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In fine art, especially painting, humans have mastered the skill to create unique
visual experiences through composing a complex interplay between the con-
tent and style of an image. Thus far the algorithmic basis of this process is
unknown and there exists no artificial system with similar capabilities. How-
ever, in other key areas of visual perception such as object and face recognition
near-human performance was recently demonstrated by a class of biologically
inspired vision models called Deep Neural Networks.!>?> Here we introduce an
artificial system based on a Deep Neural Network that creates artistic images
of high perceptual quality. The system uses neural representations to sepa-
rate and recombine content and style of arbitrary images, providing a neural
algorithm for the creation of artistic images. Moreover, in light of the strik-
ing similarities between performance-optimised artificial neural networks and
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biological vision,>” our work offers a path forward to an algorithmic under-

standing of how humans create and perceive artistic imagery.
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Figure 1: Convolutional Neural Network (CNN). A given input image is represented as a set
of filtered images at each processing stage in the CNN. While the number of different filters
increases along the processing hierarchy, the size of the filtered images is reduced by some
downsampling mechanism (e.g. max-pooling) leading to a decrease in the total number of
units per layer of the network. Content Reconstructions. We can visualise the information
at different processing stages in the CNN by reconstructing the input image from only know-
ing the network’s responses in a particular layer. We reconstruct the input image from from
layers ‘convl_1’ (a), ‘conv2_1" (b), ‘conv3_1" (¢), ‘conv4_1" (d) and ‘conv5_1" (e) of the orig-
inal VGG-Network. We find that reconstruction from lower layers is almost perfect (a,b,c). In
higher layers of the network, detailed pixel information is lost while the high-level content of the
image is preserved (d,e). Style Reconstructions. On top of the original CNN representations
we built a new feature space that captures the style of an input image. The style representation
computes correlations between the different features in different layers of the CNN. We recon-
struct the style of the input image from style representations built on different subsets of CNN
layers ( ‘convl_1’ (a), ‘convl_1" and ‘conv2_1" (b), ‘convl_1’, ‘conv2_1" and ‘conv3_1’ (¢),
‘convl_1’, ‘conv2_1’, ‘conv3_1" and ‘conv4_1" (d), ‘convl_1’, ‘conv2_1’, ‘conv3_1’, ‘conv4_1’
and ‘conv5_1" (e)). This creates images that match the style of a given image on an increasing
scale while discarding information of the global arrangement of the scene.

3






Figure 2: Images that combine the content of a photograph with the style of several well-known
artworks. The images were created by finding an image that simultaneously matches the content
representation of the photograph and the style representation of the artwork (see Methods). The
original photograph depicting the Neckarfront in Tiibingen, Germany, is shown in A (Photo:
Andreas Praefcke). The painting that provided the style for the respective generated image
is shown in the bottom left corner of each panel. B The Shipwreck of the Minotaur by J.M.W.
Turner, 1805. C The Starry Night by Vincent vah Gogh, 1889. D Der Schrei by Edvard Munch,
1893. E Femme nue assise by Pablo Picasso, 1910. F Composition VII by Wassily Kandinsky,
1913.






Figure 3: Detailed results for the style of the painting Composition VII by Wassily Kandinsky.
The rows show the result of matching the style representation of increasing subsets of the CNN
layers (see Methods). We find that the local image structures captured by the style represen-
tation increase in size and complexity when including style features from higher layers of the
network. This can be explained by the increasing receptive field sizes and feature complex-
ity along the network’s processing hierarchy. The columns show different relative weightings
between the content and style reconstruction. The number above each column indicates the
ratio o/ 3 between the emphasis on matching the content of the photograph and the style of the
artwork (see Methods).



