Optimal Multi-Image Processing
Streaming Framework on
Parallel Heterogeneous Systems
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Motivation

e Multi-View Stereo for Community Photo Collections
e Goesele et. al, ICCV 2007
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Motivation

e Scene completion using millions of photographs
e James Hays and Alexei A.Efros, SIGGRAPH 2007
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Original Image Input \ M: Outpul

e Finding Paths through the World’s Photos

e Snavely et al , SIGGRAPH 2008
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Motivation

® Map population into a common
coordinate space

® Learn about variability

® Describe difference from
nhormal

® Development, evolution, disease

® Automatic segmentation

Joshi et al 2004 “Unbiased Diffeomorphic ...*



Automatic Segmentation

® Compute the atlas




Automatic Segmentation

® Compute the atlas
® Partition the atlas




Automatic Segmentation

® Compute the atlas
® Partition the atlas

® Map labels from the atlas
back to individuals



Challenges

® Multi-image processing is challenging

® |arge amount of computation

® [Excessive memory requirement

® Solution - parallel processing system:

® Supercomputer

34
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Resource and Accessibility trade off

Computing Level Resources  Accessibility Applications

GPU Cluster Abundant Restricted Few

ultl GPU
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Multi-image Operations

(Flynn's taxonomy classification)

Multi-Input Multi-Output Multi-Input Single-Output
(MIMO) (MISO)
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Complex MIMO

Complex
n-inputs & m-outputs

- O




Complex MIMO

Complex Decomposition | Basic

n-inputs & m-outputs MIMO & MISO




Sliding window MIMO complex

(Functions with memory stages)

sliding window MIMO
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External memory

sa|i} Induj

sa|iy Indino

Out-of-Core

100MB/s

Async I/O
read :
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MIP Challenges

Device memory

Host to
Device

Device to
Host

145GB/s
Device to
Device

ey CPU system GPU global

memory memory
Mem Size n-TB |0-256GB 512MB-6GB
Bandwidth |OOMB/s 3-8 GB/s 140-200GB/s

Proc. operators
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Data transfer becomes bottleneck ! Solution: Asynchronous processing |9



Analysis constraints

MI operator - ...........................

Satisfied with

® We can order the data and perform the functions in practice

processing in that order

mance ass Mostly satisfied with
e Computation are uniform preprocessed data
® Data transfer are uniform

® Simple 3-stage pipeline
P 5% PP First level of

out-of-core
execution | GPU program execution Processing models

download | GPU to CPU memory transfer 20

CPU to GPU memory transfer




Asynchronous versus Synchronous

T. —n xT+T+n

stream;

CPU to GPU memory transfer

execution | GPU program execution

download | GPU to CPU memory transfer
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Asynchronous versus Synchronous

wed 1

stream;

CPU to GPU memory transfer

execution | GPU program execution

download | GPU to CPU memory transfer
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Asynchronous versus Synchronous

T. = n xT+T+n
-

strea m,

streamp-j

streamp,

execution | GPU program execution

download | GPU to CPU memory transfer




Asynchronous versus Synchronous
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Asynchronous versus Synchronous
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Asynchronous versus Synchronous
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Hardware-aware Execution

Stream is assigned after the hardware execution unit

o N

D2D

D2H 7 —— max(Te,Tu))

upload CPU to GPU memory transfer

GPU program execution

download | GPU to CPU memory transfer




Hardware-aware Execution

Stream is assigned after the hardware execution unit

Tmaa:

é o)t uee

m CPU to GPU memory transfer [
M GPU program execution
m GPU to CPU memory transfer




Hardware-aware Execution
Stream is assigned after the hardware execution unit

Tmaa: Tmax Tmaa:
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Hardware-aware Execution

Stream is assigned after the hardware execution unit

Sync point

Tmaa: Tmax
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Hardware-independent Execution

Stream is assigned after the function stage
1y e L,
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Hardware-independent Execution

Stream is assigned after the function stage
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Extension to Full Out-of-Core MIP

Full a Out-Of-Core GPU Out-Of-Core

Out-Of-Core In-core CPU 3 CPU transfers

upload

execution

execution
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|ldeal condition runtime

Sync ~_,

mplicit=U_ED=UD_E >

UED=EDU=DUE -,

UD N\

0.5 0.77 0.93
Processing ratior=E/ (U + D)
r = E/(U+D) <<| I >> |
Function type | Transfer dominant Balance Proce.ssing
dominant
Speed up benefit Low High (2) Low

The system with one data transfer + one execution units



|ldeal condition runtime
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Forced synchronization

required to preserve semantic order of a program

Signal And Wait

/Blocke
U Steam ARt _

Blocked




Order-independent Streaming Mode

* Reordering is available for stages of different images

upload | execution | download

original execution order ,
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Order-independent Streaming Mode

* Reordering is available for stages of different images

upload | execution | download

original execution order ,
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Order-independent Streaming Mode

* Reordering is available for stages of different images

upload | execution | download

original execution order ,
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Solution for forced synchronization

