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Abstract—This paper presents Bayesian Deep Learning based
Fault Injection (BDLFI), a novel methodology for fault injection
in neural networks (NNs) and more generally differentiable
programs. BDLFI uses (1) Bayesian Deep Learning to model
the propagation of faults, and (2) Markov Chain Monte Carlo
inference to quantify the effect of faults on the outputs of a
NN. We demonstrate BDLFI on two representative networks and
present our results that challenge pre-existing results in the field.

I. INTRODUCTION

For the past decade, machine learning (ML) and particularly
deep neural network (DNN) models have had tremendous
success in solving problems in image classification, speech
recognition, text translation, and game playing. This ubiquitous
success has led to the application of a large number of these
models in safety critical systems, e.g., autonomous vehicles,
and industrial control systems, where reliability and safety
guarantees are paramount. Traditional approaches for validation
of these guarantees have relied on random Fault Injection
(FI) [1] to test the resilience of a software/hardware platform in
the presence of faults. However, these traditional approaches are
fundamentally challenged due to (1) the enormous space of fault
locations and program states that must be injected/investigated;
(2) the need for significant system support (i.e., debug capabil-
ities like ptrace support) to build system-specific injectors;
and (3) the inability to provide statistical guarantees about
“completeness” beyond performed injections. This presents a
significant challenge for today’s popular DNN models that
scale to millions of parameters and employ special purpose
(often proprietary) hardware accelerators that do not support a
wide range of debugging capabilities (e.g., GPUs, TPUs).

In this paper, we address the above challenges by presenting
Bayesian Deep Learning based Fault Injection (BDLFI), a
methodology for fault injection in neural networks (NNs).
BDLFI uses (1) Bayesian Deep Learning (BDL) to model
the propagation of faults, and (2) Markov Chain Monte Carlo
(MCMC) inference to quantify the effect of faults on the
outputs of a NN [2]. BDL and MCMC provide a formalism
and inference method to quantify uncertainty in the inputs,
parameters (referred to as weights), activations, and outputs of
DNN models. BDLFI leverages this aspect of BDL and models
uncertainty as being caused by transient hardware faults.

Advantages of BDLFI over traditional fault injection tech-
niques include: (1) the ability to quantify “completeness” of an
injection campaign (i.e., when further injections do not change
measured hypothesis) using MCMC-mixing; and (2) the ability
to use algorithmic acceleration techniques; (3) the ability to
use specialized hardware (without needing system support to
do injections) to directly accelerate inference and hence the
fault injection campaigns. As a result, we believe that BDLFI
can subsume current source-level (e.g., [3]) and debugger-level
(e.g., [4]) FIs as a method for rapidly validating the resilience of
ML/DNN models executing on embedded accelerator platforms.
BFI can be used to inject faults into programs other than neural
networks, with the only assumption being that of end-to-end
differentiability (i.e., one can calculate the gradient of the
output of a program over its input).

