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ABSTRACT Adversarial training is exploited to develop a robust Deep Neural Network (DNN) model
against the malicious altered data. These attacks may have catastrophic effects on DNN models but are
indistinguishable for a human being. For example, an external attack can modify an image adding noises
invisible for a human eye, but a DNN model misclassifies the image. A key objective for developing robust
DNN models is to use a learning algorithm that is fast but can also give model that is robust against different
types of adversarial attacks. Especially for adversarial training, enormously long training times are needed for
obtaining high accuracy under many different types of adversarial samples generated using different adver-
sarial attack techniques. This paper aims at accelerating the adversarial training to enable fast development of
robust DNN models against adversarial attacks. The general method for improving the training performance
is the hyperparameters fine-tuning, where the learning rate is one of the most crucial hyperparameters.
By modifying its shape (the value over time) and value during the training, we can obtain a model robust
to adversarial attacks faster than standard training. First, we conduct experiments on two different datasets
(CIFAR10, CIFAR100), exploring various techniques. Then, this analysis is leveraged to develop a novel
fast training methodology, AccelAT, which automatically adjusts the learning rate for different epochs based
on the accuracy gradient. The experiments show comparable results with the related works, and in several
experiments, the adversarial training of DNNs using our AccelAT framework is conducted up to 2× faster
than the existing techniques. Thus, our findings boost the speed of adversarial training in an era in which
security and performance are fundamental optimization objectives in DNN-based applications. To facilitate
reproducible research this is the AccelAT open-source framework: https://github.com/Nikfam/AccelAT.
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INDEX TERMS Deep neural network (DNN), adversarial training, fast training, hyperparameters, learning
rate (LR), Foolbox, python, TensorFlow, adversarial attack.
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I. INTRODUCTION 22

Machine Learning (ML) [1], [2], [3] is an ever-expanding 23

field and has achieved wide proliferation in recent years 24
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FIGURE 1. FAT Training of ResNet-20 on the CIFAR10 natural images
dataset with different LR techniques.

due to the development of highly-efficient hardware, such as25

GPUs. Nevertheless, the advanced and complex ML models26

require gigantic training time. Therefore, its acceleration not27

only has a direct impact on the usage of large GPU-based28

datacenters in which typically the training is conducted but29

will also enable training on low-cost multi-GPU worksta-30

tions, as well as will ease the development of new research31

directions, such as continuous learning. On the other hand,32

in the last decade, it has been discovered that models are33

highly vulnerable to external attacks, and nowadays, the ML34

models need to be robust against such attacks to be deployed35

in safety-critical applications.36

A. TARGET RESEARCH PROBLEM AND CHALLENGES37

Adversarial training [4] has become a popular method for38

training Deep Neural Networks (DNNs) [5] with robustness39

against the adversarial attacks. Unfortunately, robust DNNs40

are not always easy to be trained, as it takes 3× to 30× longer41

time [6] to obtain high accuracy when adversarial (noisy)42

samples are added to the training dataset, compared to the43

standard (i.e., non adversarial) training. Hence, it is essential44

to create DNN models that are not only robust but also quite45

fast to be trained. To obtain the above-discussed properties,46

we propose to employ fast training techniques for advanced47

adversarial training of DNNs, and show the feasibility of this48

design strategy by designing a novel fast training method,49

called AccelAT.50

B. MOTIVATIONAL CASE STUDY51

Nowadays, advanced methods for adversarial training - such52

as, Free Adversarial Training (FAT) [6], YOPO [7], and53

Trades [8] - are currently used to obtain DNN models54

which are robust against adversarial attacks. In our anal-55

yses, we focus on the FAT method, which is already56

highly optimized compared to the original adversarial train-57

ing method [4]. To further accelerate the training process,58

we employ various fast training techniques, focusing mainly59

on the study of hyperparameters. Since the learning rate (LR)60

has a strong influence on the convergence of theDNN training61

process, we analyze and how its variation affects the train-62

ing speed for accurate and robust DNN models. The fast63

training techniques analyzed are linear decay, exponential64

FIGURE 2. Overview of our novel contributions.

decay, one cycle [9], andwarm restarts [10], [11]. The results 65

applied to the ResNet-20 DNN for the CIFAR10 dataset (see 66

Fig. 1) confirm that fast training techniques can be used 67

with success also for adversarial training. Compared to the 68

original FAT method, performing the training with a LR that 69

follows the behavior of one of these above-discussed fast 70

training policy can reduce the training time by around 2× 71

(see pointer À - Fig. 1), while obtaining a similar accuracy 72

level (see pointer Á). 73

C. OUR NOVEL CONTRIBUTIONS 74

The main contributions of this paper are (see Fig. 2): 75

• We analyze the prominent fast training techniques 76

applied to adversarially trained DNNs, showing sig- 77

nificant training time reduction in terms of training 78

epochs (Sec. IV). 79

• We design a novel framework, AccelAT, which automat- 80

ically reduces the LR when the accuracy gradient starts 81

decreasing, i.e., when the accuracy curve starts falling 82

into a plateau region (Sec. V). 83

• The experimental results on multiple DNNs (ResNet, 84

MobileNet) trained on CIFAR10 and CIFAR100 85

datasets with our AccelAT framework obtain up to 8% 86

higher adversarial robustness against the most common 87

attacks such as LinfPGD, Fast Gradient Sign Method 88

(FGSM), and DeepFool (Sec. VI). 89

Open Source: To facilitate the research and developments in 90

this field, and for reproducible research, this is the AccelAT 91

open-source framework: https://github.com/Nikfam/AccelAT. 92

Before proceeding to the main technical sections, 93

we present an overview of adversarial attacks and defenses, 94

and fast training policies for DNNs, in Sec. II and Sec. III, 95

respectively, with a level of detail necessary to understand 96

the rest of the paper. 97

II. OVERVIEW OF ADVERSARIAL ATTACKS AND 98

DEFENSES FOR DNNs 99

Adversarial training [12] is a branch of ML that deals with 100

creating robust models against adversarial attacks [13], for 101

instance, by augmenting the adversarial samples to the train- 102

ing dataset. For years, the training has only focused on achiev- 103

ing high accuracy. However, there exist malicious attacks 104

that mine the algorithms correct behavior. If a DNN model 105

is attacked, it will incorrectly execute its process, which 106

can lead to severe consequences for safety-critical appli- 107

cations [14]. For example, for cases where facial, voice, 108

or fingerprint recognition is used to unlock certain services, 109
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FIGURE 3. An example of adversarial attack, where strawberries are
misclassified as chestnuts [15].

