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Overview

x \What is Freesurfer?

x [he Need for Speed

® [ Inear Registration

x Non-Linear Registration

x Future Needs & Directions

x Conclusion
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Freesurfer

x Set of tools for MRI brain image analysis
http://surfer.nmr.mgh.harvard.edu/

® Automatic registration & segmentation of images

x Around 1.3M lines of code
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http://surfer.nmr.mgh.harvard.edu
http://surfer.nmr.mgh.harvard.edu

Usage

x Freesurfer used by thousands of researchers worldwide
x Alzheimers
® Aspergers
® clC.
x Used in tandem with other techniques
x EEG, MEG etc.

x Supported on multiple computing platforms
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Key Driver

x Clinicians would like to use Freesurfer

x Could help thelr diagnostics
x Need fast turnaround

= \\ithin an hour, or seconad visit reguired
x Main Freesurfer pipeline takes 10 hours

x 3.2 GHZz Intel W5580 (Gainestown/Nehalem)



Other Benefits

x ‘Quick’ registration - while subject in-MRI'machine
x Allows better targeting of tMRI/spectroscopy

x [Faster population studies
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LInear Registration

x [ask Outline
x [ake MRI image and precomputed atlas
x Find affine transformation for best match
x \\Vhy accelerate first?
x Key task
x 20 minute runtime

® Algorithm fairly simple



Basic Algorithm

» Pick affine transformation; A
x Fvaluate total ‘energy’ for O(2000) atlas points

® Bepeat, seeking lower-energy

E(A) = Z F (i)

Vi



Multiscale Search

x (Generate A from a base transform:-T

x Combine with small-transforms {U;} A;=TU;
x Find the best A from this set

x [his becomes the new |

x (Generate new set of smaller U;



Multiscale Search Example

x Start with identity transform

x (Generate translations in range [-5,9]

® [hree In each direction
x Evaluate energies

n Select new T

S O = O

O = O O

= OO O




Multiscale Search Example

(10

= Start with identity transform e \g é

x (Generate translationsin range [-5,5] [ (1) (1)

x Three in each direction G \8 :
x Evaluate energies

x Select new [ s /é g

\ 0 0

O L LEDUIED L L LR LIS L LD

O L = AE DL (D)




Multiscale Search Example

x Start with identity transform

x (Generate translations in range [-5,9] B 500

493

® [hree In each direction

S
[

» Evaluate energies i

n Select new T



Multiscale Search Example

x Start with identity transform

x (Generate translations in range [-5,9]

® [hree In each direction
x Evaluate energies

n Select new T

~ N

000 e 6 =

O = O O




Multiscale Search

® Search performed in two- stages

® [ranslation only

x [ranslation; rotation ana dilation
x Each set Ujis a hypercube of possibilities

® c.0. 5 possible translations in each direction etc.



-irst Acceleration Attempt

® Energy evaluation smallest parallel part
® valuate each atlas point energy by one thread
x Store results in global - memory
x Reduction sum to get total energy

» [ransformation matrix sent from CPU



-irst Acceleration Attempt

x Atlas and MRl never change
® | oad at start of program
x Use texture for MBI
® ree interpolation on co-ordinate transform
x Create GPU classes

x Jse thrust library for reduction



-irst Acceleration Attempt

x Results promising

x Runtime reduced to 4 mins:(5x) with- G2050

x [ransform identical
x However 2000 threads not much

x | ots of performance still available



Increasing Parallelism

A =TU;

® Energy evaluation for-each Ay is iIndependent
x Fach U easily. computed
x Combination of translations,; rotations and dilations

x Parameters set by location in hypercube

Wip = 1D,y @17, ; @Ry ) @ (R} ®15,}



Block Indexed lranstorms

e
. Matrix T sent from CPU

x Compute transform set for U; from block index
® [First warp computes Ajand stores in shared memory
x Compute/reduce Ejin-shared memory

x Store to global array

Wip = 1D,y @17, ; @Ry ) @ (R} ®15,}



Block Indexed lranstorms

x [hrust selects minimum:-energy: (@and its index)
® Recover transtorm parameters from index
x [Jse same routines as GPU

® Return to main program



Increasing Parallelism

x Now have hundreds of thread blocks

® 5 translations in-each direction gives 125 blocks
x Much better for the GPU

x Runtime 30s (40x) on G2050

x Amdahl’s Law now: limiting factor



Analysing Results

x Speed up good, but results can differ

x Consider computation of Aj G
x [irst version computed on CPU and sent to GPU
x [Faster version computes A on GPU

® [his gives slightly different results



Computation of A

» Actually use A, not A
x First version inverts on GRPU and: sends that
® Faster version

x |nverts T on CPU, sends to GPU

x [rivially inverts components of U; on GPU

x Composes A" on GPU
U =18} ®{R;} o{RY} ©{R}} '®{D,}"



Computation of A

n Differences lead to different minimum
» Occurs on subvoxel-sized transforms
x End up with different final transtorm

® Assessing how: to minimise differences
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Viotivation

® | Inear registration insufficient
® Diagnostics require detailed analysis of structures
x Differences from atlas - most interesting

x Require non-linear registration

® Fach voxel has own adisplacement



Non-Linear Registration

® Basic search algorithm similar
® Pick a set of displacement vectors
x valuate energy: of configuration

