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an action from multiple possible actions using the param-
eters of the distributions over the possible action scores for
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RECOMMENDING CONTENT USING
NEURAL NETWORKS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a continuation of U.S. Application No. 14/821,
463, filed on Aug. 7, 2015, which claims priority to U.S.
Provisional Application No. 62/034,657 filed on Aug. 7,
2014. The disclosures of the prior applications are consid-
ered part of and are incorporated by reference in the disclo-
sure of this application.

BACKGROUND

This specification relates to content recommendation sys-
tems.

Some systems that exist treat content recommendation as
a contextual bandits problem. In particular, these existing
systems receive contextual information for a content rec-
ommendation and select an action, e.g., a piece of content to
be recommended, based on the contextual information and
on rewards received in response to previous content recom-
mendations made by the system. The received rewards
generally depend on how successful the content recommen-
dation was, e.g., on whether a user clicked on an advertise-
ment that was recommended, or on whether a user elected to
view a recommend piece of media content.

SUMMARY

This specification describes technologies that relate to
recommending content using Bayesian neural networks.

In general, one innovative aspect of the subject matter
described in this specification can be embodied in methods
that include the actions of receiving context information for
an action recommendation, wherein the action recommen-
dation is a selection from a plurality of possible actions;
processing the context information using a neural network
that comprises one or more Bayesian neural network layers
to generate, for each of the actions, one or more parameters
of a distribution over possible action scores for the action,
wherein each Bayesian neural network layer receives an
input and applies a transformation to the input to generate an
output from the received input in accordance with current
values for each of a set of parameters, wherein each param-
eter for each Bayesian neural network layer is associated
with data representing a probability distribution over a
plurality of possible current values for the parameter, and
wherein processing the context information using the neural
network to select the action comprises: for each parameter of
each Bayesian neural network layer, selecting the current
value for the weight using the data representing the prob-
ability distribution over the plurality of possible current
values for the parameter; and selecting an action from
plurality of possible actions using the parameters of the
distributions over the possible action scores for the action.

Other embodiments of this aspect include corresponding
computer systems, apparatus, and computer programs
recorded on one or more computer storage devices, each
configured to perform the actions of the methods. For a
system of one or more computers to be configured to
perform particular operations or actions means that the
system has installed on it software, firmware, hardware, or
a combination of them that in operation cause the system to
perform the operations or actions. For one or more computer
programs to be configured to perform particular operations
or actions means that the one or more programs include

15

30

40

45

55

2

instructions that, when executed by data processing appa-
ratus, cause the apparatus to perform the operations or
actions.

The subject matter described in this specification can be
implemented in particular embodiments so as to realize one
or more of the following advantages. Actions can be selected
by accounting for uncertainty using a neural network that
includes Bayesian neural network layers. For example,
advertisements to be served with Internet resources can be
effectively selected and media content can be effectively
recommended using Bayesian neural network layers. By
training a neural network to learn approximations of prob-
ability distributions for Bayesian neural network layers
rather than exact probability distributions, the neural net-
work can be effectively and efficiently trained for action
selection. Additionally, by selecting action using a neural
network that includes Bayesian neural network layers, as the
neural network is trained, the uncertainty in the parameters
of the Bayesian neural network layers is adjusted. Thus, the
exploration/exploitation trade-off is adjusted automatically
to approximately match the inherent uncertainty in the data.
At each training step, the neural network can be trained on
a respective mini-batch of data to adjust the approximations
of the probability distributions, resulting in faster training
and more accurate action selections.

The details of one or more embodiments of the subject
matter of this specification are set forth in the accompanying
drawings and the description below. Other features, aspects,
and advantages of the subject matter will become apparent
from the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example action selection system.

FIG. 2 is a flow diagram of an example process for
selecting an action using context information.

FIG. 3 is a flow diagram of an example process for
training a neural network to adjust the parameters of
approximations of probability distributions for nodes of
Bayesian neural network layers.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION

FIG. 1 shows an example action selection system 100.
The action selection system 100 is an example of a system
implemented as computer programs on one or more com-
puters in one or more locations, in which the systems,
components, and techniques described below are imple-
mented.

