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Deep learning

Yann LeCun'~, Yoshua Bengio® & Geoffrey Hinton**

Deep learning allows computational models that are composed of multiple processing layers to learn representations of
data with multiple levels of abstraction. These methods have dramatically improved the state-of-the-art in speech rec-
ognition, visual object recognition, object detection and many other domains such as drug discovery and genomics. Deep
learning discovers intricate structure in large data sets by using the backpropagation algorithm to indicate how a machine
should change its internal parameters that are used to compute the representation in each layer from the representation in

the previous layer. Deep convolutional nets have brought about breakthroughs in processi
audio, whereas recurrent nets have shone light on sequential data such as text

achine-learning technology powers many aspects of modern
M society: from web searches to content filtering on social net-

works to recommendations on e-commerce websites, and
it is increasingly present in consumer products such as cameras and
smartphones. Machine-learning systems are used to identify objects
in images, transcribe speech into text, match news items, posts or
products with users’ interests, and select relevant results of search.
Increasingly, these applications make use of a class of techniques called
deep learning.

Conventional machine-learning techniques were limited in their
ability to process natural data in their raw form. For decades, con-
structing a pattern-recognition or machine-learning system required
careful engineering and considerable domain expertise to design a fea-
ture extractor that transformed the raw data (such as the pixel values
of an image) into a suitable internal representation or feature vector
from which the learning subsystem, often a classifier, could detect or
classify patterns in the input.

Nature 2318 T\ & Formatting guide

ages, video, speech and

Citation

intricate structuresin h g I K( QI) ind is therefore applica-
ble to many domains of science, busigessand government. In addition
to beating records in image reccgnitiﬁmd speech recognition™, it
has beaten other machine-learning techniques at predicting the activ-
ity of potential drug molecules®, analysing particle accelerator data™",
reconstructing brain circuits", and predicting the effects of mutations
in non-coding DNA on gene expression and disease'", Perhaps more
surprisingly, deep learning has produced extremely promising results
for various tasks in natural language understanding'*, particularly
topic classification, sentiment analysis, question answering” and lan-
guage translation™"",

We think that deep learning will have many more successes in the
near future because it requires very little engineering by hand, so it
can easily take advantage of increases in the amount of available com-
putation and data. New learning algorithms and architectures that are
currently being developed for deep neural networks will only acceler-
ate this progress.

Nature Styles: LeCun, Y., Bengio, Y. & Hinton, G. Deep learning. Nature 521, 436—444 (2015).
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