#) JOLICH

FORSCHUNGSZENTRUM

Parallelisation potential of image segmentation
In hierarchical island structures on hardware-
accelerated platforms in real-time applications

by Sergey Suslov



WeyosuIaWwa9-z)joywiaH Jap ut paliBun

#) JULICH

FORSCHUNGSZENTRUM

Motivation

Aim

automated real-time segmentation of large image data sets (~40962)

high quality segmentation for wide application area

Status of Technology

gualitative change in computer performance (late 90s):

— less frequency growth but more computing parallelism, HW specialisation

increase in IC integration level enables HPC in workstations

many calculation intensive applications have intrinsic parallelism

— benefit from parallel platforms

three main approaches:
— symmetric multiprocessor (SMP)

— configurable logic — Field-Programmable Gate Array (FPGA)

— stream processing architecture — Graphics Processing Unit (GPU)
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Goals

e adaptation of image segmentation method (Gray-value Structure Code (GSC))
—  FPGA
~ GPU

e evaluation and comparison of

— performance
— implementation efforts

— implementation flexibility

e generalisation of results for complex data processing methods
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Outline

* Image Segmentation / GSC Method

e |mplementation Platforms

e |mplemented Models

e Parallelisation Analysis and Implementation
e Results

e Conclusions
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Image Segmentation

e spatial distribution of elements = image processing fits to parallel platforms

e typical image processing pipeline:

pre-processing = segmentation = automated cognitive analysis

e image segmentation characterised:

applicability: universal < specific

control: automatic << human assisted

principle: discontinuity << homogeneity

main classes:

threshold-based or histogram-based techniques
edge-based methods

region-based methods

deformable models

classification-based methods

e real-time image segmentation: highly demanded task in image processing
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Fundamentals of the GSC method

e hierarchical (multi-resolution)
region-growing approach

e topology: hexagonal lattice

e region (R) forming criteria:

— area

— homogeneity of a feature (F)

—  spatial neighbourhood

Cental Symmetrical Island Overlapping Node

and Neighbouring
Relationship Graph

* phases:
—  coding: (islandy ; F(P); Neighbouring Graph) = Ry ()

—  linking: (islandy ; F(Ryy,)); Overlapping) = Ry ,4q), branches
—  splitting: generate disjoint segments (S) in region forest
—  result generation: F(S) = F(P)

.. Polyhedrical Form of a
Macroisland and neighbour
"""""""" Graph of Islands within the

i Macroisland
Macroisland Island
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Implementation Platform FPGA
FPGA Expansion Board (Virtex Il Pro)

* configurable logic (99,216 LCs @100Mhz)

+  two DDR SDRAM banks (1GB@100MHz each) SMB 100MHz | | aMB 100MHz
* two ZBT SRAM banks (8MB@100MHz each) Tatice
= = ispClock5510
om o0 Programmable
ﬁ % Clock
— —
. . . DDR-SDRAM
Mictor Connector 66 Bit y . 64 Bit 1GBI00MNS
Xilinx Virtex Il Pro
FPGA
XCV2P70 or
Cam Link 84 Bit XCV2VP100
64 Bit DDR-SDRAM
1GB 100MHz
<
38
© 8
5 I3 7.14 Gbps =
O &

PLX PCI : PCI 32/64 Bit
9656 64Bit ) @ 66MHz
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Irnplementation Platform GPU
Programming Model Hardware Architecture
Host Side Memory Space of a Computing Grid at Device Memory Space of a Computing Grid at Device
Execution Kernel A Grid
Flow Block (0,0) Block (,0) ' [ Thread Block’s (m,n) (SM) | | Thread Block’s (h,g) (SM)
Kernel A " Thread Thread Thread Thread Thread Thread Space Space
0,0 10 | n0 0,0 10 | - n0
Call Shared Memory Shared Memory
= A A A
Thread || Thread Thread Thread || Threau Thread - '| - : | : ‘|
om im [ | nm om im | | amo Register 1| Register | | Register | | | Register | |
| _ File |2 File | 2 _File | 2 | File g
Block (0,k) | | Block (t,k) | [ | IOanh\p Memory i ! lOn—Chlp Memory
Thread | [ Thread Thread Thread | [ Thread Thread " Threadij ¥ | [ Thread i+1 " Threadij ' | [ Threadij+1"
Sequential 00 10 || no 00 10 || no at SP , atSP , atSP , atsp
Host .——i————lun&-i———— - V____ A= ——— !
|
e Thread Thread . Thread Thread Thread . Thread | Local Local Local Local :
S £ o & S0 o I| | Memory Memory Memory Memory ]
MHOSt : of 3 of of L of i |
- emory Thread (3 Thread Thread |3 Thread (3| | |!
Kernel B Grid Space | il il i1 i 1 i1 Lh
Block (o 0) Block(r,0) | ' ' ’ ' ]
Lapinch | . 0 o |
Kernel B | |
call ! v v v v
< 1 Global Memory |
- - - - [o2] H - [2] . .
riw| | |
< l Constant Memory (cachable) |
Sequential Block (0,n) Block (r,n) : |
s N :
< | Texture Memory (cachable) |
| i |
|
| Mapped to Device Memory (DRAM) :
Tesla C1060: 240SP@602MHz; 4GB GDDR3@1.6GHz
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Implemented Models
Methodology:

