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= Motivation
= Method
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= Summary and Outlook
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" Problem Scope

= 1,200,000 road traffic deaths per year [WHO/Worldbank 2004]
= Majority among vulnerable road users (VRU)

= No advanced driver assistance system (ADAS)
available for daylight pedestrian recognition
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" Problem Scope

= 1,200,000 road traffic deaths per year [WHO/Worldbank 2004]
= Majority among vulnerable road users (VRU)

= No advanced driver assistance system (ADAS)
available for daylight pedestrian recognition

= State-of-the-Art

= HOG detection system yields best performance [Dollar 2009],[Enzweiler 2009]
= Challenge: CPU computation time: > 10s (VGA)
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M Ot'Vat|O n | Method | Implementation | Evaluation | Summary

" Problem Scope

= 1,200,000 road traffic deaths per year [WHO/Worldbank 2004]
= Majority among vulnerable road users (VRU)

= No advanced driver assistance system (ADAS)
available for daylight pedestrian recognition

= State-of-the-Art

= HOG detection system yields best performance [Dollar 2009],[Enzweiler 2009]
= Challenge: CPU computation time: > 10s (VGA)
= Goal: Real-time HOG system with FPGA
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= HOG Detection System

= Sliding Detection Window

" For each window:

1. Generate Feature Set / ,,Descriptor” (HOG)

2. Classify pedestrian / non-pedestrian
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= HOG Detection System

= Sliding Detection Window

" For each window:

1. Generate Feature Set / ,,Descriptor” (HOG)

2. Classify pedestrian / non-pedestrian
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HOG Descriptor — Histograms of Oriented Gradients [palal 2005]

=  Detection Window

Detection
Window
64 px

128 px
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= HOG Descriptor — Histograms of Oriented Gradients [palal 2005]

@ = Gradient Computation
Window » Point derivatives

Gradient G = My 1 Me=1-101]
Computation Gy =My, *1 My, =[-101]"
"  Magnitude

16(x,y)| = \/chx,:.oz + Gy (x,)?

= QOrientation

Gy(x,y)
Gy (x,y)

tan(qb (x, y)) =
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detection window

= HOG Descriptor s

cell 1

= Orientation Histogram

= Detection Window
subdivided into Cells b — e —

Detection
Window

<—8px—>

Gradient
Computation

;

Orientation
Histogram

128 px
16 cells
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. detection window
= HOG Descriptor
cell 1 64 px
Detecti =  QOrientation Histogram T
etection ;:;
( Window ) " Detection Window l
subdivided into Cells R
Gradient
Computation cell descriptor (9-D) K
] = Foreach Cell: : i
Orientation Histogram Generation :
Histogram £
=
g

bin
123456789
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. detection window
= HOG Descriptor
cell 2 — 88 px
Detecti =  QOrientation Histogram T
etection ;:;
( Window ) " Detection Window l
subdivided into Cells s>
Gradient
Computation cell descriptor (9-D) K
] = Foreach Cell: : i
Orientation Histogram Generation :
Histogram £
=
g

bin
123456789
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. detection window
= HOG Descriptor
cell 3 — 82 px
T s
Detecti =  QOrientation Histogram )
etection ;:;
( Window ) " Detection Window l
subdivided into Cells s>
Gradient
Computation cell descriptor (9-D) K
] = Foreach Cell: : i
Orientation Histogram Generation :
Histogram £
=
g

bin
123456789
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= Example: 4x4 px Cell, 3 orientation bins

|G| ¢ 4
12 42 | 1521232 47°121°178° |170°
kS Q
18 91 64 | 31 98°194°| 5° |140° % ke
s 2
27 48 | 2191102 27° | 77° | 30° |128° § E})
83
15 43 | 147 ] 160 4° | 11° | 22° |101°

Binl Bin2 Bin 3
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=  Example: 4x4 px Cell, 3 orientation bins

|G| 0] 4
12 | 22 | 152 232 a7° | 21° | 78° [170°
kS Q
1891|6431 og° | 94° | 5° |140° 23
S £ | sen
27 | a8 | 219 102 27° | 77° | 30° |128° E &
§ S
15 | 43 | 147 160 2° | 11° | 22° |101°