The action selection system 100 receives context infor-
mation, e.g., context information 104 from a context data
database 102, and selects an action from a set of actions.

For example, the action selection system 100 can be part
of a content item recommendation engine that receives a
request for one or more content items and context informa-
tion associated with the request and, in response to the
request, provides one or more content items or data identi-
fying the one or more content items for presentation to a
user. In this example, the context information received by
the action selection system 100 is the context information
associated with the request and the set of actions is the set
of possible content items that can be recommended by the
action selection system 100. The content items may be, for
example, news articles, videos, images, or other media
content to be recommended to a user, e.g., to a user who is
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currently viewing another piece of media content or a user
who has requested recommended content from the recom-
mendation engine. In this example, the context information
can be information characterizing the user and, if available,
information characterizing the piece of media content being
viewed by the user. The context information can optionally
also include information characterizing the pieces of media
content in the set of possible content items, e.g., a text
description of a piece of media content, or an automatically
extracted set of features of the media content, e.g., duration,
resolution, histogram of colors, and so on. The information
characterizing the user may include, e.g., the location of the
user, previous media content viewed by the user, and any
other user information available to the recommendation
engine.

As another example, the action selection system 100 can
be part of an online advertisement system that receives
requests for one or more advertisements to be served with
web pages or other Internet resources that have been
requested by users. In this example, the actions are the
possible advertisements that can be served with Internet
resources. The context information may include information
characterizing the Internet resource, e.g., the title of the
Internet resource, the uniform resource locator (URL) of the
Internet resource, some or all of the content of the Internet
resource, topics extracted from the contents of the Internet
resource, entities referenced by the Internet resource, other
Internet resources that link to the Internet resource, and so
on, and information about the user, e.g., a location of the
user, previous Internet resources visited by the user, previ-
ous advertisements selected by the user, and so on. The
context information can also optionally include information
characterizing the possible advertisements.

Generally, the action selection system 100 receives a
reward in response to each action selection that is performed
by the system. For example, in the online advertisement
context, the reward received by the system may represent
whether the online advertisement recommended by the
system received a click from a user while the advertisement
was presented by the user. For example, the system may
receive one amount as a reward if the advertisement was
clicked and a second, lower amount if the advertisement was
not clicked. As another example, in the content item rec-
ommendation context, the system may receive one amount
as a reward if the user selected to view the recommended
context and a second, lower amount if the user did not view
the recommended context or otherwise expressed that the
recommended content was not to the liking of the user, e.g.,
by selecting a designated user interface element to indicate
that the content item not be recommended by the system in
the future.

As another example, the action selection system 100 can
be part of an optimization system, e.g., a Bayesian optimi-
zation system, that is optimizing an objective function in
accordance with a set of hyperparameters. In this example,
the actions can be possible settings for the hyperparameters
and the reward can be the values (or the negative values) of
the objective function.

As another example, the action selection system 100 can
be part of a social media recommendation system that
recommends contacts to be added to a user’s social network.
In this example, the actions are possible contacts to be added
to a given user’s social network, the reward indicates
whether the user added the recommended contact to the
social network, and the context information includes infor-
mation characterizing the user to whom the recommendation
is being made and, optionally, the possible contacts.
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As another example, the action selection system 100 can
be part of a mobile application recommendation system that
recommends mobile applications to be installed on a user’s
mobile device. In this example, the actions are the possible
mobile applications that the system can recommend, the
reward indicates whether the user installed the mobile
application, and the context information includes informa-
tion characterizing the user to whom the recommendation is
being made and, optionally, the possible mobile applica-
tions. The information characterizing the user can include,
for example, information identifying the mobile applications
already installed on the user’s mobile device.

As another example, the action selection system 100 can
be part of a vacation or event recommendation system that
recommends travel itineraries or destinations or events to
users. In this example, the actions are the possible itinerar-
ies, destinations, or events that the system could recommend
to the user, the reward indicates whether the user purchases
the itinerary, buys a ticket to the destination, or buys a ticket
to the event, and the context information includes informa-
tion characterizing the user, e.g., the demographics of the
user, travel history of the user, known interests of the user,
and so on.