II. BAYESIAN FAULT INJECTOR

We now describe the operation of the BDLFI on a multi-layer
perceptron (MLP) network shown as 1 in Fig. 1.
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W0 = e � W
<latexit sha1_base64="QJX5pAz0z32O7UxHGxNLQUypiQo=">AAACCnicdZDLSgMxFIYzXmu9jbp0Ey2iqzIj2taFUHDjsoK9QGcomTTThmaSIckIZejaja/ixoUibn0Cd76NmXYUFf0h8POdc8g5fxAzqrTjvFtz8wuLS8uFleLq2vrGpr213VIikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORhdZvX1DpKKCX+txTPwIDTgNKUbaoJ6950VID4MwbR9O4Dkk0BMxSxT8wpOeXXLKp27VqVWgU3amykzlrFJzoZuTEsjV6NlvXl/gJCJcY4aU6rpOrP0USU0xI5OilygSIzxCA9I1lqOIKD+dnjKBB4b0YSikeVzDKf0+kaJIqXEUmM5sQ/W7lsG/at1EhzU/pTxONOF49lGYMKgFzHKBfSoJ1mxsDMKSml0hHiKJsDbpFU0In5fC/03ruOwaf3VSqsM8jgLYBfvgCLigCurgEjRAE2BwC+7BI3iy7qwH69l6mbXOWfnMDvgh6/UDm7WaHg==</latexit><latexit sha1_base64="QJX5pAz0z32O7UxHGxNLQUypiQo=">AAACCnicdZDLSgMxFIYzXmu9jbp0Ey2iqzIj2taFUHDjsoK9QGcomTTThmaSIckIZejaja/ixoUibn0Cd76NmXYUFf0h8POdc8g5fxAzqrTjvFtz8wuLS8uFleLq2vrGpr213VIikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORhdZvX1DpKKCX+txTPwIDTgNKUbaoJ6950VID4MwbR9O4Dkk0BMxSxT8wpOeXXLKp27VqVWgU3amykzlrFJzoZuTEsjV6NlvXl/gJCJcY4aU6rpOrP0USU0xI5OilygSIzxCA9I1lqOIKD+dnjKBB4b0YSikeVzDKf0+kaJIqXEUmM5sQ/W7lsG/at1EhzU/pTxONOF49lGYMKgFzHKBfSoJ1mxsDMKSml0hHiKJsDbpFU0In5fC/03ruOwaf3VSqsM8jgLYBfvgCLigCurgEjRAE2BwC+7BI3iy7qwH69l6mbXOWfnMDvgh6/UDm7WaHg==</latexit><latexit sha1_base64="QJX5pAz0z32O7UxHGxNLQUypiQo=">AAACCnicdZDLSgMxFIYzXmu9jbp0Ey2iqzIj2taFUHDjsoK9QGcomTTThmaSIckIZejaja/ixoUibn0Cd76NmXYUFf0h8POdc8g5fxAzqrTjvFtz8wuLS8uFleLq2vrGpr213VIikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORhdZvX1DpKKCX+txTPwIDTgNKUbaoJ6950VID4MwbR9O4Dkk0BMxSxT8wpOeXXLKp27VqVWgU3amykzlrFJzoZuTEsjV6NlvXl/gJCJcY4aU6rpOrP0USU0xI5OilygSIzxCA9I1lqOIKD+dnjKBB4b0YSikeVzDKf0+kaJIqXEUmM5sQ/W7lsG/at1EhzU/pTxONOF49lGYMKgFzHKBfSoJ1mxsDMKSml0hHiKJsDbpFU0In5fC/03ruOwaf3VSqsM8jgLYBfvgCLigCurgEjRAE2BwC+7BI3iy7qwH69l6mbXOWfnMDvgh6/UDm7WaHg==</latexit><latexit sha1_base64="QJX5pAz0z32O7UxHGxNLQUypiQo=">AAACCnicdZDLSgMxFIYzXmu9jbp0Ey2iqzIj2taFUHDjsoK9QGcomTTThmaSIckIZejaja/ixoUibn0Cd76NmXYUFf0h8POdc8g5fxAzqrTjvFtz8wuLS8uFleLq2vrGpr213VIikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORhdZvX1DpKKCX+txTPwIDTgNKUbaoJ6950VID4MwbR9O4Dkk0BMxSxT8wpOeXXLKp27VqVWgU3amykzlrFJzoZuTEsjV6NlvXl/gJCJcY4aU6rpOrP0USU0xI5OilygSIzxCA9I1lqOIKD+dnjKBB4b0YSikeVzDKf0+kaJIqXEUmM5sQ/W7lsG/at1EhzU/pTxONOF49lGYMKgFzHKBfSoJ1mxsDMKSml0hHiKJsDbpFU0In5fC/03ruOwaf3VSqsM8jgLYBfvgCLigCurgEjRAE2BwC+7BI3iy7qwH69l6mbXOWfnMDvgh6/UDm7WaHg==</latexit> W0