Binl Bin2 Bin 3
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=  Example: 4x4 px Cell, 3 orientation bins

|G| 0] 4

12 | 42 | 152 232 a7° | 21° | 78° [170°
2 Q

18| 91|64 |31 98° | 94° | 5° |140° K
3£ | 560

27 | a8 | 219 102 27° | 77° | 30° |128° ES 469
§ S

15 | 43 | 147 160 20 | 12° | 22° |101°

Binl Bin2 Bin 3
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= Example: 4x4 px Cell, 3 orientation bins

|G| 0] 4
12 | 42 152|232 47° | 21° | 78° |170°
e}
18 | 91 | 64 | 31 98° | 94° | 5° |140° 238
(1]
3£ | 560
27 | 48 | 219|102 27° | 77° | 30° |128° £ §o 469
&‘3 S 365°
15 | 43 [ 147|160 4° | 11° | 22° [101°

Binl Bin2 Bin 3
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detection window

8 cells
64 px

= HOG Descriptor
block 1

=  Block Normalization
= Block: 2x2 Cells

Detection
Window

2 cells

128 px
16 cells

Gradient
Computation

;

Orientation
Histogram

2 cells

Block
Normalization
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. detection window
= HOG Descriptor

8 cells
Detect » Block Normalization
etection
( ey : =  Block: 2x2 Cells

block 1 64 px

Gradient
Computation =  For each Block: 5%
i Concatenation of 2 colls |
Orientation Cell histograms
Histogram
Block
Normalization

block descriptor (36-D)

accumulated magnitude

bin
123456789

cell 1 cell 2 cell 9 cell 10
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detection window

= HOG Descriptor

block 1 G4 px
Detect » Block Normalization
etection
( ey : =  Block: 2x2 Cells

2 cells

Gradient
Computation =  For each Block: 5%
v Concatenation of 2 cells |
Orientation Cell histograms
Histogram
Block Normalization
Normalization using L2-Norm

v block descriptor (36-D)

VIlvllZ +e?

v —

accumulated magnitude

bin
123456789

cell 1 cell 2 cell 9 cell 10
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detection window

= HOG Descriptor

block 1 57 px
@ =  Block Normalization
etection
Window = Block: 2x2 Cells )
Gradient
Computation =  For each Block: 5%
i Concatenation of 2 cells |
Orientation Cell histograms
Histogram
Block Normalization
Normalization using L2-Norm
v block descriptor (36-D)
V= = £
Vilvllz +€ g
z
:
8 bin

123456789
cell 1 cell 2 cell 9 cell 10
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detection window

= HOG Descriptor

block 2 57 px
@ =  Block Normalization
etection
Window = Block: 2x2 Cells )
Gradient
Computation =  For each Block: 5%
i Concatenation of 2 cells |
Orientation Cell histograms
Histogram
Block Normalization
Normalization using L2-Norm
v block descriptor (36-D)
V= = £
Vilvllz +€ g
z
:
8 bin

123456789
cell 2 cell 3 cell 10 cell 11
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detection window

= HOG Descriptor

block 3 b4 px
Detect =  Block Normalization
etection
( Window : = Block: 2x2 Cells )
Gradient
Computation =  For each Block: 5%
i Concatenation of > colls
Orientation Cell histograms
Histogram
Block Normalization
Normalization using L2—Norm
v block descriptor (36-D)
Vo e — :
Vilvls +e 2
z
:
g .
123456789 bin
cell 3 cell 4 cell 11 cell 12
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detection window

= HOG Descriptor

block 105 88 px
Detect =  Block Normalization
etection
( Window : = Block: 2x2 Cells )
Gradient
Computation =  For each Block: 5%
i Concatenation of 2 cells
Orientation Cell histograms
Histogram
Block Normalization ™ ~
Normalization using L2—Norm ~_
v block descriptor (36-D)
L Ty
Vilvls +e 2
g
3
:
8 .
123456789 bin
cell 119 cell 120 cell 127 cell 128
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. detection window
= HOG Descriptor

8 cells
block 105 b4 px

= HOG Descriptor

Detection
Window

2 cells

Gradient
Computation

;

Orientation
Histogram

128 px
16 cells

2 cells

™~
Block
Normalization

HOG block descriptor (36-D)

