Energy-Efficient HOG-based Object Detection at
1080HD 60 fps with Multi-Scale Support
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Motivation

Surveillance Advanced Drlver Self-driving cars  Unmanned Aerial

Assistance Systems (ADAS)

These applications require
e Real-time processing
* High frame rates
* High resolution images (1080HD)
* Low power

Vehicles (UAV)

Mobile phones

Dedicated ASIC design for object detectors

-
i ResEArcHLAsonATORY

ttttttttttt




Overview of Object Detection Methodology

(Sliding Window)

* Map the image into higher dimension feature space
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Overview of Object Detection Methodology
(Sliding Window)
 Map the image into higher dimension feature space.

* Use sliding window to sweep the image

— Match with a pre-trained template
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Feature: HOG

* Histogram of Oriented Gradients (HOG) [Dalal & Triggs, CVPR 2005]

Pedestrian images

Corresponding HOG
features
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Bl Feature: HOG

* Histogram of Oriented Gradients (HOG) [Dalal & Triggs, CVPR 2005]

Pedestrian images

SVM Template

Corresponding HOG
features




HOG-based Detection Pipeline

feature Extraction

~

Gradient
Calculation

{ Histogram J { Normalization J

\_

J
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SVM
: Classification
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Bl HOG-based Detection Pipeline

feature Extraction

~

Gradient
Calculation

[ Histogram ] [ Normalization]

J

Cell

B 8x8 pixels
Input Image

SVM
: Classification
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Bl HOG-based Detection Pipeline

feature Extraction \

Gradient . o SVM
Calculation [H'Stogram] [Normal'zamn] : Classification

J

Cell Gradient Vector
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8x8 pixels
Input Image
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HOG-based Detection Pipeline

feature Extraction \

Gradient . o SVM
Calculation [H'Stogram] [Normal'zamn] : Classification

AN J

Cell Gradient Vector
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Input Image
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HOG-based Detection Pipeline

featu re Extraction \
Gradient Histogram Normalization |:> >VM
Calculation : Classification
V4 ~~~~
. ~~~~
(] Current cell with the 4 -
st _ normalization blocks
H\'Aﬁ Cell Gradient Vector Block 1 Block 2
e ST l=Iss
l..i& SEREELEE
.--[_Jr: \\ [QpnooaEos)
aEECd TEEERERE
E'EE,.. b1 :I': = Block 3 Block 4 BI<1>ck B|<2>ck Blgck Bl:ck
EMRET =TS Cell Histogram
= 8x8 pixels (9 bins) HOG feature
Input Image (36 values)
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HOG-based Detection Pipeline

@ature Extraction

~

J

Gradient . .
. Histogram Normalization
Calculation
kbt !Ej i ‘]
g :,ﬁ!

m' &mm .
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SVM
: Classification
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HOG-based Detection Pipeline

@ature Extraction \
Gradient SVM
. Histogram Normalization I:'> . :
Calculation { 5 J { J Classification
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Detecting Objects with Different Sizes

* One SVM template detects objects with one specific size
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Detecting Objects with Different Sizes

* Process different resolution of the same frame
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Detecting Objects with Different Sizes

* Process different resolution of the same frame.
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Main Contributions

* Multi-scale processing enables robust detection

* However increases energy and memory requirements
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Main Contributions

* Multi-scale processing enables robust detection

* However increases energy and memory requirements

Approach

e Efficient scale selection and implementation of scales
generator

* Parallel detectors with voltage scaling

* Image pre-processing to reduce multi-scale memory
overhead
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Detection Accuracy Measurement

* Measuring accuracy by Precision-Recall curves

Precision:  Fraction of detected windows that are true objects

Recall: Fraction of true objects that are detected

* Average precision (AP) = area under curve
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Better,accuracy
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Recall

i Using INRIA person dataset wricheiy MTLeee ..
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Main Contributions

* Efficient scale selection and implementation of scales
generator
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Detection Accuracy vs. Complexity

Multi-scale increases
AP by 2.4x

1.05 1.1 1.2 13 14 2 no
scale

Scale Factor

Using INRIA person dataset
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Detection Accuracy vs. Complexity

Multi-scale results in 10x more cells to process

AP THOUSANDS CELLS/FRAME

0.5 | 400
350
0.4 300
0.3 250
200
0.1 | | | | | | 100
50
0 0

1.05 1.1 1.2 13 14 2 no 1.05 1.1 12 13 14 2 no

scale scale

Scale Factor Scale Factor

Using INRIA person dataset
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Detection Accuracy vs. Complexity

A scale factor of 1.2 gives:

* 3.3x increase in number of cells (rather than 10x)

* Only 0.01 AP loss

AP THOUSANDS CELLS/FRAME
0.5 400
350
0.4 | 300
0.3 : 250
| 200
0.2 I 150
I
0.1 I 100 ]
1 50 1
0 : L : : : 0 '
1.05 1.1 @ 1.3 14 2 no 1.05 1.1 @ 1.3 14 2 no
scale scale
Scale Factor Scale Factor

Using INRIA person dataset
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Scales Generation