an external attack can cause severe damage. Thus, it is desired110

that DNN models are robust against such external attacks.111

However, it is known that complex DNN models are vulner-112

able to malicious attacks, which could make their accuracy113

drop from near 100% to nearly 0% [15]. To counter these114

attacks, we need to develop and deploy robust models that115

can maintain high accuracy in the presence of these malicious116

variations.117

Adversarial training leverages clean images as well as the118

noisy images (following a certain adversarial attack model)119

for training the DNN models, thereby enabling the trained120

DNN models to classify correctly even in the presence of an121

adversarial attack during the inference. However, this robust-122

ness is achieved at the expense of significantly longer training123

time, proportional to the amount of adversarial samples and124

attack models.125

A. ADVERSARIAL EXAMPLES126

The basic foundation of an adversarial attack algorithm is127

to create imperceptibly-modified examples [15] that mislead128

the DNN model. On the other hand, if the examples were129

modified with a random logic, the problem would not arise130

since the model would fail, but a human being would eas-131

ily recognize and detect the modifications. However, some132

examples could bemodified tomislead aDNNmodel through133

a malicious attack without any evident variation perceived134

by the human eye. For example, as shown in Fig. 3, the two135

images (original and modified by attack) are identical to the136

human eye. However, every single pixel has been modified137

according to the noise seen in the middle [16].138

The consequence is that DNN models can be attacked139

without obvious external signs. In reality, with certain types140

of attacks, it is possible to generate modified images indis-141

tinguishable from a human being, which the DNN model142

can still correctly recognize. The latter case is not a critical143

problem, as they would be images discarded by a human.144

In this work, we will focus on the misclassification of DNN145

models.146

B. ADVERSARIAL ATTACKS147

A DNN model can learn to recognize images, but in an148

entirely different way from how humans do it. Therefore, var-149

ious adversarial attacks algorithms have been proposed [17].150

For example, some attacks are based on changing a single151

FIGURE 4. Two ways of fooling a classifier.

pixel [18], others on certain image features, but the most 152

common approach consists of calculating the division line, 153

called decision boundary, that distinguishes one class from 154

another. 155

In a simple case with two classes, the decision boundary 156

looks like as in Fig. 4a. A targeted attack would perturb all the 157

borderline examples. For image classification applications, 158

the attack would vary the last layer features, closest to the 159

line edge, just enough to make them cross the line (Fig. 4b). 160

In this way, the classification is completely distorted without 161

actually changing the image much overall. This process deals 162

with two almost identical images, which are instead classified 163

in different ways. In some cases, the pixels do not change 164

the position. On the contrary, the attack moves the separation 165

line that distinguishes the classes (Fig. 4c), thus leading to a 166

misclassification due to the shifted decision boundary. 167

C. WHITE-BOX ATTACKS 168

There are mainly two categories of attacks, namely white-box 169

and black-box [19]. In this work, we focus on white-box 170

attacks, which are the most accessible and powerful type of 171

attacks to perform considering that the adversary has more 172

knowledge about the system [4]. While a black-box attack 173

has access only to the inputs and outputs, a white-box attack 174

also leverages the knowledge of the internal structure of the 175

model to be attacked. Therefore, the attack is more specific 176

and powerful, and the caused damage increases. 177

D. ADVERSARIAL TRAINING 178

There exist various techniques to train robust models, such as 179

data augmentation, second model control, and hyperparame- 180

ters fine-tuning [17], [20]. 181

Themost common technique to counter attacks is data aug- 182

mentation, that is, the DNNs are trained not only on correct 183

images, but also on already attacked images or adversarial 184

samples generated based on given attack models [21]. This 185

procedure significantly increases the DNN accuracy against 186

attacks [22], [23]. However, as a drawback, the accuracy of 187

clean images decreases, and often falls below the required 188

accuracy level [24]. 189

The second model control uses two DNN models. This 190

technique examines the main DNN and its internal character- 191

istics to predict whether the analyzed example is adversarial 192

or not [25], [26]. In practice, this technique uses an ‘‘external 193

guard’’ logic that controls the whole process to verify its 194

effective operation. However, the study of its effectiveness 195

and complexity is still immature. 196
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Moreover, the performance of the adversarial training can197

be improved by changing the values of the hyperparameters,198

such as weight decay, batch size, or LR [27], [28].199

E. ADVERSARIAL LIBRARIES200

There are various libraries to implement the adversarial201

attacks [29], [30]. Foolbox [31] is used in this work due202

to its good documentation, functionality, and support for203

TensorFlow [32] and Pytorch [33] packages.204

III. OVERVIEW OF FAST TRAINING POLICIES FOR DNNs205

We need fast training to meet an ever-increasing demand206

for large databases to be managed in real-time. For exam-207

ple, popular websites like Google, YouTube, and Facebook208

need to manage constant incoming data streams, training the209

models as quickly as possible. On the other hand, treating a210

large amount of data consumes a large amount of power, and211

is often out of the hand of small-scale organizations where212

training resources are limited. Therefore, accelerating this213

process allows obtaining advantages in terms of resources,214

time and energy. With current processors, such as CPUs215

and GPUs, the computation times for the complete training216

can last from days to several weeks for large-sized datasets,217

and a few hours to days for medium-sized datasets. Hence,218

a significant reduction in the training time is highly desirable.219

There are various ways to speed up:220

• Specialized techniques for certain types of DNN221

models, like Adam [34], Ada-Boundary [35], or222

Super-Convergence [36].223

• Generic optimizations, like hyperparameters tuning [9],224

which apply to nearly every DNN model.225

A. FAST TRAINING TECHNIQUES226

Generic techniques mainly include the changes to hyper-227

parameters [9] and, more specifically, to the LR [37],228

since variable LR values can give better results than con-229

stant values. Among the various state-of-the-art fast training230

methodologies proposed in the literature, the most advanced231

in this regard are the following:232

• One cycle policy [9];233

• Cyclical policy [37];234

• Warm restarts [10], [11].235

Before applying each of these techniques, it is necessary to236

find the best LR to use during the training, through the LR237

finder technique.238

B. LEARNING RATE FINDER239

The simplest method to find the correct LR value is to change240

it exponentially, from small to large values, during reasonably241

long training. An efficient choice is to vary the LR by at least242

ten orders of magnitude throughout the training. Theoreti-243

cally, if all the various parameters have been normalized, the244

LR will often lay between 0.001 and 10. For this reason, it is245

preferable to fully cover this range during the training. Once246

the test training is finished, it will be enough to look at the247

FIGURE 5. LR finder executed on the ResNet-50 model for the CIFAR10
and CIFAR100 datasets.