As another example, the action selection system 100 can
be part of a job posting recommendation system that rec-
ommends job postings to users of the system. In this
example, the actions are the set of current job postings for
available positions, the reward indicates whether the user
applied for the position or otherwise manifests an interest in
the position, and the context information includes the
resume of the user and, optionally, information characteriz-
ing the current job postings.

As another example, the action selection system 100 can
be part of a consumer goods recommendation system that
recommends consumer goods available for purchase from a
retailer or other business. In this example, the actions are the
set of consumer goods currently offered for sale by the
business, the reward indicates whether the user purchased a
recommended consumer good, and the context information
includes information characterizing the user, e.g., demo-
graphics of the user, purchase history of the user, known
interest of the user, and so on.

The action selection system 100 includes a neural network
110 that receives context information, e.g., context informa-
tion 104, and, for each action in the set of actions, outputs
the parameters of a distribution over a set of possible action
scores for the action, e.g., action score distribution param-
eters 122 from context information 104. The action score for
a given action represents an expected reward received by the
system if the action is selected. For example, the parameters
of'the distribution may be an average of the distribution, e.g.,
the mean or the median, and the standard deviation and
variance of the distribution. In some implementations, the
neural network 100 outputs only a portion of the parameters
of' the distribution, e.g., only the average of the action scores
and not the standard deviation or variance.

The neural network 110 includes multiple layers and
receives as an input the context information for an action
selection and feeds the inputs through each layer of the
neural network in sequence to an output layer that generates
the output for the action selection, i.e., the action score
distribution parameters scores for the actions in the set of
actions. The neural network 110 generally includes a set of
neural network layers that each receives an input and
generates an output from the received input by applying a
non-linear transformation to the received input in accor-
dance with a set of parameters. For example, the neural
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network may include one or more rectified linear unit
(ReLU) layers. Example RelLU layers are described in more
detail in On rectified linear units for speech processing,
Zeiler, M.D., Ranzato, M.; Monga, R.; Mao, M.; Yang, K.;
Le, Q.V.; Nguyen, P.; Senior, A.; Vanhoucke, V.; Dean, J.;
and Hinton, G.E., Acoustics, Speech and Signal Processing
(ICASSP), 2013 IEEE International Conference on. As
another example, the neural network may include one or
more convolutional layers.

In particular, one or more of the layers of the neural
network 110 that generate an output from a received input in
accordance with current values of a set of parameters are
Bayesian neural network layers. A Bayesian neural network
layer is a layer for which each parameter is associated with
data representing a probability distribution over the possible
values of the parameter. That is, rather than maintaining
current values for the parameters of the Bayesian neural
network layers, the action selection system 100 maintains
data representing probability distributions for each param-
eter of each Bayesian neural network layer, e.g., in a
probability distribution data repository 120. In particular, as
will be described in more detail below, the probability
distribution data repository 120 stores, for each parameter of
each Bayesian neural network layer, the parameters of an
approximation of the probability distribution for the param-
eter. The parameters of the approximation of the probability
distribution for the parameter will be referred to in this
specification as “hyperparameters” for the parameter.

As will be discussed in more detail below, in order to
determine the values for the parameters of the Bayesian
neural network layers to be used to process a given input, the
action selection system 100 selects current values for the
parameters using the probability distribution data for the
parameters.

The neural network 110 may also include one or more
other neural network layers that receive an input and gen-
erate an output from the input but that do not have param-
eters, e.g., an input layer, an output layer, max pooling
layers, regularization layers, and so on.

The action selection system 100 also includes an action
selection engine 130 that receives context information for a
new action selection and provides the new observation to the
neural network 110 for processing to generate the action
score distribution parameters for the given action selection,
e.g., action score distribution parameters 122, and selects
one or more actions using the action score distribution
parameters. For example, the action selection engine 130
can select the action having the highest average as the action
to be performed for each action selection.

