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e Introduction

* ConvNets in embedded real-life scenarios: Quality and Performance
challenges

* Inference-time optimizations for reliable embedded ConvNets

* AdapTTA: Adaptive Test-Time Augmentation @
* Improve Quality (i.e., Accuracy) of embedded ConvNets in real-life use
* TVFS: Topology Voltage Frequency Scaling @

* Thermal-aware performance management technique for continuous inference of
embedded ConvNets on low-power CPUs, under latency constraints
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Introduction

ConvNets in embedded real-life scenarios

* ConvNets state-of-the-arts for several tasks and apps in Computer Vision (also NLP, Time-Series)

Quality & Performance Challenges

CONVi,q Pooling

CONV;

—_—

output
scores

Input

Features extraction

Classification

+ Convolutional on the field -> where the data is collected
« Pooling

« Fully - Connected
* LRN « Softmax
* Relu

Training on the cloud ) Inference on the Edge
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AdapTTA: Adaptive Test-Time Augmentation

ConvNets in embedded real-life scenario: Quality challenges

* Input patterns collected in harsh environment might differ from those used at training time:

* Size & orientation of the objects

* Background

* Lights conditions & contrast
* Model generalization capability at training-time w/ data augmentation is not always sufficient
* No ConvNet fine-tuning (i.e., re-training) w/ data collected on the field

Misled Prediction

Training Data VS. Inference real-life collected Data

No background, vertical orientation Complex background, different orientation
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AdapTTA: Adaptive Test-Time Augmentation

Test-Time Augmentation (TTA): main features

* Improve accuracy with multiple inferences on a set of N input images altered through
transforms: Geometric, Luminosity, Contrast, Blur, Channel shuffle, etc.

* Final prediction through a consensus of the aggregated predictions

Input Images
TTA conceived for GPUs: Embedded CPUs:
exploit batch inference batch=N proportional

Inference latency (ms)

NVIDIA Titan Xp ARM Cortex-A53
ConvNet 1 5 10 1 5 10

Data Redundancy MobileNetV1 182 18.6 18.7 | 53.1 290.6 569.9
for Accuracy Gain MobileNetV?2 121 124 129 | 442 261.8 5135
y EfficientNet-BO 21.3 224 22.6 | 685 3589 6823

(up to +4%) EfficientNet-B1 319 334 339 | 1034 5364 12902
x1 x5  x10
— Minimize this cost (@’)
A ti ina
ConvNet ggregation prediction
5
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AdapTTA: Adaptive Test-Time Augmentation

From TTA to AdapTTA for Embedded ConvNets: main intuition
* Fixed N transformed images might bee too conservative

* For certain inputs, the key features are well exposed and easy to be detected.
* AdapTTA: a more flexible TTA mechanism exploiting intermediate results

Input
Im': T T is a user-defined
T ! : ﬁ ! confidence threshold.
3 » | ! | all .
- ! T e P, Confidence
_ : FAR ,|,| 9 Evaluation
X e \ : DL |
. ! cs Pav CS T |
Sequentially ! -( ? - -
: Confidence mazx(Payg)
: ConvNet : Aggregation  gcore Final
! ! prediction
E___________E : : ¢S = Pavg-l_Pavg-Z
Augmented Predictions
Images Probability
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AdapTTA: Adaptive Test-Time Augmentation

Experimental Setup

® Augmentation Policies: 5C e 10C (Sota) More redundancy, higher accuracy

Inpl“ Image Center Crop M Center Crop HF T Bottom-right HF  Top-right HF Bottom-left HF
; = = j
l y .
Horizonal Flipping
10-Crops
* Hardware Platforms & Compiler Toolchain * Image Classification ConvNet Benchmaks
* Odroid-C2 [1]: ConvNet Storage Top-1 Ly,
* 4 Arm Cortex-A53 @ 1.5 GH:z [ImageNet] [MB] [%] [ms]
. TF.L‘ 1 Gi ﬁM (2] MobileNetV1 43 700 531
tevl.l4 - MobileNetV2 34 708 442
* GNU Toolchain v6.5 [3] EfficientNet-B0 5.4 744 685