accuracy and error graph to find the maximum recommended 248

LR [37]. As shown in Fig. 5, for small LR values, the accuracy 249

and the error practically do not vary. However, in a certain 250

range of LR values, the error decreases up to aminimum, after 251

which it diverges for large LR values. Hence, the desirable LR 252

values are those in which the error decreases from the initial 253

plateau to the minimum point, beyond which the divergence 254

begins. Therefore, using a maximum LR value of about one 255

order of magnitude lower than the minimum error point is 256

advisable to be distant enough to avoid the divergence region 257

(see pointer À - Fig. 5). In summary, the LR should range 258

from the value in which the error slope starts decreasing, until 259

one order of magnitude less than the point in which the error 260

curve exhibits the minimum (see pointer Á). 261

C. ONE CYCLE POLICY 262

The one cycle policy [9] is based on varying the LR and 263

other hyperparameters during the training process to obtain 264

fast training. As the name implies, the basic idea is to apply a 265

single cycle to these hyperparameters throughout the training. 266

Since the one cycle policy is a regularization technique, other 267

types of normalization affecting hyperparameters must be 268

reduced to avoid interference. 269

After finding the maximum LR through the LR finder 270

(Fig. 5), an initial value equal to 1/10 of the maximum is 271

set (see pointer À - Fig. 6). Then, the LR assumes the shape 272

of a triangular cycle for about 90% of the total training, i.e., 273

90% of the total epochs (see Fig. 6), first increasing from 274

the initial value up to maximum (see pointer Á), and then 275

decreasing again to 1/10 of the maximum (see pointer Â). 276

In the last few epochs, equal to about 10% of the total epochs, 277

the LR rapidly decreases to 1/1000 of the maximum LR (see 278

pointer Ã). Properly setting the duration of the last part of the 279

training is extremely important, since a longer duration would 280

lead to overfitting, while a shorter duration would lead to low 281

accuracy. 282

The one cycle policy is also applied to the momentum with 283

an opposite shape (Fig. 6). In this way, the regularization 284

carried out on the LR is not dampened by the momentum, 285

but on the contrary, it is strengthened. There is a maximum 286

recommended momentum value of 0.95 (see pointer Ä), 287

while the minimum should be 0.85 (see pointer Å). In the 288

109000 VOLUME 10, 2022
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FIGURE 6. One cycle policy.

final part of the training, while the LR decreases rapidly, the289

momentum remains fixed at the maximum value of 0.95 (see290

pointers Æ and Ç).291

D. CYCLICAL POLICY292

The cyclical policy [37], shown in Figs. 7 and 8, is similar293

to the one cycle policy, with the difference that the cycle294

is repeated several times, constantly oscillating between the295

same maximum (see pointer À - Fig. 7) and minimum (see296

pointer Á) values. This policy can be helpful if the training297

process of the DNN model exhibit many local minimum298

points, since using a cyclical LR allows the training to seek299

deeper minimums and achieve higher accuracy.300

The length of every single cycle is calculated as a multiple301

of an epoch. It is recommended to use cycle length values302

between 4 and 20 times an epoch to obtain optimal results.303

However, it is advisable to perform training with at least304

3 - 5 cycles to obtain an evident improvement over a con-305

stant LR. Increasing the number of cycles too much would306

eliminate the cycle’s usefulness, because the training would307

not have time to adapt to the variation of the LR.308

The maximum and minimum values of the LR to adopt in309

the cycle must be chosen carefully (Fig. 9), since the success310

of the training depends on them. In both cases, it is necessary311

to use the graph produced by the LR finder (Fig. 5), which312

must be run before the final training. The maximum LR is313

found precisely as for the one cycle policy, i.e., 1/10 of the314

minimum point of the loss that corresponds to the limit (see315

pointer À - Fig. 9). On the other hand, the minimum LR is316

set to a value in the loss descent zone from the initial plateau317

onwards (see pointer Á - Fig. 9).318

In some other cases, the cycles are repeated with the319

same length, but the maximum LR value decreases (see320

pointer À - Fig. 8) to search deeper in the local minima, such321

as the decreasing triangular cycles of Fig. 8.322

E. WARM RESTARTS323

The warm restart methods [10], [11] are also based on324

a cyclical policy, but as the term says, there are sud-325

den restarts from the minimum (see pointer À - Fig. 10,326

pointer À - Fig. 11) to the maximum LR value (see327

pointer Á - Fig. 10, pointer Á - Fig. 11). This phenomenon328

leads to instantaneously restart a new long descent, aiming329

FIGURE 7. A triangular cyclical policy [37].

FIGURE 8. Cyclical policy with fixed lower boundary.

FIGURE 9. LR boundary on the loss plot for the cyclical policy [37].

at finding deeper minima. The warm restarts are always 330

performed on the LR and can assume various shapes, such 331

as: 332

• Sinusoidal (Fig. 10); 333

• Linear (Fig. 11); 334

• Trapezoidal. 335

The warm restarts can have multipliers that make 336

the progress accordion-like during the training (Fig. 10), 337

or the restarts can be at different gradually decreasing 338

values (Fig. 11). 339

F. OTHER FAST TRAINING METHODS 340

Changing the shapes of the hyperparameters or mixing the 341

above-discussed techniques, it possible to obtain new training 342

policies for the LR, which might be more effective than the 343

originals methods. 344

IV. ANALYSIS: FAST TRAINING TECHNIQUES APPLIED TO 345

ADVERSARIAL TRAINING METHODS 346

Various methodologies have recently been proposed to accel- 347

erate the adversatial training [7], [8]. The Free Adversarial 348
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FIGURE 10. Accordion-like sinusoidal warm restarts [10].

FIGURE 11. Linear decreasing warm restarts [11].

Training (FAT) [6] is chosen as the baseline method for the349

experiments in this section.350

The m parameter, also called Free-m, is a key parameter of351

the FAT algorithm, since it allows to repeat the perturbation352

several times for every single minibatch [38]. With this353

terminology, a traditional training is obtained by keeping354

m = 1. The parameter ε indicates the adversarial perturba-355

tion. A too large ε would make the perturbations so high that356

the images would be recognized as crafted even by the human357

eye.358

Building on top of this, there have been concurrent works359

such as Fast is Better than Free [39] and subsequently, also360

GradAlign [40], which have demonstrated the reliability in361

using the FGSM for speeding up with the proper precautions.362

In this work, we mainly focus, instead of on the type of363

training, on the hyperparameters. Therefore, we tested the364

feasibility of AccelAT also with the FGSM method.365

A. ORIGINAL FAT RESULTS366

A first analysis has been conducted by reproducing the orig-367

inal FAT method, applied to the ResNet-50 model [41] on368

CIFAR10 [42], [43] and CIFAR100 [43], [44] datasets, under369

the projected gradient descent (PGD) attack [45] with con-370

stant ε equal to 8.0. Fig. 12 shows the training results in371

terms of accuracy and loss, obtained for both the CIFAR10372

and the CIFAR100 datasets on natural images. As expected,373

the CIFAR100 accuracy is lower than the CIFAR10374

accuracy due to the higher complexity. Final accuracy375

results:376

• CIFAR10→ accuracy: 84.34% - loss: 0.00562;377

• CIFAR100→ accuracy: 59.89% - loss: 0.01459.378

FIGURE 12. Original FAT [6] accuracy and loss on natural images.