<latexit sha1_base64="42X3G1RUbRppp153SYiIgbl8o3E=">AAAB8nicdVDLSgMxFM34rPVVdekmWEVXZUa0rbuCG5cV7AOmpWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2hFU9EDgcM695NwTxIIbcN0PZ2l5ZXVtvbBR3Nza3tkt7e23jUo0ZS2qhNLdgBgmuGQt4CBYN9aMRIFgnWBynfmde6YNV/IOpjHrR2QkecgpASv5vYjAOAjTzulsUCq7lUuv5tar2K24c2SkelWte9jLlTLK0RyU3ntDRZOISaCCGON7bgz9lGjgVLBZsZcYFhM6ISPmWypJxEw/nUee4ROrDHGotH0S8Fz9vpGSyJhpFNjJLKL57WXiX56fQFjvp1zGCTBJFx+FicCgcHY/HnLNKIipJYRqbrNiOiaaULAtFW0JX5fi/0n7vOJZfntRbhzndRTQITpCZ8hDNdRAN6iJWogihR7QE3p2wHl0XpzXxeiSk+8coB9w3j4BeE6RRw==</latexit><latexit sha1_base64="42X3G1RUbRppp153SYiIgbl8o3E=">AAAB8nicdVDLSgMxFM34rPVVdekmWEVXZUa0rbuCG5cV7AOmpWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2hFU9EDgcM695NwTxIIbcN0PZ2l5ZXVtvbBR3Nza3tkt7e23jUo0ZS2qhNLdgBgmuGQt4CBYN9aMRIFgnWBynfmde6YNV/IOpjHrR2QkecgpASv5vYjAOAjTzulsUCq7lUuv5tar2K24c2SkelWte9jLlTLK0RyU3ntDRZOISaCCGON7bgz9lGjgVLBZsZcYFhM6ISPmWypJxEw/nUee4ROrDHGotH0S8Fz9vpGSyJhpFNjJLKL57WXiX56fQFjvp1zGCTBJFx+FicCgcHY/HnLNKIipJYRqbrNiOiaaULAtFW0JX5fi/0n7vOJZfntRbhzndRTQITpCZ8hDNdRAN6iJWogihR7QE3p2wHl0XpzXxeiSk+8coB9w3j4BeE6RRw==</latexit><latexit sha1_base64="42X3G1RUbRppp153SYiIgbl8o3E=">AAAB8nicdVDLSgMxFM34rPVVdekmWEVXZUa0rbuCG5cV7AOmpWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2hFU9EDgcM695NwTxIIbcN0PZ2l5ZXVtvbBR3Nza3tkt7e23jUo0ZS2qhNLdgBgmuGQt4CBYN9aMRIFgnWBynfmde6YNV/IOpjHrR2QkecgpASv5vYjAOAjTzulsUCq7lUuv5tar2K24c2SkelWte9jLlTLK0RyU3ntDRZOISaCCGON7bgz9lGjgVLBZsZcYFhM6ISPmWypJxEw/nUee4ROrDHGotH0S8Fz9vpGSyJhpFNjJLKL57WXiX56fQFjvp1zGCTBJFx+FicCgcHY/HnLNKIipJYRqbrNiOiaaULAtFW0JX5fi/0n7vOJZfntRbhzndRTQITpCZ8hDNdRAN6iJWogihR7QE3p2wHl0XpzXxeiSk+8coB9w3j4BeE6RRw==</latexit><latexit sha1_base64="42X3G1RUbRppp153SYiIgbl8o3E=">AAAB8nicdVDLSgMxFM34rPVVdekmWEVXZUa0rbuCG5cV7AOmpWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2hFU9EDgcM695NwTxIIbcN0PZ2l5ZXVtvbBR3Nza3tkt7e23jUo0ZS2qhNLdgBgmuGQt4CBYN9aMRIFgnWBynfmde6YNV/IOpjHrR2QkecgpASv5vYjAOAjTzulsUCq7lUuv5tar2K24c2SkelWte9jLlTLK0RyU3ntDRZOISaCCGON7bgz9lGjgVLBZsZcYFhM6ISPmWypJxEw/nUee4ROrDHGotH0S8Fz9vpGSyJhpFNjJLKL57WXiX56fQFjvp1zGCTBJFx+FicCgcHY/HnLNKIipJYRqbrNiOiaaULAtFW0JX5fi/0n7vOJZfntRbhzndRTQITpCZ8hDNdRAN6iJWogihR7QE3p2wHl0XpzXxeiSk+8coB9w3j4BeE6RRw==</latexit>

x
<latexit sha1_base64="6E1wU6rMmXaTO45JkRR27re54ZU=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tV8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOybl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJb/yMyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVZ9Sw3riq1szyOIpzAKVyAB9dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A3TWM3g==</latexit><latexit sha1_base64="6E1wU6rMmXaTO45JkRR27re54ZU=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tV8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOybl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJb/yMyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVZ9Sw3riq1szyOIpzAKVyAB9dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A3TWM3g==</latexit><latexit sha1_base64="6E1wU6rMmXaTO45JkRR27re54ZU=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tV8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOybl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJb/yMyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVZ9Sw3riq1szyOIpzAKVyAB9dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A3TWM3g==</latexit><latexit sha1_base64="6E1wU6rMmXaTO45JkRR27re54ZU=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tV8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y1YQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5EpXks780kQT+iQ8lDzqixVuOpX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOybl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJb/yMyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVZ9Sw3riq1szyOIpzAKVyAB9dQgzuoQxMYIDzDK7w5D86L8+58LFoLTj5zDH/kfP4A3TWM3g==</latexit> b0

