

Â Support for Remote Memory Access Programming 

ÁDirect use of RDMA 

ÁEssentially PGAS 

 

Â Enhanced support for message passing communication 

ÁScalable topologies  

ÁMore nonblocking features 

ÁΧ Ƴŀƴȅ ƳƻǊŜ 

54 



MPI: de-facto large-scale prog. standard 

55 To appear at SC14 (11/17/2014) 

Basic MPI Advanced MPI, including MPI-3 



Accelerator example: CUDA 

56 

Hierarchy of Threads 

Complex Memory Model 

Simple Architecture 

Source: NVIDIA 



Accelerator example: CUDA 
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#define N 10 

int main( void ) { 

  int a[N], b[N], c[N]; 

  int *dev_a, *dev_b, *dev_c; 

  // allocate the memory on the GPU 

  cudaMalloc( (void**)&dev_a, N * sizeof(int) ); 

  cudaMalloc( (void**)&dev_b, N * sizeof(int) ); 

  cudaMalloc( (void**)&dev_c, N * sizeof(int) ); 

  // fill the arrays 'a' and 'b' on the CPU 

  for (int i=0; i<N; i++) { a[i] = -i; b[i] = i * i;  } 

  // copy the arrays 'a' and 'b' to the GPU 

  cudaMemcpy( dev_a, a, N * sizeof(int), cudaMemcpyHostToDevice );  

  cudaMemcpy( dev_b, b, N * sizeof(int), cudaMemcpyHostToDevice ); 

  add<<<N,1>>>( dev_a, dev_b, dev_c ); 

  // copy the array 'c' back from the GPU to the CPU 

  cudaMemcpy( c, dev_c, N * sizeof(int), cudaMemcpyDeviceToHost ); 

  // free the memory allocated on the GPU 

  cudaFree( dev_a ); cudaFree( dev_b ); cudaFree( dev_c ); 

} 

__global__ void add( int *a, int *b, int *c ) { 

  int tid = blockIdx.x; 

  // handle the data at this index 

  if (tid < N) 

    c[tid] = a[tid] + b[tid]; 

  } 

The Kernel 

Host Code 



OpenACC / OpenMP 4.0 

Â Aims to simplify GPU programming 

Â Compiler support 

ÁAnnotations! 
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#define N 10 

int main( void ) { 

  int a[N], b[N], c[N]; 

#pragma acc kernels 

  for (int i = 0; i < N; ++i) 

    c[i] = a[i] + b[i]; 

} 



More programming models/frameworks 

Â Not covered: 

ÁSMM:  Intel Cilk / Cilk tƭǳǎΣ LƴǘŜƭ ¢..Σ Χ 

ÁDirectives: OpenHMPPΣ t±aΣ Χ 

ÁPGAS: Coarray CƻǊǘǊŀƴ όCƻǊǘǊŀƴ нллуύΣ Χ 

ÁIt/{Υ L.a ·млΣ CƻǊǘǊŜǎǎΣ /ƘŀǇŜƭΣ Χ 

ÁAccelerator: OpenCLΣ /ҌҌ!atΣ Χ 

Â This class will not describe any model in more detail! 

ÁThere are too many and they will change quickly (only MPI made it >15 yrs) 

Â No consensus, but fundamental questions remain: 

ÁData movement 

ÁSynchronization 

ÁMemory Models 

ÁAlgorithmics 

ÁFoundations 
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Goals of this lecture 

Â Motivate you! 

Â What is parallel computing? 

ÁAnd why do we need it? 

Â What is high-performance computing? 

Á²ƘŀǘΩǎ ŀ {ǳǇŜǊŎƻƳǇǳǘŜǊ ŀƴŘ ǿƘȅ Řƻ ǿŜ ŎŀǊŜΚ 

Â Basic overview of 

ÁProgramming models 

Some examples 

ÁArchitectures 

Some case-studies 

Â Provide context for coming lectures 
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large cache-

coherent multicore 

machines 

communicating 

through coherent 

memory access 

and remote direct 

memory access 

Architecture Developments 

õ00-õ05 <1999 õ06-õ12 õ13-õ20 >2020 

distributed 

memory 

machines 

communicating 

through 

messages 

large cache-

coherent multicore 

machines 

communicating 

through coherent 

memory access 

and messages 

coherent and non-

coherent 

manycore 

accelerators and 

multicores 

communicating 

through memory 

access and remote 

direct memory 

access 

largely non-

coherent 

accelerators and 

multicores 

communicating 

through remote 

direct memory 

access 

Sources: various vendors 



Case Study 1: IBM POWER7 IH (BW) 
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On-line Storage 