FIGURE 13. FAT’s 3-steps LR [6].

B. HYPERPARAMETERS SETUP 379

The original FAT method applies a LR that has a 3-step 380

function (Fig. 13) with the following behavior: 381

• Epochs = [0 : 40000] → LR = 0.1 (see 382

pointer À - Fig. 13); 383

• Epochs = [40000 : 60000] → LR = 0.01 (see 384

pointer Á); 385

• Epochs = [60000 : 80000] → LR = 0.001 (see 386

pointer Â). 387

After using the LR finder (Fig. 5), the maximum LR value 388

results to be: 389

• CIFAR10→ maximum LR = 0.15; 390

• CIFAR100→ maximum LR = 0.12. 391

Therefore, for the experiments applying the fast training tech- 392

niques on the FAT method, a maximum LR higher than that 393

of the original FAT is used. 394

The momentum values are set to: 395

• One cycle→ momentum = 0.85 – 0.95 (Fig. 6); 396

• Constant→ momentum = 0.90. 397

The one cycle momentum is used only for the one cycle 398

policy [9]. Instead, for the other techniques, the momentum 399

is fixed to the original FAT constant value. 400

Based on the regularization criteria, the value of the weight 401

decay has been set to 0.0002. A batch size of 128 has been 402

set due to the computational limits of the calculator. The 403

remaining FAT parameters relative to adversarial training 404

have not been changed, since the aim is not to obtain a more 405

robust model, but to accelerate the training, while achieving 406

the same robustness. 407
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FIGURE 14. FAT Training of ResNet-20 on the CIFAR100 natural images
dataset with different LR techniques.

C. SUPER FAT RESULTS408

The results of different training policies applied to the409

FAT, compared to the original FAT, for the CIFAR10 and410

CIFAR100 natural images datasets, are shown in Fig. 1 and411

Fig. 14, respectively. The experiments are performed with412

various values of training epochs to show the differences413

between the algorithms. With our settings (i.e., execution on414

the Tesla K40c GPU), 10000 epochs are executed in about415

5 hours. Therefore, the original FAT training lasts for about416

40 hours. For this reason, halving the number of epochs417

allows to execute the experiments faster.418

From these results, it can be noticed that the FAT algorithm419

with a 3-steps LR is already optimized w.r.t. the original420

adversarial training [4], but with more advanced techniques,421

the same results can be achieved even in about half the time422

(see pointer À - Fig. 14). Thus, the fine-tuning of the hyper-423

parameters is essential and can lead to super-convergence in424

standard training and adversarial training without affecting425

the result and robustness of the DNN model itself.426

V. OUR AccelAT FRAMEWORK427

The idea behind AccelAT is to avoid or reduce the model428

setup time. With the existing fast training techniques, we can429

obtain good results, but often it takes too much time to set430

up all parameters and several attempts before finding the431

best compromise. These dead times are not considered in432

the training time, but they are still a considerable part of a433

programmer’s work.WithAccelAT, it is possible to havemore434

freedom of choice since it will be the model itself during the435

training that will understand when to intervene on the LR for436

more efficient learning. As we will see, this leads to similar437

or better results to existing fast training techniques based on438

the LR.439

The functionality of ourAccelATmethodology is described440

in Algorithm 1. The LR value, initially equal to the maxi-441

mum possible value obtained with the LR finder, decreases442

as plateau zones are found in the learning curve. The LR443

decreases if the accuracy does not exceed a specific1acc in a444

certain number of epochs.445

Inspired by existing fast training techniques that eliminate446

plateau areas while learning, in our AccelAT framework the447

LR is varied based on the performance of the validation448

Algorithm 1 AccelAT
Require: Maximum learning rate lrMAX, minimum learning
rate lrmin, accuracy delta 1acc, percentage reduction p, num-
ber of cycles of interest n, accuracy acc, previous average
accuracy accpre
1: lr ← lrMAX
2: for e in epochs do
3: if (acc(e, e− n)− accpre) < 1acc then
4: lr ← lr · p
5: end if
6: if lr < lrmin then
7: lr ← lrmin
8: end if
9: accpre← acc(e, e− n)
10: end for

FIGURE 15. AccelAT workflow.

accuracy. First, we search for the maximum LR using the 449

LR finder technique, after which we set it as the initial LR 450

(line 1 - Algorithm 1), to be decreased if the accuracy starts 451

to show a plateau. Then, a simplified gradient can be used to 452

change the LR based on accuracy progression. As indicated 453

in lines 3-4, the LR is decreased by a percentage value p if 454

the accuracy in the last n cycles has not increased by a certain 455

value 1acc, up to the minimum desired LR (see Fig. 15). 456

Step by step, the framework works as follows: 457

• With previous training, we find the maximum LR that 458

can be used through the LR finder; 459

• The LR is set to the previously found maximum LR 460

value; 461

• The training starts with the predetermined LR; 462

• The accuracy is calculated for the dataset under analysis; 463
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• If the accuracy does not grow at a sufficient rate that464