e top-down design approach
e gradual refinement

e cyclic: specification - implementation - verification - analysis

1 Abstraction
Level
System
Level ] -
Design specification implementation
—] V
eve! = verficawoy lementation
Design analysis
Communication mentation
Level Design
g 9 anaysis
= implementation
? Target Devu_:e . . verification
z Implementation | anN&wysts
g
2 ® verificatio
@
g
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Implemented Models
Methodology:
e top-down design approach
e gradual refinement

e cyclic: specification - implementation - verification - analysis

Main GSC models:

(C, SystemC, SystemVerilog) Common
e functional executable model

o static data-flow model

" N

FPGA specific GPU specific
e  static data-traffic model e  SIMD functional model
e  architectural executable model e CUDA C program

e pre-implementation resource model
e interface and communicational model

e  RTL synthesizable model
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Data allocation dynamic, island key-table

Island representation arbitrary number of regions in

Hierarchy representation bidirectional: upward and
downward hierarchical pointers

Island addressing scheme redirection via key-table

Memory layout compact data structures

SW GSC Database

Key Table Region Database )
228t 32 Bit 32 Bit Lowest Level Region Entry
- > R[Use[Positions [ Size
X L. B .'oln. Feature
o | [DBAddr, | Sze, | Rzg'ion m1 Parent Addr 1
2 | [DB-Addr,.| Size,., 910N 2 Parent Addr 2
S | [DB-Addr,,| siz Region .,
% mz €r Region .
© =
5 Region ... |y . )
5 s y
Ty »Region um. . Higher Level Region Entry
~4 Region ... | | | R[Use|Positions [ Size
=z K Region .. Feature
=1 - - B Parent Addr 1
% g e | S?Ze" I Region Parent Addr 2
=% 5 DB-Addr m,| Size,., g_ i -
5 IS Region ,, Pos|Subregion Addr 1
= £ Region ,, Pos| Subregion Addr 2
;E‘ Region ,, Pos| Subregion Addr 3 I
[} Region . o
g Regi.on s ;
= > Region .. |4 ¢
o - vo
@
3
@
>
[72]
Q
=
=8

islands(IS), region size is not fixed

Hierarchical Level 0

Hierarchical Level 1

Hierarchical Level >1
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GSC Hierarchy in Data-Structures
| [reemeswosc  Jreleisc | poralelimplementaton pplcabilty

regular 2D array for each HL(i) schedulable seamless data streaming, no data
access conflicts for concurrent processing

IS size fixed, number of regions fixed size ISs, predictable time for island
depends on HL(i), statistics based processing

upward pointers for parental memory economy

regions

relative, defined by island enables synch. prefetching of islands from
coordinates adjacent levels

arrays of structure subfields avoids load-modify-store operations, burst-

oriented accesses

Parallel GSC Database

04.12.2012 Parallelisation Analysis and Implementation

4————128 bit word——mm 4——————128 bit word—mm8 P
o
A ] A
2 — — — — 3= - -
K= Region i,1 Region i,2 Region i,3 Region i,4 s |& CE" array[0..3] CE" array[0..3]
© S|=
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@ L | =
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a) abstract HW GSC database
c) HW GSC database with code element layout

CE — code element, region info descriptor
ISi — island structure HL(i); [n] — index within an IS
feature — 8-bit int pixels, 8.4-bit fixed piiit internally