The action selection system 100 also includes a neural
network training engine 140 that trains the neural network
110 on training data that includes a set of training observa-
tions. Each training observation includes context informa-
tion for a given training action selection, the action selected
in response to the context information, and the reward
received for selecting the action. In particular, the action
selection system 100 receives rewards in response to actions
selected by the action selection engine 130. Once a reward
is received, the action selection system 100 generates a
training observation that includes the context information
processed by the neural network 110 for the action selection,
the action selected by the action selection engine 130, and
the reward received in response to the action selection. The
action selection system 100 then stores the training obser-
vation in a training data repository. At specified intervals,
e.g., once a certain number of training observations have
been received or once a certain amount of time has elapsed,
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the neural network training engine 140 trains the neural
network 110 on the training data. In particular, the neural
network training engine 140 trains the neural network 100 to
adjust the values of the hyperparameters of the Bayesian
neural network layers that are stored in the probability data
distribution repository 120. Training the neural network 110
on training data is described below with reference to FIG. 3.

In some implementations, rather than storing the training
observations in the training data repository for later use in
training the neural network 110, the neural network training
engine 140 trains the neural network “on-line.” That is, the
neural network training engine 140 can receive a reward and
generate a training observation, train the neural network 110
on the training observation, and then discard the training
observation without having to store the observation in the
repository.

FIG. 2 is a flow diagram of an example process 200 for
selecting an action using context information. For conve-
nience, the process 200 will be described as being performed
by a system of one or more computers located in one or more
locations. For example, an action selection system, e.g., the
action selection system 100 of FIG. 1, appropriately pro-
grammed in accordance with this specification, can perform
the process 200.

The system receives context information for an action
selection (step 202).

The system selects current values for the parameters of
each Bayesian neural network layer of a neural network,
e.g., the neural network 110 of FIG. 1 (step 204). In order to
select the current values, the system samples a value from
probability distribution data for the parameters of the Bayes-
ian neural network layers.

In particular, the system samples to select a value for each
parameter of each Bayesian neural network layer using the
hyperparameters for the Bayesian neural network layer that
are stored in a probability distribution data store, e.g., the
probability distribution data repository 120 of FIG. 1. In
order to determine the hyperparameters for the Bayesian
neural network layers, the system trains the neural network.
Once the neural network has been trained, the system selects
the current values of the parameters for the Bayesian neural
network layers using the hyperparameters. Training the
neural network to determine the hyperparameters is
described in more detail below with reference to FIG. 3.

The system processes the context information using the
neural network to generate action score distribution param-
eters for each action in a set of actions (step 206). In
particular, the system feeds the context information through
each layer of the neural network to generate the action score
distribution parameters. During processing, each Bayesian
neural network layer applies a transformation to input
received by the Bayesian layer in accordance with the
sampled values of the parameters of the Bayesian layer.

The system selects one or more actions from the set of
actions using the action score distribution parameters (step
208). In some implementations, the system selects one or
more of the actions having the highest averages as the
actions to be performed in response to the context informa-
tion. In some other implementations, the system can select,
with one probability, the one or more actions having the
highest averages, and with another probability, randomly
select one or more actions from the set of action scores.

The system receives a reward in response to the action
selection (step 210).

The system generates a training observation (step 212)
from the context information, the selected action, and the
reward and stores the training observation in a training data
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repository for use in training the neural network or uses the
training observation in an “on-line” training process.

FIG. 3 is a flow diagram of an example process 300 for
training a neural network to adjust the parameters of Gauss-
ian approximations of probability distributions for nodes of
Bayesian neural network layers. For convenience, the pro-
cess 300 will be described as being performed by a system
of one or more computers located in one or more locations.
For example, an action selection system, e.g., the action
selection system 100 of FIG. 1, appropriately programmed
in accordance with this specification, can perform the pro-
cess 300.

The process 300 can be performed to train a neural
network, e.g., the neural network 110 of FIG. 1, that has one
or more Bayesian neural network layers. In particular, the
process 300 can be performed each time certain criteria are
satisfied, e.g., each time a certain number of training obser-
vations have been added to a training data repository or a
certain interval of time has elapsed. Thus, the neural network
can be trained using the results of previous action selections
processed by the neural network while continuing to process
context information for additional action selections. In some
implementations, prior to the neural network being used to
make action selections at run time, the neural network is
trained on training data obtained from action selections
made by another system. Additionally, in some implemen-
tations, the system trains the neural network “on-line” rather
than retrieving the training data from a training data reposi-
tory.

