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Scientific Visualization

Space : . — s . L
. p. . Simulation | Visualization |
Discretization

@ Precise simulations — huge data sets J

@ Bottleneck for visualization filters: data transfers
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Speedup Visualization by Efficient Use of Caches

Nehalem

computation speed > memory speed

Hardware Solution

@ Caches hierarchy

DDR3 Memory QuickPat
Controllers Intercont
T
v

3B @ 1.3 4x20b @ 6.4GTls

o Complex architecture with many
parameters

Fermi

Challenge: efficient use of hardware

SM SM

0 15
— o Efficient use of caches
L1 Cache L1 Cache|

(memory access locality)

768KB L2 Cache.
GDDR5 Memory | | PCI-Express
Controllers 2.0x16

6x8B @est36- 2B @4GTis
40GTis

e Without tuning of specific parameters
(cache size)

@ Performance guarantee
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@ Introduction

© Understanding Caches

e Techniques to improve locality

@ Cache-Oblivious Mesh Layout

© Isosurface Extraction using a Coherent Min-Max Tree

@ Conclusion
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The Memory Hierarchy

Memory  Size Latency

speed L1 16kB 1 cycle
CPU NI I L2 L3 mm_RAM L2 256kB 20 cycles
L3 8MB 50 cycles
size RAM 8GB 200 cycles
""""""""""""""""" - (Intel Nehalem)

Characteristics

@ Automatically managed by the CPU

@ Transfer by blocks or cache lines (generally 64B)
@ When a data is not in cache: cache miss

@ Replacement algorithm (eg. LRU):
evict a cache line and load the new one
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The Cache-Oblivious Model [FLPR99]

Cache Block transfers

—_—
Optimal replacement strategy

Unknown size M Unknown size B Infinite size

@ Performance: number of block transfers (cache misses)
@ Model locality of memory accesses

@ Architecture independent
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© Techniques to improve locality

M. Tchiboukdjian Cache-Efficient Visualization



Locality of memory accesses

Locality of memory accesses

e Spatial locality: use all data contained in a block

@ Temporal locality: reuse as soon as possible

2 techniques to improve locality

o Computation reordering

@ Data reordering
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Example: matrix multiplication

B
DA (110
[TD I [T
DA (10
[T (10
[T (110
n DT (10
EE=E : )
for int i =0 ; i <n ; 4+i
[T (110 . . ] . ' :
o D I T for (int j =0 ; j<n ;++)
— ) —— for (int k=10 ; k<n ; ++k )
D AIMDAMMDAD | | DD @A Cli.j] = A[i,k] * B[k,]
D D AMDATD | | DD @D ]+ [ [kl
D AMDAMMDJTD | | DD @A
QD QHIDAMIDAIID | | DD @D
[T @ (I
D ADAMIDAID | | DD @D
D AMDAMIDJD | | DD @D
D ADAMIDJID | | DD QDA
D D AMIDATD | | DD QDA
A |TIMDUMDATIDATID MDD DA | C=AxB

Naive matrix multiplication

o n?- (4 + n) = O(n?) cache misses
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Computation reordering for matrix multiplication

B
DD QD I
AT AT
I ATID I
DA QDA
e i iy o
n | | DD JITID AT
EEES : )
Ll for int i =0 ; i <n ; ++i
I AT .
" LD D LD (T for (int k=0 ; k<n ; ++k )
for (int j =0 ; j<n ; ++j )
D AMDAMMDJD | | DD @A Cli.j = A[i,k] * B[k,]
D D AMIDATD | | DD @D il =+ [ ! (k.51
D AMDAMMDAD | | DD QDA
D ADAMIDJID | | DD QDA
D D AMIDAND | | DD @UIDATITD
QI QI i (D
D AMDAMMDJID | | DD AITDATTD
D ADAMIDJID | | DD QDA
D ADAMIDATD | CIDATID QD
A | IID AIIDATIDATID | | I DA | C=AxB

Modified matrix multiplication

@ Improved spatial locality

2 n __ n® :
e n“-2- £ = O(5) cache misses
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Computation reordering for matrix multiplication

S B

-«
(DI
I
I

for (int ii =0 ; i < n/s ; 4++ii )
for (int jj =0 ; j<n/s ; ++jj )
for ( int kk =0 ; kk < n/s ; ++kk )
for (int i = iixs ; i < (ii+1l)*s ; ++i )
for (int j = jjxs ; j < (jj+1)*s i ++j )
for ( int k = kkxs ; k < (kk+1)xs ; ++k )
Cli.j] += A[i k] = B[k,j]

'S

D AITID AT
A | D AIDATIID AT

Matrix multiplication by blocks

@ Improved temporal locality

C=AxB

o 2 3
o Cache misses : (2)%-2.2.% = 35%

W

@ 3 submatrices should fit in cache : 3s2 < M —s s =

e Cache misses : O(B:’;M)
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Impact of Data Layout: work on mesh point

i struct mesh {

St:‘uCtblpoint i ; double x[n]
.OU A double y[n]

point mesh[n] ; } double z[n]