4+«——CE———p<«—CE—>
| positions | feature | pl | p2 |

b) code element for a pixel region



Coding recursive pixel-island graph traversing

Overlap detection during linking RHL(i), second parent detection by
database indirections: RHL(i-1)=>RHL(i-2) = RHL(i-1)

Linking sequential database search, recursive
Splitting / recursive downward separation of hierarchical
Result generation relationship tree, complete tree in a single pass

Linking Data-flow
Model
(Parallel GSC)

Rjto HRS

structural, pipelined

dedicated overlap-list structures
OVLHL(i), during linking RHL(i-1), stored
in separate OVL HL(i) array

topology aware OVL traversing, stack
for rolling back to branch point

level-wise downpropagation, decides
for most similar parent

Overlap-list Structure
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Features of GSC Implementations

_ Reference CPU GSC FPGA Parallel GSC GPU Parallel GSC

SIMD, pipelined

similar to HW GSC, but OVLs are generated
as the second pass over HL(i-1) after linking

represents OVLs to overlap connectivity
vectors(CV), bit-wise operation on CV table

similar to HW GSC

<4——— 128 hit word4——m—m——

3

OVL [X,Y]

Rilto GSC-DB Ri to/GSC-DB

<

OLN; [2] ORP [2,1] [ .. ] ORP [2,N]

OLN; [6] ORP [6,1] ORP [6,N]
OLN; [7]

3

OVL, [X,Y+1]

OLN,; [0] ORP [0,1] ORP [0O,N]
OLN; [1]

IOLN; [11] ORP [11,1] [ ] ORP [11,N]

—
— e e
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OLN — overlap node structure € OVL R - region

ORP — overlap region pair € OLN GCS-DB — GSC database

HRS — hierarchical relationship structure  j— subscript index denoting HL(i)
URP — upward relationship pointers [m,n] — element position in an array
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System on the FPGA Chip

System Blocks:
e  GSC specific
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-

\J \J
e communication infrastructure
ACU Initial Linking (Eé;";‘:;d)
e peripheral controllers i Linking Unit
I A A v
Down-
EE] ASRS i i propagation
AP AP Unit
Local Bus ¢
Controller Switch Matrix
|
DIU AP Pp T-T1 DDR SDRAM
Controller
|
Cameral_lnk >AF) PP |«g—pHT-T1- D[élzn?r?):?eprxl\/'
AP — Active Port of the Switch Matrix controller
| |ppP PP| |
PP — Passive Port of the Switch Matrix . - .
IT-Tn — Interface Transactors Type n
DUI — Device Interface Unit L =
ASRS — Application Specific Register Set ) ’
ACU — Application Control Unit
EBI — Expansion Board Interface block y Y
ZBT-SRAM ZBT-SRAM
Controller Controller
System-on-FPGA
04.12.2012 13

Parallelisation Analysis and Implementation



Weydsuiawag-zijoywjaH Jap ul palibun

#) JULICH

FORSCHUNGSZENTRUM

Data Streaming

island structures are buffered in regular scheme => continuous up- and downward streams of islands
islands are processed column-synchronous => data shared within a column and among adjacent columns
adjacent blocks of rows must overlap in one row of islands => no need for read-modify-write operations for
updating parent pointers in subCEs and overlapping pairs in OLNs, inevitable for downpropagation

Slice 0" slice’2”

;

islagg Row ;f*e?m / ”
- @ ,. P WAVLVA _‘*'
80 8] 18 7 [0, 5.0

(Block of Rows)

to Linking Islapg Row t
Unit
I
\

Overlapping

4
Row \
1
[
{
Isla lhow
Island Stream
(Block of Rows h
to Linking -

o h
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Balancing Pipelines (FPGA Linking Unit Example)

e pipeline throughput limited by the slowest stage

e  processing power limited by memory throughput Level 3 linking time (ms)
0,3
e  processing latency > data latency o2 LA
= increase processing parallelism 02 \
e channel bandwidth saturated 015 \\
= no need for excessive processing power 01
e traffic multiplexing: balance external channels 0,05
. number of Linking Units
Region Island 0 T T T T T T T T T 1
Output Buffer Linking Region 1 2 3 4 5 6 7 8 9 10
(marked red) Island Working
Down-Stream of (= Area
Region Islands [ A — - -
S
h
Down-Stream \ i
of Overlap-List f Overlap-List
Nodes for 7 t Island Prefetch
Macroislands . << Bu.tfer
OV?\E?E‘;LIS e Up-Stream of