Image pyramid with 12 scales generated per frame
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Scales Generation

Image pyramid with 12 scales generated per frame
FEHUL 1

A W N

Scale
Scale
Scale
Scale

A 4

A 4

v

v

0N OY N

Scale 9
Scale 10

VY VY

Scale 11 Bilinear

Generate Octaves Scale 12 Interpolation
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Scale Generator Architecture

* Three pixel buffers to support interpolation

* On-the-fly processing to reduce memory requirements

Bilinear Interpolators
Pixels from the qh) ——— |
original image = _lln.lﬁm 1
= Bilinear H Scale 2
o Interp 2
) Bilinear == scale 3
x
A Intern 3
Low Pass - Bilinear == scale s
Filter
-+ Scale 5
o 9 .
% & Bilinear Scale 6
a3 Interpolators Scale 7
Scale 8
Low Pass cale
e R Scale 9
% é Bilinear Scale 10
2 a3 Interpolators Scale 11
Scale 12

u -
RESEARCH LABORATORY M o000
II I II OF ELECTRONICS AT MIT micro]y-slt:ms technology laboratories
MIT institute of

AT




Scale Generator Architecture

* Three pixel buffers to support interpolation.

* On-the-fly processing to reduce memory requirements.

Bilinear Interpolators
Pixels from the a I S o 1
original image _lin.lﬁm 1
§ Bilinear ™= scale 2
as} Interp 2
o Bilinear === scaje 3
x
o — Intern 3
Low Pass o Bilinear = scale 4
Filter
S Scale 5
QL Bilinear Scale 6
e 3 Interpolators i
Scale 8
Low Pass cale
Filter g Scale 9
i_‘ = Bilinear Scale 10
a =2 Interpolators Scale 11
Scale 12

No scales are stored on-chip
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Multi-Scale Detection Summary

* Detection: Improved by 2.4x

* Energy: Increased by 14x

* Memory: Increased by 8.8x

AP
0.5

0.4
0.3
0.2
0.1 l
0
A B

A: Single scale, single detector
B: Multi-scale, single detector

1.5
1
0.5 I
0 m N
A B
m Memory Size (Mbit) m Energy (nJ/pixel)

Constant throughput of 60 fps
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Main Contributions

* Parallel detectors with voltage scaling
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Scales Workload

ﬁ Scale 2

Scale 1

o

0.2 0.4 0.6 0.8 1 1.2

Normalized number of pixels per scale

Distribute workload equally across parallel detectors
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Parallel Detectors

Constant supply voltage

100

: _ 5-dete§tor

iB-detectoi'

T

Throughput (fps)

1-detector 5
20..... .:... e e ae -

0 : i 3
14 1.6 1.8
Area (mmz)
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Parallel Detectors

Throughput (fps)

Constant supply voltage

100

T

201

5-dete§tor

iB-detectof'

40F

1-detector

1

14 1.6 1.8
Area (mmz)

Energy (nJ/pixel)

—
W

b
H

o
wm

Constant throughput

1-detector
@ 1.1V

@0'72V S-detecﬁor

@0.6V

1 i

14 1.6 1.8
Area (mmz)
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Parallel Detectors

Constant supply voltage Constant throughput

100

f 1-detector
5-detector @ 1.1V :

3-detector

—
W

T

40F

Throughput (fps)
Energy (nJ/pixel)

o
wm

l-detector |
: : @0.72V

207 z s
S-detecﬁor
@0.6V

14 16 1.8 14 1.6 1.8
Area (mmz) Areal( mmz)

3-detector configuration is chosen
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HOG-based Object Detection System

Scale 1 Detector 1 SVM weights SRAM
HOC Fea.ture SVM Classification
Extraction
Detector 2 SVM weights SRAM
Scale2 &3 Objects
HOe Fea.ture SVM Classification Locations
Extraction
Scale 4 to 12| Detector 3 SVM weights SRAM
HOG Feature SUM Classificati
Extraction assification

Object Detector Core
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HOG-based Object Detection System

Scale 1 Detector 1 SVM weights SRAM
HOC Fea.ture SVM Classification
Extraction
Detector 2 SVM weights SRAM
Scale2 &3 Objects
HOe Fea.ture SVM Classification Locations
Extraction
Scale 4 to 12| Detector 3 SVM weights SRAM
HOG Feature SVM Classificati
- assification

Object Detector Core

SVM weights SRAM consumes 37% of a single detector power
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HOG-based Object Detection System
/SVMweights

Scale 1 Detector 1 | SRAM
HOG Feature SVM
Extraction Classification
Scale 2 & 3 | Detector2 .
 HOG Feature SVM Objects
Extraction Classification Locations
Scale 4 to 12| Detector3 |
HOG Feature SVM
Extraction  Classification

Object Detector Core

Synchronize detectors to share SVM weight memory
(20% reduction in power)
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Parallelism and Voltage Scaling Summary

e Detection: Not affected

* Energy: Reduced by 3.4x

 Memory: Not affected

AP
0.5

0.4
0.3
0.2
0.1 I
0
A B C

A: Single scale, single detector
B: Multi-scale, single detector
C: Multi-scale, 3-detectors

1.5

0.5 II I
R |
A B C
m Memory Size (Mbit) m Energy (nJ/pixel)

Constant throughput of 60 fps
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Main Contributions

* Image pre-processing to reduce multi-scale memory
overhead
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HOG-based Object Detection System

SVM weights
Scale 1 Detector 1 SRAM
\ HOG Feature SVM
Extraction Classification
Detector 2 .
 HOG Feature SVM Objects
\ Extraction Classification Locations
cale 4 to 12| Detector3
\ HOG Feature SVM
Extraction Classification

Object Detector Core

Scale generator has half of the system memory
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Image Pre-Processing

* Pre-process to reduce scales generation overhead.