<latexit sha1_base64="XSa9q8LMq8AN/ycpx8qQ8v3iUpE=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBVdlRnRtu4KblxWsA+YlpJJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2hFU9EDgcM695NwTxJxp47ofztLyyuraemGjuLm1vbNb2ttva5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QST68zv3FOlmRR3ZhrTfoRHgoWMYGMlvxdhMw7CNDidDUplt3Lp1dx6FbkVd46MVK+qdQ95uVKGHM1B6b03lCSJqDCEY619z41NP8XKMMLprNhLNI0xmeAR9S0VOKK6n84jz9CJVYYolMo+YdBc/b6R4kjraRTYySyi/u1l4l+en5iw3k+ZiBNDBVl8FCYcGYmy+9GQKUoMn1qCiWI2KyJjrDAxtqWiLeHrUvQ/aZ9XPMtvL8qN47yOAhzCEZyBBzVowA00oQUEJDzAEzw7xnl0XpzXxeiSk+8cwA84b5+JEJFS</latexit><latexit sha1_base64="XSa9q8LMq8AN/ycpx8qQ8v3iUpE=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBVdlRnRtu4KblxWsA+YlpJJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2hFU9EDgcM695NwTxJxp47ofztLyyuraemGjuLm1vbNb2ttva5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QST68zv3FOlmRR3ZhrTfoRHgoWMYGMlvxdhMw7CNDidDUplt3Lp1dx6FbkVd46MVK+qdQ95uVKGHM1B6b03lCSJqDCEY619z41NP8XKMMLprNhLNI0xmeAR9S0VOKK6n84jz9CJVYYolMo+YdBc/b6R4kjraRTYySyi/u1l4l+en5iw3k+ZiBNDBVl8FCYcGYmy+9GQKUoMn1qCiWI2KyJjrDAxtqWiLeHrUvQ/aZ9XPMtvL8qN47yOAhzCEZyBBzVowA00oQUEJDzAEzw7xnl0XpzXxeiSk+8cwA84b5+JEJFS</latexit><latexit sha1_base64="XSa9q8LMq8AN/ycpx8qQ8v3iUpE=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBVdlRnRtu4KblxWsA+YlpJJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2hFU9EDgcM695NwTxJxp47ofztLyyuraemGjuLm1vbNb2ttva5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QST68zv3FOlmRR3ZhrTfoRHgoWMYGMlvxdhMw7CNDidDUplt3Lp1dx6FbkVd46MVK+qdQ95uVKGHM1B6b03lCSJqDCEY619z41NP8XKMMLprNhLNI0xmeAR9S0VOKK6n84jz9CJVYYolMo+YdBc/b6R4kjraRTYySyi/u1l4l+en5iw3k+ZiBNDBVl8FCYcGYmy+9GQKUoMn1qCiWI2KyJjrDAxtqWiLeHrUvQ/aZ9XPMtvL8qN47yOAhzCEZyBBzVowA00oQUEJDzAEzw7xnl0XpzXxeiSk+8cwA84b5+JEJFS</latexit><latexit sha1_base64="XSa9q8LMq8AN/ycpx8qQ8v3iUpE=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBVdlRnRtu4KblxWsA+YlpJJM21oJhmSjFCGfoYbF4q49Wvc+Tdm2hFU9EDgcM695NwTxJxp47ofztLyyuraemGjuLm1vbNb2ttva5koQltEcqm6AdaUM0FbhhlOu7GiOAo47QST68zv3FOlmRR3ZhrTfoRHgoWMYGMlvxdhMw7CNDidDUplt3Lp1dx6FbkVd46MVK+qdQ95uVKGHM1B6b03lCSJqDCEY619z41NP8XKMMLprNhLNI0xmeAR9S0VOKK6n84jz9CJVYYolMo+YdBc/b6R4kjraRTYySyi/u1l4l+en5iw3k+ZiBNDBVl8FCYcGYmy+9GQKUoMn1qCiWI2KyJjrDAxtqWiLeHrUvQ/aZ9XPMtvL8qN47yOAhzCEZyBBzVowA00oQUEJDzAEzw7xnl0XpzXxeiSk+8cwA84b5+JEJFS</latexit>