Overlap-list

t
" [ |
Foming Parent Region Data Buffer for
Overlap-List Nodes Processing

Overlap-list node (sub- 7
island) output buffer Z///é///ﬁ/ﬁ @ @ iy
Down-Stream of feimy. et .
Parent-pointer << @ ® CD A

= Subislands S P
g s |elele
g i QDO
2 i f el
g ¢ | __
} P << Olle)o)
)
= B .
S Parem sub- Parent Index Pair 1_jdx P2_jdx
P i f CEO
O island output buffer  Working Area (different ceo
@ (off-loaded islands stripes angles indicates
% marked red; crosses currently filled indexes CEn
2 mark Overlap-List or indexes kept from
8 Nodes) the previous linking)
=0
o
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Topology-driven Linking

Level 2 Linking clock Distribution

frequency

234567 8 910111213141516171819202122232425262728293031323334353637383940414243
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Portrait
Level 2 Linking clock Distribution
] frequency
I-lll‘ |IIII--II||||II--

234567 8 9101112131415161718192021222324252627282930313233343536373839

e traversing OVLs is guided by topological relationship of islands .
e stack is used for storing branching points within linking trees 2000
e transition gates are closed after passing through them to neighbours | ==
e rolling back to branching points, if no gates left open in the current IS | ™
Current Sub-Island 5000
representation
Import Table o
Coded Island 3000
—r Macro-Island Overlap Structure -
;1] + 1000
10
0] o
Selected from Region Descriptor (RD)
= G — R A B R B
root featur, (V - validity, F - feature, TR# - transition region number,
TI# - transition island number, TP# - transition position
Current CE"[6:1] Ac%’gf;il?:am?: o i %
fo]¢]o]<]of o] HHESHE SCE 4000
Feedback to 3500 1
Current Island Import CT_CE"table
N TgbITeT_. Comparator CeEe) & 1
LV LTREL: O I TCM[6:1] Resulted 2500
] [ »|IMRF-CEFil<th Transition Mask| count
—— ——> ones
—| | 2000
—! > Selected CE” 1500
< — VI S — (SGEN
% T Ve o0 Setecid RJ SO Current Island -
=1 Closed Transition Points in u i 500
% 0 Nlacm-lslani MUX 7oL wxsol | [ 0
% K Uj‘ 6] DCT_CEV[M] Return Stack
=
= cn H
3 Descriptive T
z Statistics:
g
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Aerial space photo of a town

k,k:zk: p<0,95; T,,n:Vp<00l,i€n:mf

tz(i pi*i)/ZI:: Pi
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GPU implementation

1 H H CUDA kernels on SMs
Optl m |Sat|0n Strategy Global Device Memory Global Device Memory
. . . eV .
e Global memory optimisation Feaw;,eﬁ‘—*?'ﬂ — f
. Original |Fe=- ‘/85\ GSC database
— addressing scheme Pixel Image :
Pixel-Level Overlap- |q----. 13— .*I‘ Level #0 (bottom)
— data structure layout . A et S A
. . . . . $( ///’ ,.*,:’l, (
e Memory architecture peculiarity exploitation o e f\\g T Levelnz
e VL - nitial Linking \@i/ /I /
— texture memory ' s
pts ]I I/ ’
— constant memory Overlap-list v L
lECO ) | Overlap-List Creation I“' Qo T 500 2
e Shared memory layout the Current o7 St g
- X 2
— addressing scheme k"'g\/L . * +3 £
.. T N i i Linking ey =
— data volume optimization @/ &
no o e Level #k =
— memory reuse o> 17 2 T vl #ken)
. . . ,,”,,;.6 ¥
* Kernel control-flow optimisation e : I'*S\
ownpropagation 2\
— execution path optimisation o
. . e . . S ted /i Level #(n-2)
— branching minimisation e - Latgy, +@ i P
. .. . Pixgid . - evel #(n-1) top
e Operation level optimisation i e v
— intrinsic GPU instructions
—  specialised math Kernel Optimisation Effect (times)
) . 7 5,8 5,8 i
e Block size parameters selection 6
5 4,2 4,5 4,3
4 3,0
CK - coding 3 17
OVL HL(n) — OVL creation 2 !
ILK —initial linking 1
GLK — general linking 0
DPK — downpropagation CK OVL OVL OVL ILK  GLK DPK RGK
RGK — results generation HL(0) HL(1) HL(>1)
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Results: Performance

