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HOSTING PREDICTIVE MODELS

PRIORITY CLAIM

This application claims priority under 35 USC §119(e) to
U.S. Patent Application Ser. No. 61/507,868, filed on Jul. 14,
2011, the entire contents of which are hereby incorporated by
reference.

TECHNICAL FIELD

This specification relates to systems and methods for host-
ing predictive models.

BACKGROUND

Predictive modeling generally refers to techniques for
extracting information from data to build a model that can
predict an output from a given input. Predicting an output can
include predicting future trends or behavior patterns, or per-
forming sentiment analysis, to name a few examples. Various
types of predictive models can be used to analyze data and
generate predictive outputs. Examples of predictive models
include Naive Bayes classifiers, k-nearest neighbor classifi-
ers, support vector machines, and logistic regression tech-
niques, for example. Typically, a predictive model is trained
with training data that includes input data and output data that
mirror the form of input data that will be entered into the
predictive model and the desired predictive output, respec-
tively. The amount of training data that can be required to train
apredictive model can be large, e.g., in the order of gigabytes
or terabytes. The number of different types of predictive
models available is extensive, and different models behave
differently depending on the type of input data. Additionally,
a particular type of predictive model can be made to behave
differently, for example, by adjusting the hyper-parameters or
via feature induction or selection.

SUMMARY

In general, one aspect of the subject matter described in this
specification can be embodied in methods that include the
actions of storing a first predictive model in computer-read-
able memory, the first predictive model having been defined
based on a first training dataset provided by an owner of the
first predictive model and being operable to generate an out-
put based on a query, enabling access to the first predictive
model based on permissions defined by the owner, while
inhibiting access to the first training dataset, receiving a sec-
ond training dataset from a user, the second training dataset
being distinct from the first training dataset, modifying the
first predictive model based on the second training dataset to
provide a second predictive model, storing the second predic-
tive model in computer-readable memory, and enabling
access to the second predictive model. Other embodiments of
this aspect include corresponding systems, apparatus, and
computer program products.

These and other embodiments can optionally include one
or more of the following features: storing a first predictive
model includes receiving the first predictive model from an
owner; storing a first predictive model includes: receiving the
first training dataset from an owner, and applying the first
training dataset to a first machine learning algorithm to gen-
erate the first predictive model; the first training dataset
includes a first set of training examples and the second train-
ing dataset includes a second set of training examples, the
second set of training examples including at least one training
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example that is divergent from the first set of training
examples; actions further include modifying the second train-
ing dataset by applying one or more favoring operations on
the second training dataset; modifying the first predictive
model includes generating a copy of the first predictive
model, and updating the copy of the first predictive model;
updating the copy of the first predictive model includes apply-
ing the second training dataset and the copy of the first pre-
dictive model to a second machine learning algorithm; the
first predictive model includes an ensemble of combined pre-
dicted models, and wherein updating the copy of the first
predictive model includes: applying the second training
dataset to a second machine learning algorithm to generate a
supplementary predictive model representative of the second
training dataset, and incorporating the supplementary predic-
tive model into the ensemble of combined predictive models;
and updating the copy of the first predictive model includes:
combining the first and second training datasets to form an
updated training dataset, and applying the updated training
dataset to a second machine learning algorithm.

Particular embodiments of the subject matter described in
this specification can be implemented so as to realize one or
more of the following advantages. Hosting predictive models
can enable users to utilize predictive modeling techniques
without investing substantial time, data, or other such
resources. This can be especially advantageous when such
commodities are not readily available to the user. Users can be
further enabled to actively generate new predictive models for
themselves based on the original hosted models as relevant
data becomes available. Hosting predictive models can also
enable users owners to leverage collected data, for example
by providing predictive models trained on such data at cost to
users, while exposing little or no proprietary or confidential
information.

The details of one or more embodiments of the subject
matter described in 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 illustrates use of the prediction API in conjunction
with an example spreadsheet web application.

FIG. 2 illustrates the importation of a predictive model into
an example system.

FIG. 3 illustrates an example predictive modeling system.