EfficientNet-B1 6.4 75.9 103.4

T Linaro

TensorFlow Lite [2] Tensorflow lite hosted models - https://www.tensorflow.org/lite/guide/hosted_models

[3] Tensorflow hub - https://tfhub.dev

[1] https://wiki.odroid.com/odroid-c2/odroid-c2 7
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AdapTTA: Adaptive Test-Time Augmentation

Experimental Results

* ImageNet validation set (50k images)
* Confidence Threshold t = 0.8

Accuracy gain MobileNetV1 MobileNetV2
21 427 B Batch TTA 7] +2.2 B Gatch TTA Number of inferences (avg)
o] Lree | ATTA | 6] |1.49x m—AdapTTA ConvNet 5C 10C
"1 EE "4 +2.9 MobileNetVl ~ 2.81 457
23] [mx =55 oz MobileNetV2 337 626
| L EfficientNet-BO  3.57 6.75
0- 0- EfficientNet-B1 3.24  6.02

5C 10C 5C 10C I
EfficientNetBO EfficientNetB1 More efficient Embedded TTA
A +1.1 BN Batch-TTA 55 BN Batch-TTA 1. Accuracy gain at inference-time
+2. q
n 1.40x BN AdapTTA n 37 WS AdapTTA 2. Contained latency overhead
&3 o ]1.54)(
. +1.3 . 2 T +2 5
22 Il.49x g .
<C < 1.67x
1 11 ‘I
0- 0-
5C 10C 10C 8
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TVFS: Topology Voltage Frequency Scaling

ConvNets in embedded real-life scenarios: Performance challenges

* Deploy continuous inference regime with latency constraints:
* Power demanding task: intensive workload at max. frequency
* Embedded systems with limited Thermal Design Power (TDP),

no room for heat spreader or active cooling
audio/time-series classification

6000
4000

Continuous Inference

Frequency (kHz) e

15 2.0
Time (s)

Image classification w/ consensus (e.g., TTA)

o | ol o e

mal Instability

Ll 4 Lol LSV
. < S

on the field
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TVFS: Topology Voltage Frequency Scaling

Thermal-induced performance loss T(°€) VF
* Continuous inference of embedded T Sustained Thermal Throttling
ConvNets on CPUs w/ limited TDP under ™ : ' ’
latency constraint (L) /

* Intensive workload at max. frequency hermal /
(VFax) affects the thermal stability Throttling VE

* On-chip temperature oversteps safety Occurrence 1 11 11 1} ] |
threshold (T,,,,) — Thermal Throttling

* To avoid irreversible damages,
OS policy lowers core’s VF (VF,,,,) until ¢4~ 7= °

temperature is back to safety - J-IJ'IﬂﬂJ-UﬂJ-Um_
* Repeated thermal throttling leads to Latency ﬁﬂp T
Increase “‘]ﬁ
performance penalty, thus, latency R R ’J ...................................
constraint mismatch L

Latency (s) Unpredictable Latenc

IWES 2021 Politecnico di Torino — EDA Group Roberto Giorgio Rizzo



TVFS: Topology Voltage Frequency Scaling

Main Idea

* Thermal-aware performance management through the cooperation of:
* power-reduction techniques -> Voltage-Frequency Scaling (VFS)
* algorithmic optimizations -> ConvNet Topology Scaling (TS)

sustained
throttling

Latency\increases

— \:
I -

time

T T T No Thermal Throttlin
VES ., TS . ] TVES g
S Toaxf~ s T
L e . max ' max Latency < N - Ls
<> lower hort
head shorter .
R throttling Min. Accuracy Loss
lower thermal lowest thermal
gradient gradient /
- time time O
> I_S" < Ls LS '
Input Filter Prumng a € (0,1]
Resmng Wy 277 H, |
P<p 5 H,

?HW,% 2?;‘?’%/{(( Hy 1—

P p‘ al

p P
with C, ] H ;
8=plp i conv1 ‘ conv2 conv3 Lfe
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TVFS: Topology Voltage Frequency Scaling

Problem Formulation and Experimental Setup

Static workload of ConvNets Inference Performance Trade-Off Profiling

Characterization Framework L ®VFS ¥YTS eTVFS
“_--—4 / Inf E i Model Benchmarklng\ ‘\‘\ Thermal Thro
i Topologies | nference Engine <> ‘ Latency (L) ‘ ’""""“’"’ o