is decided a priori, then the LR decreases by a fixed465

percentage;466

• If, on the other hand, there are no plateau areas, then the467

training continues with the current LR;468

• Once the LR reaches a predetermined minimum value,469

then the training continues with this fixed LR value;470

• When the accuracy reaches an optimal value, or it is471

impossible to rise further, then the training stops.472

For example, let us set a value (n) of ten epochs to evaluate473

the accuracy, a delta (1acc) equal to 1% and let us assume to474

have found a value of 0.01 as the maximum LR, which we475

want to reduce by about 10% (p) each time there is a plateau476

area. After that, the training is launched for 100 epochs.477

The accuracy increase rate is monitored for each epoch. For478

instance, in the first 40 epochs, the increase in accuracy479

is greater than or equal to 1%, compared to the last ten480

epochs. Hence, the LR remains fixed at 0.01. At the 41st481

epoch, the accuracy has not increased by at least 1% in the482

last ten epochs, and consequently, the LR is multiplied by483

0.9, i.e., it is reduced by 10%, and we obtain an LR value484

equal to 0.009. Afterward, the training is resumed and the485

accuracy starts to rise again. Towards the 70th epoch, it again486

has a new plateau zone; consequently, the LR is reduced487

by another 10%. Then, the training continues until the end488

of the 100 epochs. Once finished, the LR is lower than the489

maximum, allowing us to increase the accuracy by going490

deeper into the found local minimum. If we had kept a fixed491

LR after the first 40 epochs, the accuracy would not have492

increased, and the last 60 epochs would have been useless.493

With our AccelAT framework, we have obtained an adaptive494

LR based on the specific training we are performing.495

This type of LR policy does not have a fixed shape for496

every training and, therefore, cannot be plotted. Instead, its497

shape varies at run-time according to the model, dataset,498

and training parameters. In any case, it will assume a lad-499

der shape. Compared to other fast training techniques, the500

AccelAT method, not having a fixed shape and calculating501

the gradient at run-time, is likely to slightly slow down the502

training. However, on long training with complex datasets,503

the AccelAT allows obtaining an LR suited to the situation.504

As will be demonstrated in the next section, our AccelAT is505

more efficient than existing fast training techniques in certain506

types of training. Therefore, the best approach is to conduct507

preliminary analyses to determine which are good values of508

the parameters p, n, and 1acc to set for the training.509

VI. EVALUATING OUR AccelAT FRAMEWORK510

A. EXPERIMENTAL SETUP511

As shown in Fig. 16, our experiments has been con-512

ducted using two popular DNNs (ResNet [41] and513

MobileNet [46]), pre-trained with ImageNet, then trained for514

the CIFAR10 [42], [43] and CIFAR100 [43], [44] datasets,515

analyzed through the LinfPGD, FGSM, andDeepFool attacks516

described through the Foolbox library [31]. The code is517

FIGURE 16. Experimental setup.

written in Python [3], [47] using the TensorFlow 2.X 518

library [32], running on an NVIDIA Tesla K40c GPU with 519

12 GB of memory. 520

Each network/dataset/attack combination is tested with 521

three types of learning policies, which are constant (the most 522

simple one), one cycle (the best during FAT review), and 523

AccelAT. Therefore, we perform 36 total training runs, taking 524

around 2 hours per run. We found maximum LR values 525

between 0.001 and 0.0001 for all simulations using the LR 526

finder. The other hyperparameters are kept at a fixed optimal 527

value for our setup for all simulations: 528

• Momentum→ 0.9; 529

• Batch size→ 128; 530

• Weight decay→ 0.0002. 531

To avoid overfitting, we have noticed that the best choice 532

is to use early stopping for the training. As also highlighted 533

in these papers [48], [49], early stopping can lead to more 534

optimal solutions than the introduction of new normaliza- 535

tions. For this reason, we set our total epochs to 50 to avoid 536

overfitting. This choice does not conflict with our algorithm 537

as acceptable accuracy values are obtained even with fewer 538

epochs. For the attack we used a perturbation budget ε 539

equal to 0.01 and the algorithm automatically iterates until 540

it reaches an acceptable level to fool the DNN [50]. 541

B. EXPERIMENTAL RESULTS 542

From the 36 training runs, we extract nine results that are 543

reported in Fig. 17, Fig. 18, and Fig. 19. We have shown only 544

the graphs obtained on the adversarial training-set for greater 545

clarity. We then calculated the accuracy with the adversar- 546

ial test-set, the natural training-set, and the natural test-set. 547

In all cases, the results are comparable to these graphs, with 548

linearly higher or lower values for each type of LR. Note, 549

our AccelAT technique is sometimes more efficient than the 550

one cycle policy, especially with MobileNet DNNs. The best 551

results are obtained on more complex datasets, where many 552

labels reduce the risk of overfitting and where a variable 553

LR is more valuable than a constant one. For example, 554

in Fig. 18, and Fig. 19, the training curve using the AccelAT 555

methodology reaches a high accuracy value in fewer cycles 556

compared to the other techniques (see pointer À - Fig. 18, 557

pointer À - Fig. 19). Also notice that, in Fig. 19, the accuracy 558

of the curve employing the AccelAT technique continues to 559

increase in every cycle, also towards the end of the training 560

(see pointer Á - Fig. 19), where instead the accuracy obtained 561

with the one cycle policy stops growing. 562
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FIGURE 17. ResNET model trained on the CIFAR10 dataset, attacked with
DeepFool - Adversarial training-set.

FIGURE 18. MobileNET model trained on the CIFAR10 dataset, attacked
with LinfPGD - Adversarial training-set.

FIGURE 19. MobileNET model trained on the CIFAR100 dataset, attacked
with FGSM - Adversarial training-set.

VII. CONCLUSION563

In an era in which robustness is fundamental for DNNs,564

performing training in a fast yet robust manner is challeng-565

ing. This research demonstrates that advanced fast train-566

ing techniques can also be applied to adversarial training,567

obtaining significant improvements with similar robustness.568

Moreover, we propose AccelAT, a framework for adjusting569

the LR during training based on the accuracy gradient. Our570

experimental results show that the AccelAT not only outper-571

forms the training with constant LR, which usually reaches572

a sub-optimal local minimum, but is comparable or better573

than other fast training techniques. Moreover, it is efficient574

for complex training with large datasets, where a LR varied575

at run-time is essential to better fit the DNNmodel and allows576

more effective learning. Therefore, a new generation of DNN 577

models, which are robust and fast, is starting up, and we 578

demonstrated their feasibility. We believe that, in the near 579

future, these models will be widely employed. 580

In future works, we plan to modify more hyperparame- 581

ters by combining them to test even faster methods. Since 582

the batch size is generally fixed and depends on the com- 583

puting power of the GPU, it affects less the performance. 584

On the other hand, the momentum can act simultaneously 585

with the LR for better normalization. Hyperparameters are 586

often neglected, but their correct use can lead to significant 587

advantages. 588

REFERENCES 589

[1] O. Simeone, ‘‘A very brief introduction to machine learning with appli- 590

cations to communication systems,’’ IEEE Trans. Cogn. Commun. Netw., 591

vol. 4, no. 4, pp. 648–664, Dec. 2018. 592

[2] W. Samek, T. Wiegand, and K.-R. Müller, ‘‘Explainable artificial intelli- 593