Descriptor

accumulated magnitude

bin
123456789
cell 119 cell 120 cell 127 cell 128

10/7/2009 Sebastian Bauer, MPC Workshop Karlsruhe 25



Laboratory for Pattern Recognition and Computational Intelligence | Aschaffenburg University of Applied Sciences

http://www.hochschule-aschaffenburg.de

Motivation | M eth Od | Implementation | Evaluation | Summary

. detection window
= HOG Descriptor

8 cells
@ = HOG Descriptor
Window » Concatenation of

block 105 G4 px
normalized Blocks

2 cells

Gradient
Computation

! =  Feature Vector
Orientation Wlth 3780 dimensions

Histogram

128 px
16 cells

2 cells

Block -
ock ~
Normalization

HOG block descriptor (36-D)

Descriptor

accumulated magnitude

bin
123456789

cell 119 cell 120 cell 127 cell 128
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detection window

= HOG Descriptor

block 105 64 px
@ = HOG Descriptor
Window » Concatenation of

normalized Blocks

2 cells

Gradient
Computation

! =  Feature Vector
Orientation Wlth 3780 dimensions

Histogram

128 px
16 cells

2 cells

Block
Normalization

HOG

Descriptor HOG descriptor (3780-D)

; Mm

block 1 block 1056

accumulated magnitude
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= (Classification

Pedestrian
Classifier <
Non-Pedestrian

= Machine Learning

0O T

= Learning from Examples (I/O pairs)
= Established Pedestrian Datasets [INRIA]

10/7/2009 Sebastian Bauer, MPC Workshop Karlsruhe 28



Laboratory for Pattern Recognition and Computational Intelligence | Aschaffenburg University of Applied Sciences http://www.hochschule-aschaffenburg.de

Motivation | M eth Od | Implementation | Evaluation | Summary

= (Classification

Pedestrian
Classifier <
Non-Pedestrian

" Machine Learning ¢ o

0O T

" Learning from Examples (I/O pairs) e * W
= Established Pedestrian Datasets [INRIA] .

= Support Vector Machines (SVM) U >
" Linear Classifier o . * .
= Decision function:
y = f(x) = sgn(w-x)
= w learned by training
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= (Classification

H Pedestrian
0 Classifier <
G Non-Pedestrian .
\
©
L J * TS
= Machine Learning . ¢
" Learning from Examples (I/O pairs) e w * W
= Established Pedestrian Datasets [INRIA] . .
L 2
* hd . . .
= Support Vector Machines (SVM) . o - 11
[ J [ J
» Linear Classifier R o e,
[ ]
= Decision function: Ky
' e ° s,
y = f(x) = sgn(w-x) R N
. . D%
= w learned by training ° . N
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= (Classification

H Pedestrian
O Classifier <
G Non-Pedestrian 2y
\
. o Ti ¢
" Machine Learning . ¢
" Learning from Examples (I/O pairs) e w * .
= Established Pedestrian Datasets [INRIA] . ..
¢ hd Y . .
= Support Vector Machines (SVM) . o > 1
[ ] [ J
= Linear Classifier . o e,
[ ]
= Decision function: Ky
' e ¢ NG,
y = f(x) = sgn(w-x) NS
. . NG
= w learned by training ° . o
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" FPGA-CPU-GPU Framework

FPGA CPU GPU
( Frame Grabber )
v = FPGA
Image Preprocessing
L Xilinx Spartan 3 XC3S 4000
HOG Gradient
v = CPU
HOG Magnitude/Orientation
v Intel Core i7, 2.66 GHz
HOG Cell Histograms
. . = GPU
Sliding Window NVIDIA GeForce GTX 295
v

HOG Block Normalization
I

v
SVM Classification
|

v

( Pedestrian Detections )
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"= FPGA Rapid Prototyping Platform

= microEnable IV-FULLx4 [SiliconSoftware]
= Commercially available frame grabber board
" FPGA for individual image pre-processing

Camera Link
CL A PortA PortbB CL B

128 MB

128 MB

Control

128 MB 128 MB

Host PCle
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= FPGA-HOG

= VisualApplets
» Graphic-oriented hardware development software, based on Xilinx ISE tools
= Design arranged by image processing operators and transport links

= HOG flowchart

DmaToPC HierarchicalBox HierarchicalBox HierarchicalBox
BRAHCH 1= o — =0
Reference o1 Magnitude e e >®
CameraGrayAreaBase  HierarchicalBox BRAHCH AE::E HierarchicalBox - é e——1I e ﬁ
e — _ i .
=il =i e o—,——[::=o
HierarchicalBox firanchz o——7J=0 ] — =0
. branchi s = o1 [—a {2
Camera Preprocessing =l o N
. - Tt ———1—{ e = =0
Interface o HierarchicalBox . E OMA
raaien — —
adient | > Cell
BRANCH —— e 1 . Interface
P +—— Histogram
o— 13 o o |
=2 o . i
o | Orlgntgtlon
branch3 o anmg