FIG. 4 illustrates an example script engine.

FIG. 5 is a flowchart of an example process for hosting
predictive models.

FIG. 6 is a schematic diagram of an example server.

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

DETAILED DESCRIPTION

Generally, a predictive model can be considered logical or
mathematical type construct operable to predict a future event
or outcome based on historical facts or data. In some
examples, a predictive model (or “model”) is considered a
categorical model if'its predictive outcomes are categories. In
some examples, a predictive model is considered a regression
model if its predictive outcomes are numeric values. In some
cases, the amount of data required to provide an accurate
predictive model can be relatively large (for example, in the
order of gigabytes or terabytes). Accordingly, pre-defined
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predictive models can be hosted such that users lacking suf-
ficient historical data, or resources to collect such data, can
utilize predictive techniques.

In some implementations, a predictive model can be con-
structed (or “trained”) using a training dataset in conjunction
with a machine learning algorithm. Training datasets can
include a number of training examples embodying a pat-
terned occurrence. Each training example can include a num-
ber of (i.e., one or more) observed features (e.g., numeric
values or stings of text) related to a known outcome (e.g., a
category or a numeric value). In some examples, the observed
feature(s) for each training example can be considered a
feature vector. The dimensionality of a feature vector can be
equal to, or less than, the number of observed features
included therein. In some implementations, feature vectors
and associated outcomes of a training dataset can be orga-
nized in tabular form. For example, the training dataset illus-
trated by TABLE 1 includes of a number of training examples
related to categorization of email messages as SPAM or NOT
SPAM. As shown, the feature vector (which, in this example,
includes a single observed feature) of each training example
includes an email message subject line, and the related out-
come is a category that indicates whether or not the email
message is spam. In some examples, such training datasets
can be stored in one of various suitable electronic data for-
mats (e.g., comma-separated-values or “CSV”, delimiter-
separated values or “DSV”, tab-separated values, as well as
various markup and programming languages).

TABLE 1
OBSERVED FEATURES KNOWN OUTCOME
“You have won $$$” “SPAM”
“Lose weight fast!” “SPAM”

“Lowest interest rates ever!” “SPAM”
“How are you?” “NOT SPAM”
“Trip to New York” “NOT SPAM”

In some implementations, a training dataset can be applied
to a selected machine learning algorithm to train a predictive
model. More specifically, the machine learning algorithm can
train a predictive model by systematically analyzing the
applied training dataset and generating an inferred function
that “fits” the training data. The trained predictive model can
be representative of (or defined by) the training dataset and
operable to map a feature vector to a predictive outcome
according to the inferred function.

An inferred function fitted to a training dataset can include,
for example, a mathematical function and/or a logical func-
tion. In some implementations, mathematical functions can
be provided in the form of a continuous function, such as
suitable polynomial functions, exponential functions, loga-
rithms, etc. In some implementations, mathematical func-
tions can be provided in the form of a discontinuous function,
such as suitable piecewise functions, step functions, etc.
Logical functions can also be provided in various suitable
forms, such as two-valued logical functions (e.g., binary
logic), fuzzy logical functions, Bayesian logical functions,
etc.

As described above, a machine learning algorithm can
include a number of ordered steps or operations for analyzing
training data and generating a predictive model. In some
implementations, a machine learning algorithm can be
embodied by one or more computer programs operable to
receive input and emit output. For example, the computer
program(s) can include a number of instructions executable
by a computer processor to perform one or more of the fol-
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lowing operations: receive a training dataset stored in a suit-
able electronic data format; implement the machine learning
algorithm to generate a predictive model that is representative
of the training dataset; and output the predictive model in a
suitable computer readable and executable format.

After a predictive model has been trained, queries can be
submitted to the predictive model. In some implementations,
queries can be similar in form to training examples: In some
examples, a query can include a feature vector having the
same (or fewer) observed features, but not include the related
outcome. In response to a query, the predictive model can
either determine the closest category for the submitted query
(ifit is a categorical model) or to estimate a value for the query
(if it is a regression model), and return the predicted category
or value.