The system obtains training data for the neural network
(step 302). The training data includes a set of training
observations. Each training observation includes, context
information for a given training action selection, the action
selected in response to the context information, and the
reward received for selecting the action. For example, the
training data can generated from a threshold number of
preceding action selections performed by the system or from
each action selection performed by the system within a
threshold time period.

The system trains the neural network on the training data
(step 304) to determine trained values of the parameters of
any non-Bayesian neural network layers in the neural net-
work, i.e., to adjust the parameter values from their current
values to the trained values, and to adjust the parameters of
approximations of probability distributions for the param-
eters of the nodes of Bayesian neural network layers in the
neural network (“hyperparameters” of the nodes). The
approximations are parametric or variational approxima-
tions for which the mapping from uniform random numbers
to a sample is differentiable. For example, the approxima-
tions may be Gaussian approximations. In the case of
Gaussian approximations, the hyperparameters may be the
mean and the standard deviation or the variance of the
Gaussian distribution.

In particular, the system trains the neural network on the
training data using a stochastic backpropagation technique
to determine trained values of the hyperparameters. In some
implementations, in order to determine the trained values of
the parameters that define the Gaussian approximations, the
system performs the stochastic backpropagation technique
to minimize, in expectation, the following cost function:

KL[q(weights)|[P(weights)|-E q,ciensllog  P(training-

datalweights)], where KL 1s Kullback-Leibler diver-
gence, E is an expectation, and q(weights) is an
approximation of the probability distributions for the
parameters of the Bayesian neural network layers given
the training data.
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During training, the system computes the gradients of the
cost function with respect to the hyperparameters, e.g., for a
Gaussian approximation, the mean and the standard devia-
tion or the variance. In some cases, if the evaluation of the
expectation term of the cost function is not tractable, the
system approximates the computation for the expectation
term using a Monte Carlo approximation. Stochastic back-
propagation and backpropagating through intractable expec-
tations are described in more detail in D. J. Rezende, S.
Mohamed, D. Wierstra. Stochastic Backpropagation and
Variational Inference in Deep Generative Models. Interna-
tional Conference on Machine Learning (ICML), June 2014.

The system stores the trained values of the hyperparam-
eters in a probability distribution data store (step 306). That
is, the system replaces the current values of the hyperpa-
rameters with the trained values in the probability distribu-
tion data store. The system also replaces current values of
the parameters of any non-Bayesian neural network layers
with trained values of those parameters.

As described above, in some implementations, the process
200 for performing action selections and the process 300 for
training the neural network are decoupled. That is, one or
more processes executing in the system, e.g., the action
selection engine 130 of FIG. 1, can perform action selections
while one or more independent processes executing in the
system, e.g., the neural network training engine 140 of FIG.
1, train the neural network on training data that is generated
as a result of the performed action selections and update the
values of the hyperparameters stored in the probability
distribution data repository used by the action selection
processes to sample current values for the parameters of the
Bayesian neural network layers. In particular, the training
processes can re-train the neural network after a certain
number of new training observations have been generated or
after a certain period of time has elapsed since the last time
the neural network was trained.

Additionally, as described above, the system generates
and stores training observations in a training data repository.
However, in some implementations, the system trains the
neural network “on-line” instead of in addition to training
the neural network on training observations in the training
data repository.

As described above, the system generates action scores
that represent an expected reward received by the system if
the action is selected. In some implementations, however,
the action scores can instead represent an expected return
received by the system, where the expected return is a
combination of future rewards received by the system in
response to the current action selection and future action
selections. In these implementations, to train the neural
network, the system uses training observations that include
returns that are a combination, e.g., a weighted sum, of
multiple rewards received by the system.

Additionally, in some implementations, the context infor-
mation that is received by the system for a given action
selection setting can include information that characterizes
not only the current action selection setting, but also previ-
ous action selection settings. For example, the context
information can also include information characterizing
previous action selection settings, the action selected by the
system in each previous action selection setting, and the
reward received by the system for each previous action
selection setting.