X (Yo |20 |\ (1 |&@ (X [y |2

for (int i =0 ; i <n ; ++i) for (int i =0 ; i<n ; ++i )
mesh[i].x *= ; mesh.x[i] %= 2 ;

for ( int i = i <n o 4 ) for (int i =0 ; i <n ; ++i )
mesh[i].y *= ; mesh.y[i] *= 2 ;

for (int i =0 ; i <n ; 4++i) for (int i =0 ; i <n ; ++i)
mesh[i].z x= 2 ; mesh.z[i] = 2 :

for (int i =0 ; i <n ; ++i ) { for (int i =0 ; i<n;+H ){
mesh[i].x *= H mesh.x[i] %= 2 ;

mesh[i].y *= ; mesh.y[i] %= ;

mesh[i].z *x= H mesh.z[i] %= 2 ;
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@ Cache-Oblivious Mesh Layout
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Common Mesh Access Patterns of Visualization Filters

Visualization Filter
A function f to apply to all or a subset of points or cells of the mesh

Cell Neighborhood Point Neighborhood

o ex: vtkConnectivityFilter o ex: vtkGradientFilter

v

Cell Attributes Point Attributes

o ex: vtkMarchingCube o ex: vtkCellDataToPointData
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Common Mesh Access Patterns of Visualization Filters
Layout order traversal

@ Access points/cells in the order fo;(g)ir_n P=0 ;i< )
given by the layout '
@ ex: Marching Cubes

Connectivity traversal ot i = init() :

@ Access points/cells through “"‘fiz?)(."“’“"e(i) ) 1

neighborhood links , | netehbert)

@ ex: Raycasting

External data structure traversal

@ Access the mesh through an
external data structure

@ ex: Isosurface extraction with
min-max tree
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Cache-Oblivious Mesh Layout [TDR10]

neighborhood

Store elements connected in the mesh close in
memory.

Why? attribute

@ Cell/Point neighborhood and connectivity
traversal: improved spatial locality

o Layout order traversal + cell/point
attributes: improved temporal locality layout order
o External data structure traversal: depends | f{i}t =% =" )

on the data structure

connectivity

| A

int i = init();
HOW? v:hilg( not_done (i) ){
Renumber points/cells so that points/cells T(;);eighbor(a);

}

connected in the mesh have close indices.
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Cache-Oblivious Mesh Layout [TDR10]

mesh

1
I

BSP tree

points

BT R s

Algorithm
Recursively separate the mesh in two parts while cutting few cells.

Performance guarantee

e Computing the layout: O(nlog n)

o Using the mesh: O(g5 + 1;13) cache misses
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Examples of Generated Layouts

Geometric Sort Cache-Oblivious

M. Tchiboukdjian Cache-Efficient Visualization



Cache-Oblivious Mesh Layout: experimental results

tori.
mSpeedup o
mCache misses ratio <ot
Copt
‘ 10,53

Gradient

o Connect

\ RC

HAVS

Iso

Iso (GPU)

0o 1 2 3 4 5 6 7 8 9 10 11 12

@ Non modified VTK filters except Iso (home-made)
@ Speedup of the CO mesh compared to the original mesh J
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© Isosurface Extraction using a Coherent Min-Max Tree
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Isosurface Extraction with a Min-Max Tree
Marching Cube algorithm

@ For each cell, interpolate the isosurface inside the cell

@ Examine all cells, even the ones not traversed by the isosurface

v

@ Recursively divide the mesh into regions

@ Store for each region, the min and max value of the scalar field

o If the isovalue is not in the interval [min, max], the region can
be discarded )

Isovalue = 54. Only blue intervals are examined.

[0, 100]

[0, 63] —— T [42, 100]
/ \
[0, 55] [24, 63] [42, 74] 69, 100]
/ N b ~N b N 7 N
[0,35] [23,55] [24, 47] 39, 63] [42, 57] 53, 74] 69, 84] [81, 100]
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Choice of the Min-Max Tree
Divide the mesh into geometric regions

@ Cells in the same geometric area often have close scalar values
— Intervals are small, more regions can be discarded

@ For each leaf region, store the list of cells in this region

@ Cells of the same region could be clustered in the layout
— poor locality

Divide the mesh using the layout

@ No need to store the list of cells in a leaf region (cells [/, ])

@ Cells in the same region are contiguous in the layout
— good locality

@ Cells of the same region could be clustered in the mesh
— few discarded regions

@ Strategy used by the vtkSimpleTree

M. Tchiboukdjian Cache-Efficient Visualization



Coherent Min-Max Tree [TDR10]

Combine advantages of both trees

@ Divide the mesh into regions that are both contiguous in the
layout and based on the geometry
— good locality, many discarded regions, low memory
usage

o Take the tree used to compute the layout

1
1 BSP tree
1
1

BT OO eoins
EEENNT  —  aEaa
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Coherent Min-Max Tree: Experimental results

— Speedup over original layout w/ geometric tree
I Ratio of cache misses over original layout w/ geometric tree

4.85
4,550
4 - |
3.47
2.92 2.79
234 )14

2 1.86 |
0 T T T T

geometric tree  layout tree  geometric tree  layout tree w/ CO layout

CPU GPU
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Conclusion
Cache-Efficient Visualization

@ Cache-Oblivious mesh layout
@ Performance guarantee

@ Architecture independent

@ Experimental validation on many visualization filters
°

Coherent min-max tree for isosurface extraction

v

@ Locality for parallel programs on multicore processors

@ Cache-efficient volume rendering by ray casting

\
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