y0
<latexit sha1_base64="r9Drz4GYDJ5Tr8A2n4d8XrLJfbU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LFbRU0lE23orePFYxX5AG8pmu2mXbjZhdyOE0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPzvIgzpW37wyosLa+srhXXSxubW9s75d29jgpjSWibhDyUPQ8rypmgbc00p71IUhx4nHa96VXmd++pVCwUdzqJqBvgsWA+I1gb6TY5GZYrdvXCqduNGrKr9hwZqV3WGg5ycqUCOVrD8vtgFJI4oEITjpXqO3ak3RRLzQins9IgVjTCZIrHtG+owAFVbjq/dIaOjTJCfihNCY3m6veJFAdKJYFnOgOsJ+q3l4l/ef1Y+w03ZSKKNRVksciPOdIhyt5GIyYp0TwxBBPJzK2ITLDERJtwSiaEr0/R/6RzVnUMvzmvNI/yOIpwAIdwCg7UoQnX0II2EPDhAZ7g2Zpaj9aL9bpoLVj5zD78gPX2CZGXjUk=</latexit><latexit sha1_base64="r9Drz4GYDJ5Tr8A2n4d8XrLJfbU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LFbRU0lE23orePFYxX5AG8pmu2mXbjZhdyOE0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPzvIgzpW37wyosLa+srhXXSxubW9s75d29jgpjSWibhDyUPQ8rypmgbc00p71IUhx4nHa96VXmd++pVCwUdzqJqBvgsWA+I1gb6TY5GZYrdvXCqduNGrKr9hwZqV3WGg5ycqUCOVrD8vtgFJI4oEITjpXqO3ak3RRLzQins9IgVjTCZIrHtG+owAFVbjq/dIaOjTJCfihNCY3m6veJFAdKJYFnOgOsJ+q3l4l/ef1Y+w03ZSKKNRVksciPOdIhyt5GIyYp0TwxBBPJzK2ITLDERJtwSiaEr0/R/6RzVnUMvzmvNI/yOIpwAIdwCg7UoQnX0II2EPDhAZ7g2Zpaj9aL9bpoLVj5zD78gPX2CZGXjUk=</latexit><latexit sha1_base64="r9Drz4GYDJ5Tr8A2n4d8XrLJfbU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LFbRU0lE23orePFYxX5AG8pmu2mXbjZhdyOE0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPzvIgzpW37wyosLa+srhXXSxubW9s75d29jgpjSWibhDyUPQ8rypmgbc00p71IUhx4nHa96VXmd++pVCwUdzqJqBvgsWA+I1gb6TY5GZYrdvXCqduNGrKr9hwZqV3WGg5ycqUCOVrD8vtgFJI4oEITjpXqO3ak3RRLzQins9IgVjTCZIrHtG+owAFVbjq/dIaOjTJCfihNCY3m6veJFAdKJYFnOgOsJ+q3l4l/ef1Y+w03ZSKKNRVksciPOdIhyt5GIyYp0TwxBBPJzK2ITLDERJtwSiaEr0/R/6RzVnUMvzmvNI/yOIpwAIdwCg7UoQnX0II2EPDhAZ7g2Zpaj9aL9bpoLVj5zD78gPX2CZGXjUk=</latexit><latexit sha1_base64="r9Drz4GYDJ5Tr8A2n4d8XrLJfbU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LFbRU0lE23orePFYxX5AG8pmu2mXbjZhdyOE0H/gxYMiXv1H3vw3btoIKvpg4PHeDDPzvIgzpW37wyosLa+srhXXSxubW9s75d29jgpjSWibhDyUPQ8rypmgbc00p71IUhx4nHa96VXmd++pVCwUdzqJqBvgsWA+I1gb6TY5GZYrdvXCqduNGrKr9hwZqV3WGg5ycqUCOVrD8vtgFJI4oEITjpXqO3ak3RRLzQins9IgVjTCZIrHtG+owAFVbjq/dIaOjTJCfihNCY3m6veJFAdKJYFnOgOsJ+q3l4l/ef1Y+w03ZSKKNRVksciPOdIhyt5GIyYp0TwxBBPJzK2ITLDERJtwSiaEr0/R/6RzVnUMvzmvNI/yOIpwAIdwCg7UoQnX0II2EPDhAZ7g2Zpaj9aL9bpoLVj5zD78gPX2CZGXjUk=</latexit>