Embodiments of the subject matter and the functional
operations described in this specification can be imple-
mented in digital electronic circuitry, in tangibly-embodied
computer software or firmware, in computer hardware,
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including the structures disclosed in this specification and
their structural equivalents, or in combinations of one or
more of them. Embodiments of the subject matter described
in this specification can be implemented as one or more
computer programs, i.e., one or more modules of computer
program instructions encoded on a tangible non-transitory
program carrier for execution by, or to control the operation
of, data processing apparatus. Alternatively or in addition,
the program instructions can be encoded on an artificially-
generated propagated signal, e.g., a machine-generated elec-
trical, optical, or electromagnetic signal, that is generated to
encode information for transmission to suitable receiver
apparatus for execution by a data processing apparatus. The
computer storage medium can be a machine-readable stor-
age device, a machine-readable storage substrate, a random
or serial access memory device, or a combination of one or
more of them.

The term “data processing apparatus” refers to data pro-
cessing hardware and encompasses all kinds of apparatus,
devices, and machines for processing data, including by way
of example a programmable processor, a computer, or mul-
tiple processors or computers. The apparatus can also be or
further include special purpose logic circuitry, e.g., an FPGA
(field programmable gate array) or an ASIC (application-
specific integrated circuit). The apparatus can optionally
include, in addition to hardware, code that creates an execu-
tion environment for computer programs, e.g., code that
constitutes processor firmware, a protocol stack, a database
management system, an operating system, or a combination
of one or more of them.

A computer program (which may also be referred to or
described as a program, software, a software application, a
module, a software module, a script, or code) can be written
in any form of programming language, including compiled
or interpreted languages, or declarative or procedural lan-
guages, and it can be deployed in any form, including as a
standalone program or as a module, component, subroutine,
or other unit suitable for use in a computing environment. A
computer program may, but need not, correspond to a file in
a file system. A program can be stored in a portion of a file
that holds other programs or data, e.g., one or more scripts
stored in a markup language document, in a single file
dedicated to the program in question, or in multiple coor-
dinated files, e.g., files that store one or more modules,
subprograms, or portions of code. A computer program can
be deployed to be executed on one computer or on multiple
computers that are located at one site or distributed across
multiple sites and interconnected by a communication net-
work.

The processes and logic flows described in this specifi-
cation can be performed by one or more programmable
computers executing one or more computer programs to
perform functions by operating on input data and generating
output. The processes and logic flows can also be performed
by, and apparatus can also be implemented as, special
purpose logic circuitry, e.g., an FPGA (field programmable
gate array) or an ASIC (application-specific integrated cir-
cuit).

Computers suitable for the execution of a computer
program include, by way of example, can be based on
general or special purpose microprocessors or both, or any
other kind of central processing unit. Generally, a central
processing unit will receive instructions and data from a
read-only memory or a random access memory or both. The
essential elements of a computer are a central processing
unit for performing or executing instructions and one or
more memory devices for storing instructions and data.
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Generally, a computer will also include, or be operatively
coupled to receive data from or transfer data to, or both, one
or more mass storage devices for storing data, e.g., mag-
netic, magneto-optical disks, or optical disks. However, a
computer need not have such devices. Moreover, a computer
can be embedded in another device, e.g., a mobile telephone,
a personal digital assistant (PDA), a mobile audio or video
player, a game console, a Global Positioning System (GPS)
receiver, or a portable storage device, e.g., a universal serial
bus (USB) flash drive, to name just a few.

Computer-readable media suitable for storing computer
program instructions and data include all forms of nonvola-
tile memory, media and memory devices, including by way
of example semiconductor memory devices, e.g., EPROM,
EEPROM, and flash memory devices; magnetic disks, e.g.,
internal hard disks or removable disks; magneto-optical
disks; and CDROM and DVD-ROM disks. The processor
and the memory can be supplemented by, or incorporated in,
special purpose logic circuitry.

To provide for interaction with a user, embodiments of the
subject matter described in this specification can be imple-
mented on a computer having a display device, e.g., a CRT
(cathode ray tube) or LCD (liquid crystal display) monitor,
for displaying information to the user and a keyboard and a
pointing device, e.g., a mouse or a trackball, by which the
user can provide input to the computer. Other kinds of
devices can be used to provide for interaction with a user as
well; for example, feedback provided to the user can be any
form of sensory feedback, e.g., visual feedback, auditory
feedback, or tactile feedback; and input from the user can be
received in any form, including acoustic, speech, or tactile
input. In addition, a computer can interact with a user by
sending documents to and receiving documents from a
device that is used by the user; for example, by sending web
pages to a web browser on a user’s client device in response
to requests received from the web browser.