Orientation
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= FPGA-HOG

"  Magnitude

- - square root extracted,
1G(x, )| = \/Gx(xj y)E+ Gy (x,y) as Euclidean metric yields best performance

= Orientation Binning

= Example: Bin 1 (0°-20°) 100° G, 80°
Yy

Cond.I: Gy(x,y) >0 A G,(x,y) >0 < quadrant |
V. Ge(x,y) <0 A Gy(x,¥y) <0 & quadrant 111

Cond.II: 0< tan(a) < tan(20°)

0< |25~ an2o9)

GI (ny)

0< |G,(x,y)| <tan(20°) -G, (x,y)|
0< |G, (x,y)| <0364-[G(x,y)
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47°21°|78°|170° Example:
+ FPGA-HOG ool papecd

27°|77°|30° |128°

569

3 orientation bins 469

4° |11°|22° [101° 365°

Accumulated
Magnitude

= Histogram Generation

v

Binl Bin2 Bin 3
0-60° 60-120° 120-180°

|G

12 | 42 |152|232

18191164 |31

27 | 48 |219]102

15 | 43 |147|160

10/7/2009 Sebastian Bauer, MPC Workshop Karlsruhe 36



Laboratory for Pattern Recognition and Computational Intelligence | Aschaffenburg University of Applied Sciences

A
d) 47°121°|78°|170° Example:
" FPGA-HOG | 1O 4x4 px Cell -
27°| 77° | 30° |128° ) ) ) ER=
3 orientation bins E&| > | 60
. . 4° [11°]22° [101° é(‘ﬂ S 365°
* Histogram Generation
: : o) Y 0 / O / Binl Bin2 Bin3
" QOrientation Hal1lofo 2lolol1]o 3lofo]o]f1 0-60° 60-120° 120-180°
binning oflo]1]o 1|l1fo]o olo]o]1
= 01:0-60° |G|
o 0 1a0e 1]lo|l1]o0 ol1]lo0]o olo]o]1 1 | 22 1152|232
: 1]1)1]o0 olo]o]f1 olo]olfo 15 1 o1 | 64 | 31

= (03:120-180°

27 | 48 |219(102

15 | 43 |147|160
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A
d) 47°121°|78°|170° Example:
u - 98° | 94° | 5° |140° 3
FPGA-HOG 4x4 px Cell £
27° [ 77° | 30° |128° . ] . 3 =
3 orientation bins E&| > | 60
. . 4° [11°]22° [101° é(‘ﬂ S 365°
= Histogram Generation
. : 0, A 0, 4 0, 4 Binl Bin2 Bin3
= QOrientation 11100 olo]1]o olo|o]1 0-60° 60-120° 120-180°
bmnlng olofl1]o 1{1]0]o0 olof|o]f1
*= 01:0-60° 1lo]l1fo ol1]o0]|o oloflo]1 |G 12 | 42 11521232
= (02:60-120°
. 03 10.180° 11110 olo|o]1 oloflo]o 15 | o1 | oa | a1
. Y Y Y 27 | 48 |219]102
D< O D<
. M, %’ M, A% M, 4 15 | 43 [147] 160
= Magnitude 12|42]0]o0 o|o|is2]| 0 ool o2
weighting o|loles]o 18910 | o0 0|o0]|o0]31
27| o [219] o olas|ofo o|lo| o102
15 | 43 |147] o oo o160 oloflo]o
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= FPGA-HOG