Sensors Monitor ‘@@ | (a, p)

folio | || :‘ o ®
o M F e | | e

AL 5 , “ i g [ Ce “(“°Pt__’f*1p£)__________________ -

‘ .................. ' ﬂ@ﬂﬂ%ﬂﬂﬁ :\ & remperature | N-L ..*? o900 - __||Accuracy|
Image Classification : ) 0 0. ¢ o -0
MobileNet v1 \ N ImageNet (Val. set) / ®-- : VE

=[1.0,0.75,0.50, 0.25] ™. _ Hardware VF ot max
= [224, 192, 160, 128]
S " Odroid-XU4:
VF * 4 Arm Cortex-A15 w/ 19 VF-levels

* VF,;,: 200MHz @ 0.85V

o VFuo 2GHz @ 1.3625V
* VF,:900MHz @ 0.8875V
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TVFS: Topology Voltage Frequency Scaling

Experimental Results Preserves On-chip Thermal Stability @

90 ,‘i‘h.'."\w"vrv w‘,"y(d VIR ST w,"f
5 | Aqtvrs 2 Arxs
p 80 !
E N Tech. a | p VF Top-1 || Lag | Th | Tiyg
=70 ‘ H ‘ ‘ (GHz) ‘ (%) ‘ ms) | (® | ©C)
(%
= NS 10 | 224 2.0 70.0 44.1 | 463 | 8838
g 060 10 VFS 10 | 224 K3 70.0 357 | 00 | 824
TS 10 | 160 2.0 669 231 | 385 | 894
50 _ _ TVFS || 1.0 | 192 15 69.1 307 | 0.0 | 70.7
2 4 6 8 10 0 25 50 5 100 0 100 200 300 400 500 0O 500 1000 1500 2000
N N N N NS 1.0 | 224 2.0 70.0 48.6 60.4 | 89.1
100 VFS 10 | 224 16 70.0 400 | 00 | 821
TS 10 | 160 20 669 249 | 53.7 | 89.1
" TVES || 1.0 | 192 15 69.1 307 | 0.0 | 768
— NS 10 | 224 2.0 70.0 519 | 69.9 | 893
2 ~ 500 VFS 10 | 224 5 70.0 25 | 00 | 835
=40 TS 10 [ 160 | 2.0 %69 | 263 | 633 | 892
& TVFS || 1.0 | 192 15 69.1 307 | 0.0 | 821
[}
£ 30 NS 10 | 224 2.0 70.0 586 | 82.1 | 895
- A 2000 [ VFS 10 | 224 12 70.0 525 | 00 | 814
20 RIS TS 10 | 160 20 669 286 | 737 | 893
| TVFS || 1.0 | 160 1.1 669 298 | 00 | 736

500 1000 1500 2000

, . 7
Meets Performance Constraint (@/) @ Contains Accuracy Loss
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AdapTTA: Adaptive Test-Time Augmentation

Experimental Results
* Calibration set: ImageNet val (1k images)

=
o
(o)
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MobileNet V1 - 5C Policy cT @ o
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AdapTTA: Adaptive Test-Time Augmentation

Experimental Results

* ImageNet validation set (50k images)
* Confidence Threshold t = 0.8

JAccuracy gain

2.7 [ Batch-TTA
: B Seq-TTA
1.78X - mmm AdapTTA
+3.1 [mx
5C 10C

(a) MobileNetV1

[ Batch-TTA

+11 IMOX B SeqTTA
[ AdapTTA
¥1.3 Il.49x

5C 10C

(c) EfficientNet-BO

Avg. FPS

Avg. FPS

29 [ Batch-TTA
1.49x Hl Seq-TTA
EEE AdapTTA

+2.9

Il.62x

5C 10C
(b) MobileNetV2

[ Batch-TTA
Hl Seq-TTA
+2.2 ]1.54x [ AdapTTA

+2.5 II1.67x

5C 10C
(d) EfficientNet-B1
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TVFS: Topology Voltage Frequency Scaling

Experimental Results
* More stringent latency constraints

+2.2 +2.2

0g. 408 +3.
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