gence: Understanding, visualizing and interpreting deep learning models,’’ 594

2017, arXiv:1708.08296. 595

[3] S. Raschka and V.Mirjalili, PythonMachine Learning. Birmingham, U.K.: 596

Packt, 2017. 597

[4] A. Madry, A. Makelov, L. Schmidt, D. Tsipras, and A. Vladu, ‘‘Towards 598

deep learning models resistant to adversarial attacks,’’ in Proc. 6th Int. 599

Conf. Learn. Represent. (ICLR), Vancouver, BC, Canada, Apr. 2018, 600

pp. 1–23. 601

[5] I. Goodfellow, Y. Bengio, and A. Courville, Deep Learning. Cam- 602

bridge, MA, USA: MIT Press, 2016. [Online]. Available: http:// 603

www.deeplearningbook.org 604

[6] A. Shafahi, M. Najibi, A. Ghiasi, Z. Xu, P. J. Dickerson, C. Studer, 605

S. L. Davis, G. Taylor, and T. Goldstein, ‘‘Adversarial training for free!’’ 606

in Proc. Annu. Conf. Neural Inf. Process. Syst., H. M. Wallach, H. 607

Larochelle, A. Beygelzimer, F. d’Alché-Buc, E. B. Fox, and R. Garnett, 608

Eds. Vancouver, BC, Canada, Dec. 2019, pp. 3353–3364. 609

[7] D. Zhang, T. Zhang, Y. Lu, Z. Zhu, and B. Dong, ‘‘You only propagate 610

once: Accelerating adversarial training via maximal principle,’’ in Proc. 611

Adv. Neural Inf. Process. Syst. 32th Annu. Conf. Neural Inf. Process. Syst., 612

H. M. Wallach, H. Larochelle, A. Beygelzimer, F. d’Alché-Buc, E. B. Fox, 613

and R. Garnett, Eds. Vancouver, BC, Canada, Dec. 2019, pp. 227–238. 614

[8] H. Zhang, Y. Yu, J. Jiao, P. Eric Xing, L. E. Ghaoui, and I. M. Jordan, ‘‘The- 615

oretically principled trade-off between robustness and accuracy,’’ in Proc. 616

36th Int. Conf. Mach. Learn., vol. 97, K. Chaudhuri and R. Salakhutdinov, 617

Eds. Long Beach, CA, USA, Jun. 2019, pp. 7472–7482. 618

[9] N. L. Smith, ‘‘A disciplined approach to neural network hyper-parameters: 619

Part 1—Learning rate, batch size, momentum, and weight decay,’’ 2018, 620

arXiv:1803.09820. 621

[10] I. Loshchilov and F. Hutter, ‘‘SGDR: Stochastic gradient descent with 622

warm restarts,’’ in Proc. 5th Int. Conf. Learn. Represent. (ICLR), Toulon, 623

France, Apr. 2017, pp. 1–16. 624

[11] P.Mishra andK. Sarawadekar, ‘‘Polynomial learning rate policywithwarm 625

restart for deep neural network,’’ in Proc. IEEE Region Conf. (TENCON), 626

Kochi, India, Oct. 2019, pp. 2087–2092. 627

[12] Y. Guo, C. Zhang, C. Zhang, and Y. Chen, ‘‘Sparse DNNs with improved 628

adversarial robustness,’’ 2018, arXiv:1810.09619. 629

[13] W. Ruan, X. Yi, and X. Huang, ‘‘Adversarial robustness of deep learn- 630

ing: Theory, algorithms, and applications,’’ in Proc. 30th ACM Int. 631

Conf. Inf. Knowl. Manage., Virtual Event, QLD, Australia, Oct. 2021, 632

pp. 4866–4869. 633

[14] A.Kurakin, J. IanGoodfellow, and S. Bengio, ‘‘Adversarial examples in the 634

physical world,’’ in Proc. 5th Int. Conf. Learn. Represent. (ICLR), Toulon, 635

France, Apr. 2017, pp. 1–14. 636

[15] J. I. Goodfellow, J. Shlens, and C. Szegedy, ‘‘Explaining and harnessing 637

adversarial examples,’’ in Proc. 3rd Int. Conf. Learn. Represent. (ICLR), 638

Y. Bengio and Y. LeCun, Eds. San Diego, CA, USA, May 2015, pp. 1–11. 639

[16] N. Drenkow, N. Sani, I. Shpitser, and M. Unberath, ‘‘Robustness in deep 640

learning for computer vision: Mind the gap?’’ 2021, arXiv:2112.00639. 641

[17] N. Pitropakis, E. Panaousis, T. Giannetsos, E. Anastasiadis, and G. Loukas, 642