= Histogram Generation

10/7/2009

Orientation
binning
= 01:0-60°
= 02:60-120°
= 03:120-180°

Magnitude
weighting

Histogram bin
accumulation

| Aschaffenburg University of Applied Sciences

d) 47°21°178°|170° Example.
©
98°194°| 5° [140° [OR )
4x4 px Cell 27T
27° | 77° | 30° |128° . . . 3 E | 5g9
3 orientation bins E & 469
4° | 11°|22°|101° E S 365°
0, ¥ o, . 0, / Bnl Bin2 Bin3
111f0]o ofoj1yo 0fo0]1 0-60° 60-120° 120-180°
0 0 1 0 1 1 0 0 0 0 1
|G|
1 0 1 0 0 1 0 0 0 0 1 12 | 22 11521232
1 1 1 0 0 0 0 1 0 0 0 18 191164 |31
\S v v
27 | 48 |219]102
D)< Os D)<
Ml %/ Mz V I\/|3 / 15 | 43 | 147|160
1214211 0 0 0 0 |152] O 0 0 |232
0 0|64] 0 181911 O 0 0 0 | 31
K
27| 0 |219] O 0 |48] 0 0 0 0 |102 S 1 1 1 1
15|43 |147]| O 0 0 0 |160 0 0 0 1 1 1 1
V% 4 )4 1l1]1]1
g*)é & )<
B, / B, \ Bs 4 1{1f1]1
569 469 365
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A
¢ 47° | 21° | 78° |170° Example:
| - 98°|94°| 5° |140° 2
FPGA-HOG 4x4 px Cell £
27°|77° | 30° |128° . . . 2=
3 orientation bins E& | 2% | 460
. . 4° |11° | 22° |101° 8= 365°
* Histogram Generation
V / 7 . . —. >
= QOrientation O 1|1fo]o ©; olo|1]o0 O, olo|o]1 5_'2010 6(?_?2200 12%|_r1:0°
binning oflo]1]o 1|l1fo]o olo]o]1
= 01:0-60° 1lof1]o ol1|ofo olo|of1 |G 5 | 42 |152 232
" 02:60-120° 1|1|1]o0 oflo]of1 olo]ofo
= (03:120-180° A v v il Bl Rl e
27 | 48 [219102
)<\ )< M <
. M, / 2 / 3 Y 15 | 43 147|160
" Magnltude 0|122|42|ofo]|la]o|ofs2lo|]o]o]|o0]|o0|232
weighting 81|o|o|es|loflo|18|oar|o|o||o|o]|o]|o0]31
0|27 o [2129) 0| oo |a8|o0|o0]|l13]0]| 0] 0 |102 Ks 111111
0 [15|43[147| o [|125/ 0 [0 | 0 [160]| 0 |0 |0 | 0| O NP
/ 4 4 A ENENE
g*)é & )<
, _ B / B \ B y 1111
* Histogram bin ! 2 3
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Motivation | Method | Implementation | Eva I u atl O n | Summary

m  (Classification Performance

= Evaluation on [INRIA]
benchmark dataset —8-FPGA-HOG ~®-CPU-HOG

0,1
=  Detection Error Tradeoff E‘e
curves (DET)

Miss rate

0,01
0,001 0,01 0,1

False Positives
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Motivation | Method | Implementation | Eva I u atl O n | Summary

m  (Classification Performance

= Evaluation on [INRIA] M ~=Ker. RHHOG ~M=Lin. R-HOG ~#—Wavelet
benchmark dataset \\x\x PCA-SIFT  —#—=FPGA-HOG —®-CPU-HOG
N
N
0,1 \
" Detection Error Tradeoff S~ N
~ ~NC
curves (DET) NS S
= Comparison to % N - \\
other detectors \ :.\\\ N N\
\ \\\ \\
N
close to reference \\ \\\‘ T~
(Ker. R-HOG) \ \ \
without retraining \\ \\
0,01 ~ \. N
0,001 0,01 0,1

False Positives
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» Time/Throughput

" Latency HOG step Latency [pus] 800x600 px
Image Buffer 26.2
Downsampling 26.0
Gradient 52.0
Magnitude/Orientation 0.1
Histogram 207.2
TOTAL 311.6 ps

10/7/2009 Sebastian Bauer, MPC Workshop Karlsruhe
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» Time/Throughput

10/7/2009

Latency

GPU-HOG [wojek 2008]

HOG step Latency [ps] 800x600 px
Image Buffer 26.2
Downsampling 26.0
Gradient 52.0
Magnitude/Orientation 0.1
Histogram 207.2
TOTAL 311.6 ps

13 ms (320x240 px)

Sebastian Bauer, MPC Workshop Karlsruhe
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» Time/Throughput

10/7/2009

GPU-HOG [wojek 2008]

Latency HOG step Latency [pus] 800x600 px
Image Buffer 26.2
Downsampling 26.0
Gradient 52.0
Magnitude/Orientation 0.1
Histogram 207.2
TOTAL 311.6 ps

13 ms (320x240 px)

Throughput: full 30 fps (1600x1200 px) delivered by camera

Sebastian Bauer, MPC Workshop Karlsruhe
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» Time/Throughput