® Reordering reduces penalty of forced synchronization in
execution stage

Sync-.
/ point




Solution for forced synchronization

® Reordering reduces penalty of forced synchronization in
execution stage

' Sync- Sync-
- o - /point

sync- NS sync-
oint ; point

d-i-N

N




Solution for forced synchronization

® Reordering reduces penalty of forced synchronization in
execution stage

'- T
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Degrading condition runtime

N

0.5 0.6 0.65

nchronous ratio r = (E1/(E24+E1))
Total runtime per iteration - fixed

S —

Upload TR BT Download
Synchronous U ED UED DUE
Implicit UE D EDU

45
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Degrading condition runtime

N

0.5 0.6 0.65

n‘chronous ratior = (E1/(E2+E1))

EI<TU Tu<EI<E2 EI>E2>TD E2>TD

EUD UED UED DUE

Optimal strategy lookup table



Functions in practice

Function | U [ E [ D |8
B T BT
T 0

Averaging | 847 | 20 | 11
Nomulvation | 7|25 | 522
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Functions in practice

Function | U | E | D | Sync | Iupl | Hrd-avare | Hrdindp
Max | 367 | 13 | 0| 360 | 81| 300 | 319
Ewemy | 692 | 20 | 0| 70 | 68| 700 | 605

(Averaging | BT |20 | 11| a0 |6 |61
_
K T 0 0 0 G N

48



Functions in practice

Function [ U [ E [ D | Sync | Tupl | Hrd-avare | Hrdindp
Max | 367 | 13 | 0| 360 | 81| 300 | 319
Ewemy | 692 | 20 | 0| 70 | 68| 700 | 605

(Avnegig | 97 | 20 | W[ o7 [0 | s | s
| Normalization | 347 | 28 | 322
Ko 0 2 0 0

: Full Out-Of-Core Atlas Construction takes 1h40 minutes
with Async. execution and 2 hours with Sync. execution to finish

49



Approximate Atlas versus Complete Atlas

a. Intensity average image b. Random-permuation regression c. Random-permuation regression  d. Full-diffeomorphic atlas construction
atlas construction with cohort =3 atlas construction with cohort =9 Number of images 156

Average entropy Entropy variance

Permutation regression
e Number of tests = 100
e Cohort = 3 takes 40 minutes
e Cohort = 9 takes 2 hours

Exact out-of-core computation
takes 6 minutes

12

Number of inputs
‘O Normal Spatial Average O Greedy lter. Diffeomorphic Avgerage




Conclusion

® This paper presents
® Multi-image processing framework
® Multi-image operators
® FEfficient asynchronous execution model

® Hardware independent model is optimal

® Degrading problem and solution based on reordering strategy



http://www.sci.utah.edu/software/13/370-atlaswerks.html
http://www.sci.utah.edu/software/13/370-atlaswerks.html
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Question and Answer




Hardware independent optimality

(a) Hardware-aware model ,
Sync-point

Start-Loop, 1Im War TP

H2D-

D2H
T s AT ) IR 3 e
- ' G, 1o Sl led |
(b) Hardware-independent model
T’LL Teu Tm 4 < Tm

< > €




When hardware independent is faster than
hardware aware

(a) Hardware-aware model

Tma ' Tma

1€ >, €

H2D-

>
o e

Consider 1. > max(Ty,Ty)

D2D T,

Tm a

I
N

< TR G 1) T T .
TEMP 210K 1 Al g B TS

(b) Hardware-independent model

Tmi

L e (e T + T,




When out-of-core is faster than in-core

a. In-core execution (without asynchronous execution)

<—n><T »>< > < 7’L><Td—’

el el
e ('L D)

b. Out-of-core using asynchronous execution




Atlas construction algorithm

. Input : N volume inputs
. Output: Template atlas volume
. for k =1 to max_iters do

Fix images I¥, compute the template / k —

for i =1 to N do {loop over the images}

Fix the template 1%, solve pairwise-matching prob-

lem between ¥ and I¥

Update deformed 1mage Ilk with current velocity
end for
. end for

Algorithm 1: Atlas construction framework

57



. Input : N input 1images
. Output: N processed output images
. fork=1toN do
Upload the k-th image from the storage device to the
processing device
Process the input 1in-core on the processing device
Download the output image back to the storage device
. end for

Algorithm 2: Synchronous out-of-core MIMO operators

58



1: Input : N input volumes, device input buffers d;[3] and
device input buffers d, [3]
2: Output: N processed output volumes
3: fork=1toN+2do
if kK <= N then
5: Load the data ilmg|k| from storage device to device
buffer d;[k%3] on theH2D stream
6: endif
7. ifk>1land k—1 <= N then
8: Apply the operator on device buffer do[(k —
1)%3]| = oper(d;|(k— 1)%3]) on D2D stream
9: endif
10: ifk>2and k—2 <= N then
11: Write output dy|(k — 2)%3] to the storage device
olmg|(k — 2)] on the D2H stream
12:  endif
13:  Synchronize streams
14: end for

Algorithm 5: Explicit pipelining MIMO operator
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