SVM weights
Scale 1 Detector 1 SRAM
HOG Feature SVM -
Extraction Classification
Pre- Scale2 & 3 Detector 2 .
processing HOG Feature SVM — POf't'Ve
Extraction Classification objects
Scale 4 to 12| Detector 3
HOG Feature SVM -
Extraction Classification

Object Detector Core
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Image Pre-Processing

* Pre-process to reduce scales generation overhead

* Alternative representation with smaller pixel bit-width:
— Smaller pixel buffer sizes

— Simpler interpolation logic

SVM weights
Scale 1 Detector 1 SRAM
HOG Feature SVM -l |-
Extraction Classification
Scale 2 & 3 | Detector2 .
processing HOG Feature SVM : — POf't'VE
Extraction Classification objects
Scale 4 to 12| Detector 3
HOG Feature SVM a
Extraction Classification

Object Detector Core
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Image Pre-Processing

* Pre-process to reduce scales generation overhead

* Alternative representation with smaller pixel bit-width:

— Smaller pixel buffer sizes

— Simpler interpolation logic

Original Image Gradient (edge) image
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Image Pre-Processing

0 50 100 150 200 250 0 50 100 150 200 250
Intensity Intensity
105 Quantized original image % 1050uantized gradient Image
3% 15 ' - - - ;
2 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 10 ................................................................
N S ............ s5h 4 ..................................................
0 ] L . | | I | 0 I ‘ A 1 1 1
0 50 100 150 200 250 0 50 100 150 200 250
Intensity Intensity
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Detection on Gradient Images

* Edges orientation are still preserved in gradient images

e HOG features are similar
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AP With Pre-Processin

Average Precision (AP)

0.45

o
=
T

0.35

.
X

0251

! ' ! ! y '
: ===0Original
— Gradient
..-'-"g ---------------
: " :
. :#" .
s
7
7
................................. /_
.................. ) ST St SO SO SO OOt SEUUOURST RO SOOI
. . T

| 0.02Ap

Using INRIA
person dataset

2 3 q o 6 7 8

Pixel resolution
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AP With Pre-Processin

Average Precision (AP)

0.45

=
N

0.35

o
w

0.25

I I

===0riginal
- Gradient
/%"-—_; __________

4

o 6 7 8

Pixel resolution

| 0.02Ap

Using INRIA
person dataset

Use gradient images with 3-bit pixels
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Impact of Pre-Processing on Scale Generator

Pixels from the Bilinear Interpolators
original image o — Scale 1
—) Przl;t?e-ss E —.l Bilinear hScaleZ
rp2
E) —djme Bilinear == Scale 3
8 et rp3
Low Pass P —Dlng Bilinear  |m=s scale 4
* Pre-processing enables savings L_Ffilter
. .r . . Scale 5
in scale generator unit: g é, Bilinear ccalo 6
a = Interpolators Scale 7
L Scale 8
ow Pass
* Smaller pixel buffers Filter = Scale 9
. o Y Bilinear Scale 10
2.67x reduction =
( ) a = Interpolators Scale 11
e Simpler interpolators Scale 12

(43% power saving)

Scale Generator Unit
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Pre-Processing Summary

* Detection: Reduced by 0.02 AP
* Energy: Reduced by 24%.

e Memory: Reduced by 25%

AP 2
0.5 1.5

0.3

- 1 In B

L] - '

0 A B C D
A B C D

m Memory Size (Mbit) m Energy (nJ/pixel)

A: Single scale, single detector

B: Multi-scale, single detector

C: Multi-scale, 3-detectors

D: Multi-scale, 3-detectors, pre-processing Constant throughput of 60 fos
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Hardware Results
(Post-layout simulations)
* The circuit is designed in 45nm SOI CMOS
Area 2.80%x0.96 mm?
Max Frequency 270 MHz
Resolution 1920x1080 (1080HD)
Frame rate 60 fps
Scales/frame 12
Gate count 490 kgates Ll
On-chip memory 0.538 Mbit memory ||
Power 45.3mW @ 0.72V
Energy 0.364 nl/pixel
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Conclusions

* An energy-efficient object detector is implemented
delivering real-time processing of 1080HD at 60 fps

* Multi-scale support for 2.4x higher detection
accuracy

* Parallel detectors, voltage scaling and image pre-
processing for 4.5x energy reduction.
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