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High Performance ComputersHigh Performance Computers
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Where Does the Performance Go? orWhere Does the Performance Go? or
Why Should I Care About the Memory Hierarchy?Why Should I Care About the Memory Hierarchy?

µProc
60%/yr.
(2X/1.5yr)

DRAM
9%/yr.
(2X/10 yrs)1
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Optimizing Computation and Optimizing Computation and 
Memory UseMemory Use
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Level 1, 2 and 3 BLASLevel 1, 2 and 3 BLAS
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Why Higher Level BLAS?Why Higher Level BLAS?
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BLAS for PerformanceBLAS for Performance
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6 Variations of Matrix Multiple6 Variations of Matrix Multiple
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Matrices in CacheMatrices in Cache
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For a Pentium III 550 MHz 
L1 data cache 16 KB (also has a L1 instruction cache 16 KB)

• L2 cache 512 KB 

• Sqrt(512K/8) = 252
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Pentium III 933 MHz
f77 -O3 
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Pentium III 550 MHz
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Pentium III 550 MHz
f77 -O3

0

50

100

150

200

250

300

350

400

1 10 19 28 37 46 55 64 73 82 91 100 109 118 127 136 145 154 163 172 181 190 199 208 217 226 235 244 253

Order

M
flo

p
/s

ijk

jik

jki    

kji

kji

ikj

dgemm

��

Matrix Multiply                         Matrix Multiply                         
Assumption Data in CacheAssumption Data in Cache
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How to Get Near PeakHow to Get Near Peak
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Matrix Multiply Matrix Multiply 
(blocked, or tiled)(blocked, or tiled)
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Adaptive Approach for Level 3Adaptive Approach for Level 3
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SelfSelf--Adapting Numerical Software Adapting Numerical Software 
(SANS)(SANS)
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Software Generation Software Generation 
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ATLAS ATLAS (DGEMM n = 500)(DGEMM n = 500)
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Some Automatic Tuning ProjectsSome Automatic Tuning Projects
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Pentium 4 Pentium 4 -- SSE2SSE2
Today’s “Sweet Spot”  in Price/PerformanceToday’s “Sweet Spot”  in Price/Performance
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Experiments with C, Fortran, and Experiments with C, Fortran, and 
Java for ATLAS Java for ATLAS (DGEMM kernel)(DGEMM kernel)

�	

Recursive Approach for               Recursive Approach for               
Other Level 3 BLASOther Level 3 BLAS

♦ %���
��� ��
���+�
���#����������"�

♦ H������
�����
�
��

�� ����

���
����
�� ���	�� � E������
��
������
�
��

�����
�

Recursive TRMM

00

0

0
0

0

0

0

0

0

0

0

00

0

0

0

0

0

0



�)

�(

Intel PIII 933 MHzIntel PIII 933 MHz
MKL 5.0 MKL 5.0 vsvs ATLAS 3.2.0 using Windows 2000ATLAS 3.2.0 using Windows 2000
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Work in Progress:Work in Progress:
ATLASATLAS--like Approach Applied to Broadcast like Approach Applied to Broadcast 
(PII 8 Way Cluster with 100 Mb/s switched network)(PII 8 Way Cluster with 100 Mb/s switched network)

Message Size  Optimal algor ithm Buffer Size
(bytes)                                          (bytes)

8                    binomial                8
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CG Variants by Dynamic CG Variants by Dynamic 
Selection at Run TimeSelection at Run Time
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History of Block Partitioned History of Block Partitioned 
AlgorithmsAlgorithms
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Blocked Partitioned AlgorithmsBlocked Partitioned Algorithms
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Derivation of Blocked AlgorithmsDerivation of Blocked Algorithms
Cholesky Factorization A = UCholesky Factorization A = UTTUU
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LINPACK ImplementationLINPACK Implementation
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DO 30 J = 1, N
INFO = J
S = 0.0E0
JM1 = J - 1
IF( JM1.LT.1 ) GO TO 20
DO 10 K = 1, JM1