Embodiments of the subject matter described in this
specification can be implemented in a computing system that
includes a backend component, e.g., as a data server, or that
includes a middleware component, e.g., an application
server, or that includes a frontend component, e.g., a client
computer having a relationship graphical user interface or a
Web browser through which a user can interact with an
implementation of the subject matter described in this speci-
fication, or any combination of one or more such backend,
middleware, or frontend components. The components of
the system can be interconnected by any form or medium of
digital data communication, e.g., a communication network.
Examples of communication networks include a local area
network (“LAN”) and a wide area network (“WAN”), e.g.,
the Internet.

The computing system can include clients and servers. A
client and server are generally remote from each other and
typically interact through a communication network. The
relationship of client and server arises by virtue of computer
programs running on the respective computers and having a
client-server relationship to each other.

While this specification contains many specific imple-
mentation details, these should not be construed as limita-
tions on the scope of any invention or of what may be
claimed, but rather as descriptions of features that may be
specific to particular embodiments of particular inventions.
Certain features that are described in this specification in the
context of separate embodiments can also be implemented in
combination in a single embodiment. Conversely, various
features that are described in the context of a single embodi-
ment can also be implemented in multiple embodiments
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separately or in any suitable subcombination. Moreover,
although features may be described above as acting in
certain combinations and even initially claimed as such, one
or more features from a claimed combination can in some
cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination.

Similarly, while operations are depicted in the drawings in
a particular order, this should not be understood as requiring
that such operations be performed in the particular order
shown or in sequential order, or that all illustrated operations
be performed, to achieve desirable results. In certain cir-
cumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system
modules and components in the embodiments described
above should not be understood as requiring such separation
in all embodiments, and it should be understood that the
described program components and systems can generally
be integrated together in a single software product or pack-
aged into multiple software products.

Particular embodiments of the subject matter have been
described. Other embodiments are within the scope of the
following claims. For example, the actions recited in the
claims can be performed in a different order and still achieve
desirable results. As one example, the processes depicted in
the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve
desirable results. In certain implementations, multitasking
and parallel processing may be advantageous.

What is claimed is:

1. A method performed by one or more computers, the
method comprising:

receiving context information for an action recommenda-

tion, wherein the action recommendation is a selection
from a plurality of possible actions;

processing the context information using a neural network

that comprises one or more Bayesian neural network
layers to generate, for each of the actions, one or more
parameters of a distribution over possible action scores
for the action, wherein each Bayesian neural network
layer receives an input and applies a transformation to
the input to generate an output from the received input
in accordance with current values for each of a set of
parameters, wherein each parameter for each Bayesian
neural network layer is associated with data represent-
ing a probability distribution over a plurality of pos-
sible current values for the parameter, wherein the
action score for a given action represents an expected
return received if the action is selected, wherein the
expected return is a combination of the expected
reward received if the action is selected and a plurality
of expected future rewards received in response to
future action selections, and wherein processing the
context information using the neural network to select
the action comprises:

for each parameter of each Bayesian neural network layer,

selecting the current value for the parameter using the
data representing the probability distribution over the
plurality of possible current values for the parameter;
and

selecting an action from plurality of possible actions using

the parameters of the distributions over the possible
action scores for the action.

2. The method of claim 1, wherein, for each of the
parameters, the data representing the probability distribution
over the plurality of possible current values is hyperparam-
eters for the parameter, wherein the hyperparameters for the
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parameter are parameters of an approximation of the prob-
ability distribution for the parameter.

3. The method of claim 2, further comprising:

training the neural network on training data to adjust the

values of the hyperparameters of the Bayesian neural
network layers.

4. The method of claim 3, wherein training the neural
network on training data comprises training the neural
network using stochastic backpropagation.

5. The method of claim 1, wherein the action score for a
given action represents an expected reward received if the
action is selected.