2500 ms 30,0 times
m Single CPU 25,0
2000 Opteron 2.4 GHz
 SMP x4 CPU 20,0
Opteron 2.4 GHz 2
1500 15,0 w512
W SMP x8 CPU m 10242
Opteron 2.6 GHz 1
1000 00 = 2048
M GPU Tesla C1060
50
500 .
M FPGA Virtex Il Pro 0,0
SMP x4 CPU  SMP x8 CPU GPU Tesla  FPGA Virtex Il
0 I T T Opteron 2.4  Opteron 2.6 C1060 Pro
5122 10242 2048%  resolution GHz GHz
Elapse Time Performance Acceleration Ratios
300 times

25,0 / 245
20,0 /
15,0

10,0 53
5,0
= 3,7
0,0 = : T ‘ T T T 1
2048 1024 512 256 128 64

resolution

GPU to FPGA processing time ratios
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Results: Efforts

35000 ode lines 35000 ode lines
30000 29238 30000
25000 - 25000
20000 16363 - EPGA 20000 o
15000 - - GPU 15000 = Verficaton
10000 - 10000
5000 - 3440 5000
0 - 0 T
Total code GSC specific Total code GSC specific ~ SoC Infrastructure
Efforts for FPGA and GPU solutions FPGA code structure

How to measure?
* Market price
* most objective, but equivalents not always found in the market
*  Manpower
« straightforward, but additional administrative overheads, equivalent skills, and no education
curve assumption
*  Number of code lines
* looks most naive, but best if the designer is the same for different implementations: similar
coding style, no education curve assumption, only matured code compared
04.12.2012 Results 19
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Conclusions (1)

Performance
e 20482% 85 ms (FPGA), 99 ms (GPU) vs. 1985 ms (CPU)

e achieved acceleration endorses the use of the parallel GSC in real-time and
interactive applications

e even older generation FPGA beat newer GPU processors

Efforts

e analysis of the method
— extreme important

— discover the parallelization potential of the algorithm

e development cycle is significantly longer for FPGA
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Conclusions (2)

Flexibility
o FPGA

— freedom for the organization of the computation

— application specific buffering and data scheduling
schemes

* more effective bandwidth utilization
* more elastic to data volumes

— more flexible in data organization due to fine
grained parallelism 1000 5 10247 mage

— lack of complex hardwired functional blocks 12000 A
10000 / \
8000 / \

=—=GPU
6000 1 /

o LN\ [ T
NN /

1 2 3 4 5 5 4 3 2 1
linking phase splitting phase levels

FPGA and GPU combined profile
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Conclusions (3)

Flexibility
o GPU

— adaptation of the algorithms to the target
architecture

— sensitive for complex code execution flow
= branching minimization

— effective for huge amount of data

— ISA imposes restrictions on data compaction

— sensitive to temporary data in on-chip memory | 0 10242image
= memory reuse techniques 12000
— sensitive to external data layout 10000 7\

8000

6000 ,/ \ )
4000 AN

o LN\ /

1 2 3 4 5 5 4 3 2 1
linking phase splitting phase levels

FPGA and GPU combined profile
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Results Summary

Performance
20 ™ 30,0 times 30,0 _times
M Single CPU 25,0 25,0
2000 Opteron 2.4 GHz ”
= SMP x4 CPU 00 20,0 /
1500 Opteron 2.4 GHz 150 m512? /
#SMP X8 CPU = 10242 150
Opteron 2.6 GHz 10,0
1000 12048* 10,0
m GPU Tesla C1060 ’ 33
5,0
50
500 W FPGA Virtex Il Pro 0,0 - . ﬂ/‘ 37
SMPx4CPU SMPx8CPU  GPUTesla  FPGA Virtex |l 0,0 2 3 7 . . ,
0 - Opteron 2.4 Opteron 2.6 C1060 Pro 2048 1024 512 256 128 64
5122 10242 20482 resolution GHz GHz resolution
Elapse Time in ms Performance Acceleration Ratios GPU to FPGA processing time ratios
Efforts
35000 Sedelin 35000 Sode lines
29238
30000 30000
25000 25000
= 20000 20000
g " FPGA | Verification
g 15000 2 GPU 15000 e
a 10000 10000
z 5000 5000
3
3 0 - 0 : .
?7 Total code GSC specific Total code GSC specific ~ SoC Infrastructure
3
3 Efforts for FPGA and GPU solutions FPGA code structure
=
QD
=4
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