T = A( K, J ) - SDOT( K-1, A( 1, K ), 1,A( 1, J ), 1 )
T = T / A( K, K )
A( K, J ) = T
S = S + T*T

10       CONTINUE
20       CONTINUE

S = A( J, J ) - S
C        ...EXIT

IF( S.LE.0.0E0 ) GO TO 40
A( J, J ) = SQRT( S )

30 CONTINUE 
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LAPACK ImplementationLAPACK Implementation

DO 10 J = 1, N

CALL STRSV( 'Upper ', 'Transpose', 'Non-Unit’ , J-1, A, LDA, A( 1, J ), 1 )
S = A( J, J ) - SDOT( J-1, A( 1, J ), 1, A( 1, J ), 1 )
IF( S.LE.ZERO ) GO TO 20
A( J, J ) = SQRT( S )

10 CONTINUE 
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Derivation of Blocked AlgorithmsDerivation of Blocked Algorithms
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LAPACK Blocked AlgorithmsLAPACK Blocked Algorithms

DO 10 J = 1, N, NB
CALL STRSM( 'Left' , 'Upper ', 'Transpose','Non-Unit', J-1, JB, ONE, A, LDA,

$               A( 1, J ), LDA )
CALL SSYRK( 'Upper ', 'Transpose', JB, J-1,-ONE, A( 1, J ), LDA, ONE,

$               A( J, J ), LDA )
CALL SPOTF2( 'Upper ', JB, A( J, J ), LDA, INFO )
IF( INFO.NE.0 ) GO TO 20

10 CONTINUE 
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LAPACK ContentsLAPACK Contents
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LU Factorization
Pentium 4, 1.5 GHz, using SSE2
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Gaussian Elimination via a Gaussian Elimination via a 
Recursive AlgorithmRecursive Algorithm
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Recursive FactorizationsRecursive Factorizations
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Dense recursive factorizationDense recursive factorization
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RLU(A)

RLU(A11)

A21 := A21 U-1 (A11)

A12 := L1
-1 (A11) A12

A22 := A22 – A21 A12

RLU(A22)
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Sparse Factorization AssumptionsSparse Factorization Assumptions
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Sparse Recursive Factorization AlgorithmSparse Recursive Factorization Algorithm
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2. Symbolic Factorization2. Symbolic Factorization
3. Search for Dense blocks3. Search for Dense blocks
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Layout of sparse recursive matr ix
in storage follows recursion

Recursive Factorization Applied to Recursive Factorization Applied to 
Sparse Direct MethodsSparse Direct Methods
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SuperLUSuperLU -- High Performance Sparse High Performance Sparse 
SolversSolvers
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Comparison with Comparison with SuperLUSuperLU on Pentium IIIon Pentium III
SuperLU Recursion

Name N nonzeros Time[s] FERR L+U Time[s] FERR L+U
af23560 23560 460598 44.19 5.80E-14 132.2 31.34 1.80E-14 149.7
ex11 16614 1096948 109.67 2.50E-05 210.2 55.3 1.30E-06 150.6
goodwin 7320 324772 6.49 1.20E-08 31.3 6.74 4.60E-06 35
jpwh_991 991 6027 0.19 2.90E-15 1.4 0.25 2.60E-15 2.3
mcfe 765 24382 0.07 1.20E-13 0.9 0.22 9.10E-13 1.8
memplus 17758 126150 0.29 2.10E-12 5.9 12.67 6.60E-13 195.7
olafu 16146 1015156 26.16 1.10E-06 83.9 22.1 3.70E-09 96.1
orsreg_1 2205 14133 0.46 1.30E-13 3.6 0.45 2.10E-13 3.9
psmigr_1 3140 543162 110.79 7.90E-11 64.6 88.61 1.20E-05 78.4
raefsky3 21200 1488768 62.07 1.40E-09 147.2 69.67 4.40E-13 193.9
raefsky4 19779 1316789 82.45 2.30E-06 156.2 104.29 3.50E-06 234.4
saylr4 3564 22316 0.85 3.20E-11 6 0.95 1.20E-11 7.2
sherman3 5005 20033 0.61 6.00E-13 5 0.67 4.80E-13 7.3
sherman5 3312 20793 0.28 1.40E-13 3 0.32 6.20E-15 3.1
wang3 26064 177168 84.14 2.40E-14 116.7 79.18 1.60E-14 256.7
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ScaLAPACKScaLAPACK
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ScaLAPACKScaLAPACK
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Programming StyleProgramming Style
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Overall Structure of SoftwareOverall Structure of Software
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ScaLAPACK StructureScaLAPACK Structure
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Choosing a Data DistributionChoosing a Data Distribution
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Possible Data LayoutsPossible Data Layouts
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Distribution and StorageDistribution and Storage
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To Use ScaLAPACK a User Must:To Use ScaLAPACK a User Must:

♦ �� ������
#�������	��������$����
�������	���.�����
�5�� � 4�5�� � 4�5�� �� 4�3 �' ��/�
��
#��� ��#����>

♦ C 
�
����� �' ���
�	
�� � #��#�
� � �
�����
#����	�����)E���
������	
��

� �������
#����
�����
#����	������
������	
��

� ������
#����� �
��������
�
��
��
���������� �' �����#���

� ������
��
#������
������
�
�
#�����
�
��
��
���������#��

♦ �#�����
�� ��
�������
��
#���
������
�������������

#����� ��
�����
��������
#���������
���� ����
�����

♦ �#�����
�� ��
��
�

�
#���������
���������������
� O� ��
�� G�� H ���
Y���P

�H�
�8�
#����� ��
�����
������
�������$������
#�����
�����
��

#��
��4�����
����� ���"���#��	�������� �������N

♦ � ������� ���
���4�
�
�
��
#���
������
��
��
#�������
���
����
���



�)

�(

ScaLAPACK Cluster EnabledScaLAPACK Cluster Enabled
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LAPACK For ClustersLAPACK For Clusters
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User has problem to solve (e.g. Ax = b)

Natural 
Data (A,b)

Middleware 

Application Library (e.g. LAPACK, 
ScaLAPACK, PETSc,…)

Natural 
Answer (x)

Structured
Data (A’ ,b’ )

Structured
Answer (x’ )

Big Picture…Big Picture…

	�

Numerical Libraries for ClustersNumerical Libraries for Clusters

User

A b

Stage data to disk
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Numerical Libraries for ClustersNumerical Libraries for Clusters

User

A b Library
Middle-ware
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Numerical Libraries for ClustersNumerical Libraries for Clusters
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NWS
Autopilot
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Time function
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Numerical Libraries for ClustersNumerical Libraries for Clusters

User

A b Library
Middle-ware

NWS
Autopilot

MDS

Resource 
Selection

0,0 0,1 …

Time function
minimization

Uses Gr id infrastructure, i.e.Globus/NWS, but doesn’ t have to.
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Resource SelectorResource Selector
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Ax = b
Cluster of 8 Pentium III 933 MHz
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LAPACK For Clusters (LFC)LAPACK For Clusters (LFC)
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Fault Tolerance in the Message PassingFault Tolerance in the Message Passing
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Fault Tolerance Fault Tolerance -- Diskless (RAID) Diskless (RAID) CheckpointingCheckpointing
-- Built into Software  Built into Software  (J. Plank, J. Dongarra)(J. Plank, J. Dongarra)
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Tools for Tools for 
Performance EvaluationPerformance Evaluation
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Performance CountersPerformance Counters
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Performance Data Performance Data 
That May Be AvailableThat May Be Available

�����������

�&���
��	�����
�
���

��
��������


���
�	�
����

��
����
����


����

��
��������

�����-�
�
������

�5
���#�
�����-���
�

���������


�5
���#�� ���
����
����

�����������
���������
��
� �� �
��������
��

�����������
���������
��

����
����������
�

��-�����#��� ��������
�
�����
��
��������

����#����������
����

���5�� �����

���5���������
����

�)*

Low Level APILow Level API
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High Level APIHigh Level API
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High Level FunctionsHigh Level Functions
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Perfometer FeaturesPerfometer Features
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PAPI PAPI -- Supported ProcessorsSupported Processors
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Early Users of PAPIEarly Users of PAPI
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PAPI’sPAPI’s Parallel InterfaceParallel Interface
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and Software on Clusters and Gridsand Software on Clusters and Grids
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