‘‘A taxonomy and survey of attacks against machine learning,’’ Comput. 643

Sci. Rev., vol. 34, Nov. 2019, Art. no. 100199. 644

VOLUME 10, 2022 109005



F. Nikfam et al.: AccelAT: A Framework for Accelerating the Adversarial Training of DNNs

[18] J. Su, D. Vargas, and K. Sakurai, ‘‘One pixel attack for fooling deep645

neural networks,’’ IEEE Trans. Evol. Comput., vol. 23, no. 5, pp. 828–841,646

Oct. 2019.647

[19] N. Papernot, D. P. McDaniel, J. I. Goodfellow, S. Jha, Z. B. Celik, and648

A. Swami, ‘‘Practical black-box attacks against machine learning,’’ in649

Proc. ACM Asia Conf. Comput. Commun. Secur., R. Karri, O. Sinanoglu,650

A.-R. Sadeghi, and X. Yi, Eds. Abu Dhabi, United Arab Emirates: ACM,651

Apr. 2017, pp. 506–519.652

[20] X. Yuan, P. He, Q. Zhu, and X. Li, ‘‘Adversarial examples: Attacks653

and defenses for deep learning,’’ IEEE Trans. Neural Netw. Learn. Syst.,654

vol. 30, no. 9, pp. 2805–2824, Sep. 2019.655

[21] L. Schmidt, S. Santurkar, D. Tsipras, K. Talwar, and A. Madry, ‘‘Adver-656

sarially robust generalization requires more data,’’ in Proc. Adv. Neural657

Inf. Process. Syst. 31st Annu. Conf. Neural Inf. Process. Syst., S. Bengio,658

H. M. Wallach, H. Larochelle, K. Grauman, N. Cesa-Bianchi, and659

R. Garnett, Eds. Montréal, QC, Canada, Dec. 2018, pp. 5019–5031.660

[22] Y. Esfandiari, A. Balu, K. Ebrahimi, U. Vaidya, N. Elia, and S. Sarkar,661

‘‘A fast saddle-point dynamical system approach to robust deep learning,’’662

Neural Netw., vol. 139, pp. 33–44, Jul. 2021.663

[23] A. Shafahi, P. Saadatpanah, C. Zhu, A. Ghiasi, C. Studer, W. D. Jacobs,664

and T. Goldstein, ‘‘Adversarially robust transfer learning,’’ in Proc. 8th665

Int. Conf. Learn. Represent. (ICLR), Addis Ababa, Ethiopia, Apr. 2020,666

pp. 1–14.667

[24] S. Gui, H.Wang, H. Yang, C. Yu, Z.Wang, and J. Liu, ‘‘Model compression668

with adversarial robustness: A unified optimization framework,’’ in Proc.669

Adv. Neural Inf. Process. Syst. 32th Annu. Conf. Neural Inf. Process. Syst.,670

H. M. Wallach, H. Larochelle, A. Beygelzimer, F. d’Alché-Buc, E. B. Fox,671

and R. Garnett, Eds. Vancouver, BC, Canada, Dec. 2019, pp. 1283–1294.672

[25] J. H. Metzen, T. Genewein, V. Fischer, and B. Bischoff, ‘‘On detecting673

adversarial perturbations,’’ in 5th Int. Conf. Learn. Represent. (ICLR),674

Toulon, France, Apr. 2017, pp. 1–12.675

[26] S.-M. Moosavi-Dezfooli, A. Fawzi, O. Fawzi, and P. Frossard, ‘‘Univer-676

sal adversarial perturbations,’’ in Proc. IEEE Conf. Comput. Vis. Pattern677

Recognit. (CVPR), Honolulu, HI, USA, Jul. 2017, pp. 86–94.678

[27] T. Pang, X. Yang, Y. Dong, H. Su, and J. Zhu, ‘‘Bag of tricks for adversarial679

training,’’ in Proc. 9th Int. Conf. Learn. Represent. (ICLR), Virtual Event,680

QLD, Austria, May 2021, pp. 1–11.681

[28] S. Gowal, C. Qin, J. Uesato, A. T. Mann, and P. Kohli, ‘‘Uncovering the682

limits of adversarial training against norm-bounded adversarial examples,’’683

2020, arXiv:2010.03593.684

[29] J. I. Goodfellow, N. Papernot, and D. P. McDaniel, ‘‘Cleverhans V0.1:685

An adversarial machine learning library,’’ 2016, arXiv:1610.00768.686

[30] D. Goodman, X. Hao, Y. Wang, Y. Wu, J. Xiong, and H. Zhang, ‘‘Advbox:687

A toolbox to generate adversarial examples that fool neural networks,’’688

2020, arXiv:2001.05574.689

[31] J. Rauber, W. Brendel, and M. Bethge, ‘‘Foolbox V0.8.0: A Python tool-690

box to benchmark the robustness of machine learning models,’’ 2017,691

arXiv:1707.04131.692

[32] M. Abadi et al., ‘‘Tensorflow: Large-scale machine learning on heteroge-693

neous distributed systems,’’ 2016, arXiv:1603.04467.694

[33] A. Paszke et al., ‘‘PyTorch: An imperative style, high-performance deep695

learning library,’’ in Proc. Adv. Neural Inf. Process. Syst., H. M. Wallach,696

H. Larochelle, A. Beygelzimer, F. d’Alché-Buc, E. B. Fox, and R. Garnett,697

Eds. Vancouver, BC, Canada, Dec. 2019, pp. 8024–8035.698

[34] P. D. Kingma and J. Ba, ‘‘Adam: A method for stochastic optimization,’’699

in Proc. 3rd Int. Conf. Learn. Represent. (ICLR), Y. Bengio and Y. LeCun,700

Eds. san Diego, CA, USA, May 2015, 2015, pp. 1–15.701

[35] H. Song, S. Kim, M. Kim, and J.-G. Lee, ‘‘Ada-boundary: Accelerating702

DNN training via adaptive boundary batch selection,’’ Mach. Learn.,703

vol. 109, nos. 9–10, pp. 1837–1853, Sep. 2020.704

[36] N. L. Smith and N. Topin, ‘‘Super-convergence: Very fast training of705

residual networks using large learning rates,’’ 2017, arXiv:1708.07120.706

[37] L. N. Smith, ‘‘Cyclical learning rates for training neural networks,’’ in707

Proc. IEEE Winter Conf. Appl. Comput. Vis. (WACV), Santa Rosa, CA,708

USA, Mar. 2017, pp. 464–472.709

[38] A. Devarakonda, M. Naumov, andM. Garland, ‘‘Adabatch: Adaptive batch710

sizes for training deep neural networks,’’ 2017, arXiv:1712.02029.711

[39] E. Wong, L. Rice, and J. Z. Kolter, ‘‘Fast is better than free: Revisiting712

adversarial training,’’ in Proc. 8th Int. Conf. Learn. Represent. (ICLR),713

Addis Ababa, Ethiopia, Apr. 2020, pp. 1–17.714

[40] M. Andriushchenko and N. Flammarion, ‘‘Understanding and improving715

fast adversarial training,’’ in Proc. Adv. Neural Inf. Process. Syst. 33th716

Annu. Conf. Neural Inf. Process. Syst., H. Larochelle, M. A. Ranzato,717

R. Hadsell, M.-F. Balcan, and H.-T. Lin, Eds. Dec. 2020, pp. 1–26.718

[41] K. He, X. Zhang, S. Ren, and J. Sun, ‘‘Deep residual learning for 719

image recognition,’’ in Proc. IEEE Conf. Comput. Vis. Pattern Recognit., 720

Las Vegas, NV, USA, May 2016, pp. 770–778. 721

[42] A. Krizhevsky, V. Nair, and G. Hinton, ‘‘Cifar-10 (Canadian institute for 722

advanced research),’’ Tech. Rep., 2015. 723

[43] A. Krizhevsky, ‘‘Learning multiple layers of features from tiny images,’’ 724

Dept. Comput. Sci., Univ. Toronto, 2009. 725

[44] A. Krizhevsky, V. Nair, and G. Hinton, ‘‘Cifar-100 (Canadian institute for 726

advanced research),’’ Tech. Rep., 2015. 727

[45] J. Liu and J. Ye, ‘‘Efficient Euclidean projections in linear time,’’ in 728

Proc. 26th Annu. Int. Conf. Mach. Learn., vol. 382, A. P. Danyluk, 729

L. Bottou, and M. L. Littman, Eds. Montreal, QC, Canada, Jun. 2009, 730

pp. 657–664. 731

[46] G. Andrew Howard, M. Zhu, B. Chen, D. Kalenichenko, W. Wang, 732

T. Weyand, M. Andreetto, and H. Adam, ‘‘Mobilenets: Efficient con- 733

volutional neural networks for mobile vision applications,’’ 2017, 734

arXiv:1704.04861. 735

[47] S. Raschka, J. Patterson, and C. Nolet, ‘‘Machine learning in Python: 736

Main developments and technology trends in data science, machine 737

learning, and artificial intelligence,’’ Information, vol. 11, no. 4, p. 193, 738