Input from 
previous layer

y0 = max(0,W0T x + b0)
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p based on AVF

E
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Injected Errors

E = kW0 � Wk
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Figure 1. The BDLFI Approach: Faults are modeled (as Bayesian Networks) at every neuron of the network and propagated as probability distributions
through the network, and inferred at the output using Markov Chain Monte Carlo.
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Figure 2. Error injections in all layers of multi-layer
perceptron from Fig. 1.
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Figure 3. ResNet-18 network and results of injec-
tions on a layer-by-layer basis.
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Figure 4. Error injections in all layers of ResNet-18
from Fig. 3.

units for storing NN parameters, inputs, intermediate activations
and outputs. We model such faults by using the per-bit
architectural vulnerability factor (AVF), i.e., each bit error is
treated as a Bernoulli random variable with probability p. We
do not make any assumptions about the number of bits in error;
this is determined by p. All network parameters, inputs, and
outputs are encoded as 32-bit floating point numbers. BDLFI
can also be extended to other fault models.

Bayesian Network of Fault Model. We encode the above
fault model in a Bayesian Network shown as 2 in Fig. 1 for
each neuron in the NN. The weights and biases (W and b) are
transformed into their error injected version (W′ and b′) by
performing bitwise-XOR operations with flipped bits described
above. As a result, output of each neuron is a probability
distribution over its output space given the original weights
and p. The key insight is that the fault behavior is modeled
in the mathematical formulation of the Bayesian network. The
fault behavior is then propagated through the NN (using BDL)
with every neuron activation capturing the fault behavior of its
input, as well as its own fault behavior. We can hence capture
end-to-end fault propagation in the NN as a statistical model
that can be automatically inferred.

Inference. We quantify the effect of the injected faults
by comparing the classification accuracy of a golden run of
the network with the distribution of classification accuracy
produced by the BDLFI. This distribution is produced by
performing Markov Chain Monte Carlo based inference on
the output of the fault injected network. The fault injection is
performed using the following steps:
1) The network is trained to obtain the weights of the golden

network that provide good classification accuracy.
2) The bit flip fault model and the trained weights of the

network are used to create the error distribution over the
network weights.

3) A Bayesian fault model is created for each neuron in the
network using the error distribution to construct a DBN.

4) Perform inference multiple times on the DBN using MCMC
to obtain the classification uncertainty of the network for
different flip probabilities.

3 in Fig. 1 illustrates a golden run as well as the distribution
of classification error produced by BDLFI.

III. PRELIMINARY RESULTS

We performed fault injection campaigns over an MLP
in Fig. 1 and a ResNet-18 network trained on the CIFAR-

10 dataset. Our preliminary results in characterizing DNN
resiliency, show several interesting behaviours that challenge
existing notions generated from traditional random fault injec-
tion methods.

Effect of faults is most significant at the decision boundary. 3
in Fig. 1 shows the effect of memory faults in an MLP network.
The most likely classification errors are produced as a result of
faults that happen at the decision boundary. This motivates the
need for having reliability features in safety-critical systems,
where the points that are close to the decision boundary (i.e.,
harder to classify) are more egregiously affected by errors. By
analyzing the probability of errors near the boundaries, we can
set a threshold on the regions of the feature space that need
more protection and verification of correctness.

Scope for trading off reliability and performance in DNN
architectures. The relationship of NN classification accuracy
with p can be seen in Fig. 2 and Fig. 4. In both cases, we can
see that there are two clear regimes explaining the effect of
bit flip probability on network classification error. In the first
regime consisting of smaller flip probability values, we observe
that there is no significant increase in average classification
error as the bit flip probability increases. In the second regime,
we see that average classification error increases significantly
with flip probability. Hence operating at the knee of these
curves provides the optimal performance-reliability trade-offs
in building DNN systems.

Error propagation to the output of the neural network is not
related to the depth of the injection layer. Contrary to previous
work [1] Fig. 3 shows that there is no direct relationship
between the layer in which the fault manifests and the network
classification error. We believe that this artifact appears in
traditional FI because of incomplete traversal of the entire
injection space. We are currently investigating this behavior
on other NNs.
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