Near-line Storage 

L
-L

in
k
 C

a
b

le
s

Super Node
(32 Nodes / 4 CEC)

P7 Chip 
(8 cores) 

SMP node 
(32 cores) 

Drawer 
(256 cores) 

SuperNode 
(1024 cores) 

Building Block 

Blue Waters System 

NPCF 

Source: IBM 
Source: IBM/NCSA 



POWER7 Core 

63 Source: IBM 
Source: IBM/NCSA 



POWER7 Chip (8 cores) 

64 

Â Base Technology 

Á45 nm, 576 mm2 

Á1.2 B transistors 

 

Â Chip 

Á8 cores 

Á4 FMAs/cycle/core 

Á32 MB L3 (private/shared) 

ÁDual DDR3 memory  

128 GiB/s peak bandwidth  

(1/2 byte/flop) 

ÁClock range of 3.5 ï 4 GHz 

 

Quad-chip MCM 

Source: IBM 
Source: IBM/NCSA 
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Â 32 cores 

Á32 cores*8 F/core*4 GHz = 1 TF 

Â 4 threads per core (max) 

Á128 threads per package 

Â 4x32 MiB L3 cache 

Á512 GB/s RAM BW (0.5 B/F) 

Â 800 W (0.8 W/F) 

 

Source: IBM 
Source: IBM/NCSA 



Adding a Network Interface (Hub) 
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Â Connects QCM to PCI-e  

ÁTwo 16x and one 8x PCI-e slot 

Â Connects 8 QCM's via low 

latency, high bandwidth,  

copper fabric. 

ÁProvides a message passing 

mechanism with very  
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ÁProvides the lowest possible  

latency between 8 QCM's  

Source: IBM 
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1.1 TB/s POWER7 IH HUB 
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Â 192 GB/s Host Connection 

Â 336 GB/s to 7 other local nodes 

Â 240 GB/s to local-remote nodes 

Â 320 GB/s to remote nodes 
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Â cf. ñThe PERCS interconnectò @HotIô10  

Hub Chip 

Source: IBM 
Source: IBM/NCSA 
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P7 IH Supernode 
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1. Chip 

16 cores 

2. Module 

Single Chip 
4. Node Card 

32 Compute Cards,  

Optical Modules, Link Chips, Torus 

5a. Midplane 

16 Node Cards 

6. Rack 

2 Midplanes 

1, 2 or 4 I/O Drawers 

7. System 

 20PF/s 

3. Compute Card 

One single chip module, 

16 GB DDR3 Memory 

5b. I/O Drawer 

8 I/O Cards 

8 PCIe Gen2 slots 

Case Study 2: IBM Blue Gene/Q packaging 

Source: IBM, SC10 

16 

16 
16 

512 

8192 

16384 
~2 Mio 



© Markus Püschel 
Computer Science 

Blue Gene/Q Compute chip 
Â 360 mm²  Cu-45 technology  (SOI) 
Á ~ 1.47 B transistors 

 
Â 16 user + 1 service processors  
Áplus 1 redundant processor 
Áall processors are symmetric 
Áeach 4-way  multi-threaded 
Á64 bits PowerISAϰ 

Á1.6 GHz 
ÁL1 I/D cache = 16kB/16kB 
ÁL1 prefetch engines 
Áeach processor has Quad FPU 
 (4-wide double precision, SIMD) 
Ápeak performance 204.8 GFLOPS@55W 

 
Â Central shared L2 cache: 32 MB  
ÁeDRAM 
Ámultiversioned cache/transactional 

memory/speculative execution. 
Ásupports atomic ops 

 
Â Dual memory controller  
Á16 GB external DDR3 memory 
Á1.33 Gb/s 
Á2 * 16 byte-wide interface (+ECC)  

 
Â Chip-to-chip networking 
ÁRouter logic integrated into BQC chip. 

 

System-on-a-Chip design : integrates processors,  

memory and networking logic into a single chip 

Source: IBM, PACTô11 



Blue Gene/Q Network  
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Â On-chip external network 
Â Message Unit 
Â Torus Switch 
Â Serdes 
Â Everything! 

Â Only 55-60 W per node 
Â Top of Green500 and  

GreenGraph500 
 

Source: IBM, PACTô11 



Case Study 3: Cray Cascade (XC30) 

Â Biggest current installation at CSCS! J 

Á>2k nodes 

Â Standard Intel x86 Sandy Bridge Server-class CPUs 
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Source: Bob Alverson, Cray 