2020. 739

[48] L. Rice, E. Wong, and J. Zico Kolter, ‘‘Overfitting in adversarially robust 740

deep learning,’’ in Proc. 37th Int. Conf. Mach. Learn. (ICML), vol. 119, 741

Jul. 2020, pp. 8093–8104. 742

[49] J. Zhang, X. Xu, B. Han, G. Niu, L. Cui, M. Sugiyama, and S. M. Kankan- 743

halli, ‘‘Attacks which do not kill training make adversarial learning 744

stronger,’’ in Proc. 37th Int. Conf. Mach. Learn., vol. 119, Jul. 2020, 745

pp. 11278–11287. 746

[50] N. Carlini, A. Athalye, N. Papernot, W. Brendel, J. Rauber, D. Tsipras, 747

J. Ian Goodfellow, A. Madry, and A. Kurakin, ‘‘On evaluating adversarial 748

robustness,’’ 2019, arXiv:1902.06705. 749

FARZAD NIKFAM (Graduate Student Member, 750

IEEE) received the bachelor’s degree inmechanical 751

engineering and the master’s degree in mecha- 752

tronic engineering from the Politecnico di Torino, 753

Turin, Italy, in March 2018 and March 2020, 754

respectively, where he is currently pursuing 755

the Ph.D. degree in electronics and commu- 756

nication engineering under the supervision of 757

Prof. Maurizio Martina. His research interest 758

includes software machine learning with emphasis 759

on security and privacy problems. 760

ALBERTO MARCHISIO (Graduate Student 761

Member, IEEE) received the B.Sc. and M.Sc. 762

degrees in electronic engineering from the 763

Politecnico di Torino, Turin, Italy, in October 2015 764

and April 2018, respectively. He is currently 765

pursuing the Ph.D. degree with the Computer 766

Architecture and Robust Energy-Efficient Tech- 767

nologies (CARE-Tech.) Laboratory, Institute of 768

Computer Engineering, Technische Universität 769

Wien (TUWien), Vienna, Austria, under the super- 770

vision of Prof. Dr. Muhammad Shafique. His research interests include 771

hardware and software optimizations for machine learning, brain-inspired 772

computing, VLSI architecture design, emerging computing technologies, 773

robust design, and approximate computing for energy efficiency. He has 774

coauthored more than 20 papers in prestigious international conferences and 775

journals. He received the honorable mention at the Italian National Finals 776

of Maths Olympic Games, in 2012, and the Richard Newton Young Fellow 777

Award, in 2019. 778

109006 VOLUME 10, 2022



F. Nikfam et al.: AccelAT: A Framework for Accelerating the Adversarial Training of DNNs

MAURIZIO MARTINA (Senior Member, IEEE)779

received the M.S. and Ph.D. degrees in electrical780

engineering from the Politecnico di Torino, Italy,781

in 2000 and 2004, respectively. He is currently a782

Full Professor with the VLSI-Laboratory Group,783

Politecnico di Torino. His research interests784

include computer architecture and VLSI design of785

architectures for digital signal processing, video786

coding, communications, networking, artificial787

intelligence, machine learning, and event-based788

processing. He has edited one book and published three book chapters on789

VLSI architectures and digital circuits for video coding, wireless communi-790

cations, and error correcting codes. He has more than 100 scientific publica-791

tions and is the coauthor of two patents. He is currently an Associate Editor792

of IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS. He had793

been a part of the organizing and technical committee of several international794

conferences, including BioCAS 2017, ICECS 2019, and AICAS 2020. He is795

currently the Counselor of the IEEE Student Branch at the Politecnico di796

Torino and a Professional Member of IEEE HKN.797

MUHAMMAD SHAFIQUE (Senior Member, 798

IEEE) received the Ph.D. degree in computer sci- 799

ence from the Karlsruhe Institute of Technology 800

(KIT), Germany, in 2011. Afterwards, he estab- 801

lished and led a highly recognized research group 802

at KIT for several years and conducted impactful 803

collaborative research and development activities 804

across the globe. In October 2016, he joined as a 805

Full Professor in computer architecture and robust, 806

energy-efficient technologies with the Faculty of 807

Informatics, Institute of Computer Engineering, Technische Universität 808

Wien (TU Wien), Vienna, Austria. Since September 2020, he has been with 809

New York University (NYU) Abu Dhabi, United Arab Emirates, where he 810

is currently a Full Professor and the Director of the eBrain Laboratory. 811

He is also a Global Network Professor at the Tandon School of Engineering, 812

NYU, New York City, USA. He is also a Co-PI/an Investigator in multiple 813

NYUAD Centers, including Center of Artificial Intelligence and Robotics 814

(CAIR), Center of Cyber Security (CCS), Center for InTeractIng urban 815

nEtworkS (CITIES), and Center for Quantum and Topological Systems 816

(CQTS). His research interests include AI & machine learning hardware 817

and system-level design, brain-inspired computing, autonomous systems, 818

wearable healthcare, energy-efficient systems, robust computing, hardware 819

security, emerging technologies, FPGAs, MPSoCs, and embedded systems. 820

His research has a special focus on cross-layer analysis, modeling, design, 821

and optimization of computing and memory systems. The researched tech- 822

nologies and tools are deployed in application use cases from the Internet of 823

Things (IoT), smart cyber-physical systems (CPS), and ICT for development 824

(ICT4D) domains. He has given several keynotes, invited talks, and tutorials, 825

and organized many special sessions at premier venues. He has served as 826

the PC chair, the general chair, the track chair, and the PC member for 827

several prestigious IEEE/ACM conferences. He holds one U.S. patent has 828

(co)authored six books, more than 15 book chapters, more than 350 papers 829

in premier journals and conferences, and more than 50 archive articles. 830

He received the 2015 ACM/SIGDA Outstanding New Faculty Award, the 831

AI 2000 Chip TechnologyMost Influential Scholar Award, in 2020 and 2022, 832

the ASPIRE AARE Research Excellence Award, in 2021, six gold medals, 833

and several best paper awards and nominations at prestigious conferences. 834

He is a Senior Member of the IEEE Signal Processing Society (SPS), and a 835

member of the ACM, SIGARCH, SIGDA, SIGBED, and HIPEAC. 836

837

Open Access funding provided by ‘Politecnico di Torino’ within the CRUI CARE Agreement

VOLUME 10, 2022 109007