6. The method of claim 1, further comprising:

receiving a reward in response to selecting the action;

generating a training observation that includes the context

information, the selected action, and the received
reward; and

storing the training observation as training data for use in

training the neural network.

7. The method of claim 1, further comprising:

receiving a reward in response to selecting the action;

generating a training observation that includes the context

information, the selected action, and the received
reward; and

training the neural network on-line using the training

observation.

8. The method of claim 1, wherein the one or more
parameters of the distribution over possible action scores is
an average of the possible action scores.

9. The method of claim 8, wherein selecting an action
score comprises selecting an action score having a highest
average.

10. A computer program product encoded on one or more
non-transitory computer storage media, the computer pro-
gram product comprising instructions that when executed by
one or more computers cause the one or more computers to
perform operations comprising:

receiving context information for an action recommenda-

tion, wherein the action recommendation is a selection
from a plurality of possible actions;

processing the context information using a neural network

that comprises one or more Bayesian neural network
layers to generate, for each of the actions, one or more
parameters of a distribution over possible action scores
for the action, wherein each Bayesian neural network
layer receives an input and applies a transformation to
the input to generate an output from the received input
in accordance with current values for each of a set of
parameters, wherein each parameter for each Bayesian
neural network layer is associated with data represent-
ing a probability distribution over a plurality of pos-
sible current values for the parameter, wherein the
action score for a given action represents an expected
return received if the action is selected, wherein the
expected return is a combination of the expected
reward received if the action is selected and a plurality
of expected future rewards received in response to
future action selections, and wherein processing the
context information using the neural network to select
the action comprises:

for each parameter of each Bayesian neural network layer,

selecting the current value for the parameter using the
data representing the probability distribution over the
plurality of possible current values for the parameter;
and
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selecting an action from plurality of possible actions using
the parameters of the distributions over the possible
action scores for the action.

11. A system comprising one or more computers and one
or more storage devices storing instructions that when
executed by the one or more computers cause the one or
more computers to perform operations comprising:

receiving context information for an action recommenda-

tion, wherein the action recommendation is a selection
from a plurality of possible actions;

processing the context information using a neural network

that comprises one or more Bayesian neural network
layers to generate, for each of the actions, one or more
parameters of a distribution over possible action scores
for the action, wherein each Bayesian neural network
layer receives an input and applies a transformation to
the input to generate an output from the received input
in accordance with current values for each of a set of
parameters, wherein each parameter for each Bayesian
neural network layer is associated with data represent-
ing a probability distribution over a plurality of pos-
sible current values for the parameter, wherein the
action score for a given action represents an expected
return received if the action is selected, wherein the
expected return is a combination of the expected
reward received if the action is selected and a plurality
of expected future rewards received in response to
future action selections, and wherein processing the
context information using the neural network to select
the action comprises:

for each parameter of each Bayesian neural network layer,

selecting the current value for the parameter using the
data representing the probability distribution over the
plurality of possible current values for the parameter;
and
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selecting an action from plurality of possible actions using
the parameters of the distributions over the possible
action scores for the action.

12. The system of claim 11, wherein, for each of the
parameters, the data representing the probability distribution
over the plurality of possible current values is hyperparam-
eters for the parameter, wherein the hyperparameters for the
parameter are parameters of an approximation of the prob-
ability distribution for the parameter.

13. The system of claim 12, further comprising:

training the neural network on training data to adjust the

values of the hyperparameters of the Bayesian neural
network layers.

14. The system of claim 11, wherein the action score for
a given action represents an expected reward received if the
action is selected.

15. The system of claim 11, further comprising:

receiving a reward in response to selecting the action;

generating a training observation that includes the context
information, the selected action, and the received
reward; and

storing the training observation as training data for use in

training the neural network.

16. The system of claim 11, further comprising:

receiving a reward in response to selecting the action;

generating a training observation that includes the context
information, the selected action, and the received
reward; and

training the neural network on-line using the training

observation.

17. The system of claim 11, wherein the one or more
parameters of the distribution over possible action scores is
an average of the possible action scores.

18. The system of claim 17, wherein selecting an action
score comprises selecting an action score having a highest
average.