= Dimensionality is-millions

x Buntime over two hours

x 3.2 GHZz Intel W5580 (Gainestown/Nehalem)



Energy Evaluation

» Energy split into multiple terms By =y A E;
® Fach energy term follows same pattern :

x Evaluate expression:for each voxel

® Sum together
x (General CUDA approach

x Kernel to evaluate energies

® [ Nhrust for reduction sum



Transform Update

x Splits into multiple terms
® [erms match energies
® Same pattern for evaluation
® Fach voxel produces new displacement vector

x CUDA acceleration follows same pattern



Converting to CUDA

x Basic prescription worked: well
® ost voxel evaluations independent

x Some floating point and precision ISSUes
x Able to keep within-acceptable limits

® Datastructures were the main problem



Datastructure Conversion

x GPU code uses arrays of structures

x Pointers to pointers
x 3D volumes use both xyz and zyx ordering
x None of this good for the GPU

x Not so great for the CPU either

typedef struct {
typedef structii double origx, origy, origz;
int width, -hetght, depth;
GCA_MORPHINODE - ***nodes:; GCA* gc:

+ GCA_MORPH; } GCA_MORPH_NODE;



Datastructure Conversion

x GPU required structure of arrays
x Created templated: ‘volume’ class to help

x [ransfers between host and GPU very slow
1.Allocate contiguous host arrays
2.Pack data into these arrays (may have to reorder)

3.5end across PCle bus



Need for a Pipeline

® Datastructure conversion a significant bottleneck
x CPU computation takes 200ms
x GPU computation takes 20ms
x [ransfer back and forth takes 1s (round trip)

x Have to get entire computation on the GPU



Current Status

x All energy computations now: pipelined:-on GPU
x Buntime now around 90 minutes (C2050)

x Still working on the transform update
x One major stage remaining
® Datastructures even more interesting

x Runtime <60 minutes looks possible
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1he Future Is Hybrid

x Future machines will be hybrids

x DARPA Exascale Computing Study

x Need programming paradigms to reflect this



Datastructures

x Rethinking of datastructures essential

® Repacking stage kills performance

®x Books teach arrays of structures

x Nice way to think about things

® Performance requires structures of arrays

. How can we reconcile the two?



Datastructures

® Densely accessed structures are easy
x Create a class which
x Holds separate arrays internally
® Supplies operator() to construct individual instance

® \ector volume is an easy example
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Datastructures

® Sparsely accessed structures more difficult
x Only want to access required components

x| oading full structure will-nurt performance
x Compller optimisations may: help

x Risky to rely on these typedef struct {
double origx, origy, origz;

GCA* gc;

1 GCA_MORPH_NODE:



Datastructure Management

x Ventioned templated ‘volume’ class
x Actually two classes
x ‘Management” class for the GPU

» ‘Mutator’ class for the GPU



Data Management Example

template<typename: 1>
cltass VolumeGPU %
pUbte:
operator MolumeArgGPU<T>( void ) const;

template<typename - T>
class VolumeArgGPU {
public:

const dim3 dims;

voidAltlocateC const dim3 myDims );

~_device - void Release( void );

T operator()( const int ix,
CONSELNES DY,

. 2 .
CONSE N iz ) Cons voidiSendBuffer(:const T* const h_buffer );

voidiRecvBufferC -T* const ‘h_buffer ) const;

private:
void* -constprtchedPtr:;
const-size-t dataPitch;

protected:
dim3-dims;
cudaPitchedPtr d_data;

i bet



Datastructure Management

x Useful wrapping of functionality-on GPU
x Encourage on CPU too?

x Separate management and computation
x Could define templated interface classes

x CPU version could use same backend for both



Heterogeneous Computing

x Currently CPU and GPU structures separate
x Contain common metadata

® .. Size of volume
x Can datastructures reflect this?

x Currently have trouble keeping both updated



A Recipe for Heterogenelty

n Abstract base class defines
x \etadata
x Methods

class-Image {

pubtTeEs
vireual-vord-Alltecatel const-dimZ sSize ) = 0;
virtual-vord-Release( void ) =0;

protected:
dimZ-1mgSize;

o



A Recipe for Heterogenelty

®x Subclass for specific:hardware
x |mplement methods

x Contain pointer to data

class ImageCPU = public Image 1 class ImageGPU : public Image {
public: publtic:
private: private:

float* data; float* d_data;

5 s



A Recipe for Heterogenelty

x Same with algorithms
® Base class defines operation

® Subclasses implement for hardware

classiConvolve 4
pubLHC:
virtuakivord:Convolve const-Image*’src,
Image* dst;
constivector<ftloat> kernel,
const-chdar-direction ) const = 0;

o



Heterogeneous Computing

x Main program only deals with base classes

® Supply conversion and-assignment operators

® [reely mix code on different hardware
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Conclusions

x Freesurfer can benefit greatly from GPUS
® [ Inear registration as - much-as 40x
x Non-linear registration:now: half-an hour faster
® Need to consider structuring of future programs
®  Abstract implementation details

x Provide high level interface to domain scientists
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