= Latency

HOG step Latency [ps] 800x600 px
Image Buffer 26.2
Downsampling 26.0
Gradient 52.0
Magnitude/Orientation 0.1
Histogram 207.2
TOTAL 311.6 ps

*  Throughput: full 30 fps (1600x1200 px) delivered by camera

Resources

10/7/2009

Resource Type Total Number | Usage Level
4 input LUTs 42,435 76%
Internal RAM 60 43%
Embedded Multipliers 18 18%

Sebastian Bauer, MPC Workshop Karlsruhe

GPU-HOG [wojek 2008]
13 ms (320x240 px)

Xilinx Spartan 3 XC3S 4000
Processing resolution: 800x600
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Motivation | Method | Implementation | Evaluation | S u m m a ry

= What about our Goals?

" HOG descriptor in real-time on low cost FPGA
" Good classification results without retraining
= Real-time pedestrian recognition system for crossroad assistance (20 fps)
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= What about our Goals?

" HOG descriptor in real-time on low cost FPGA
" Good classification results without retraining
= Real-time pedestrian recognition system for crossroad assistance (20 fps)

= Qutlook

= Evaluation with retrained classifier
= Qutsource further parts to FPGA (normalization, SVM)
= Application for recognition of other traffic participants
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Thank you for your attention.

] I. \
-'k
|
B
— -

-

If you have any questions, feel free to ask.
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= VA: Gradient Convolution

FIRkernelHxzM
|

FIRoperatorNxmM

BRAHCH Sk

. i module 45
1000

moduled

From: gradient ouk=01)

korin=.. (L) FIRkernelHxM

|

gradient_y

FIRoperatorHxmM

=@

000
From: gradient ouk=0 ()
ko gradient in=0 )

FIR
moduled5_1

gradient_x
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Additional Slides

= VA: Latency Measurement

FrameStartToSignal
== o

trigger1

FrameStartToSignal SignalToDelay GetStatus

trigger2 output

cournter
Ve

F

[ [HH

CameraGrayAreaBase BRAHCH HierarchicalBox BRAHNCH DmaToPC

cam branch1 processing branch2 DMA
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= VA: Gradient Magnitude

1000
fram: magnitude out=0 )
to: magnitude in=0 ()

oo
fram: magnitude out=0 )
to: magnitude in=0 ()

10/7/2009

BRAHCH HWMULT
module5l module167
ADD CastBitwidth CastType SORT CastBitWidth
i i i i i au ]
module?s module52 module53 moduledd module1d? Fram:
BRANCH HWRULT o ma
module50_1_1_1 module167_1
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" How to bypass arctan()

Cond.I: Ge(x,y) >0 A Gy(x,y) >0 & quadrant |

Vo G(x,y) <0 A Gy(x,y) <0 & quadrant 1]

Cond.II: 0< tan(a)
Gy(x,y)
0 < Gx(x-J’)
0< |G, (x,y)]
0< |Gy(x, y)|
10/7/2009

< tan(20°)
< tan(20°)

< tan(20°) - |G, (x, y)|
< 0.364 - |G.(x,y)]

Sebastian Bauer, MPC Workshop Karlsruhe

tan(80° (o)
» '~ tan(60°)(a)

_0.830(a)
S 459 N

/ / v Q‘e.xﬁ X,n 364 ()

.
| el “aun
[

54



Laboratory for Pattern Recognition and Computational Intelligence | Aschaffenburg University of Applied Sciences http://www.hochschule-aschaffenburg.de

Additional Slides

= HOG Modifications

Grayscale images: 1.5% lower detection rate at 1E-4 FPPW (compared to color images)

= Gradient magnitude: decimal places are lost when the square root is extracted

= No Anti-Aliasing: Interpolatation of votes between neighbouring histogram bin centres
in both orientation and position

® No Gaussian down-weighting of pixels near the edges of the block: 1% lower detection
rate at 1E-4 FPPW
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Additional Slides

= Solving Nonlinear Problems with SVMs

] T2

T Ty

= Kernel Trick

= Decision Function: Linear Kornels @)
ng
f(z) = sgn(z oy K (85, ) + bo) Polynomial Kernels (v-(x-y)+0)P
=1 Radial Basis Function (RBF)/Caussian Kernels | e(~7lz=ul?)
Sigmoid Kernels tanh(y - (z-y) + o)
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