In some implementations, a number of individual predic-
tive models can be combined to form an ensemble. For
example, output from the individual predictive models can be
combined or integrated to achieve a more accurate prediction
than can be provided by the individual models themselves. In
some examples, output from the individual predictive models
is combined according to a schema which can include one or
more combining rules. Various types of combining rules can
be provided, for example, fixed output and training combin-
ing rules. Fixed output combining rules can include one or
more mathematical, logical, or statistical operations for com-
paring and/or integrating output from multiple predictive
models. Trained combining rules can include one or more
operations for aggregating output from multiple predictive
models (i.e., first layer predictive models) to form an inter-
mediate query. The intermediate query can then be posed to
one or more second layer predictive models. The second layer
predictive models can be capable of predicting an outcome
based on predictions provided by the first layer predictive
models.

In some implementations, machine learning algorithms
can be used to update original (i.e., previously trained) pre-
dictive models. For example, updating-type machine learning
algorithms can include a number of operations for analyzing
additional training data as well as an original predictive
model, and modifying or re-creating the predictive model in
view of the additional data to provide an updated predicted
model. In some implementations, modifying the original pre-
dictive model can include adjusting one or more parameters
(e.g., hyper parameters of the inferred function) of the pre-
dictive model. Computer programs embodying such machine
learning algorithms can be operable to: input previously
trained predictive models and additional training data; imple-
ment the machine learning algorithm to generate an updated
predictive model that is representative of the original training
dataset and the additional training data; and output the
updated predictive model in a suitable computer readable and
executable format.

In some implementations, additional training data can be
integrated or combined with an original training dataset (i.e.,
the training dataset used to train the original predictive
model) to create an updated training dataset. The updated
training dataset can be applied to a machine learning algo-
rithm to generate an updated predictive model. In some
examples, the updated training dataset can be modified and
submitted in its modified form to the machine learning algo-
rithm. For example, selected data within the updated training
dataset can be “favored” over other data. In some examples,
one or more bootstrapping operations can be applied to the
updated training dataset. The bootstrapping operations can
include assigning measures of accuracy or importance to
respective training examples in the training dataset. For
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instance, training examples provided in the additional train-
ing data can be attributed a higher measure of importance than
training examples provided in the original dataset. In this
way, the updated predictive model can be biased towards
more recent instances of the patterned occurrence. The oppo-
site can be achieved by attributing a higher level of impor-
tance to training examples provided by the original dataset.

In some implementations, the original predictive model
can be provided in the form of an ensemble included a plu-
rality of individual predictive models. Output from the indi-
vidual predictive models can be combined according to one or
more fixed or trained combining rules, as described above. In
some examples, an ensemble-type predictive model can be
updated by using the additional training data to update at least
one of the individual models included therein. In some
examples, an ensemble-type predictive model can be updated
by training a new predictive model using the additional train-
ing data and incorporating the new model into the ensemble.
In some examples, output from the new predictive model can
be weighted or devalued to bias the ensemble towards, or way
from, training examples provided by the additional training
dataset.

Insomeimplementations, a computing system can be oper-
able to train and/or maintain a number of predicted models on
behalf of a user (e.g., an owner). For example, the computing
system can receive a training dataset from an owner, and train
a suitable predictive model (as described above) that is rep-
resentative of the received training data. Such predictive mod-
els, as well as machine learning algorithms, can be stored in
repositories that are accessible by other components (e.g.,
servers) of the computing system. In some examples, selected
predicted models and/or machine learning algorithms can
also be made accessible to a number of other users.

Access to predictive models and/or machine learning algo-
rithms can be granted to users through web applications. A
web application is software that executes on one or more
server computing devices (or “servers”) and that is accessed
over a network such as the Internet by users through web
browsers or other software that runs on client computing
devices (or “clients”). User data files that are created,
accessed, or modified by web applications are stored in
repositories that are accessible to the servers. Web applica-
tions can provide a graphical user interface (GUI) to client
devices by sending the client devices Hypertext Markup Lan-
guage (HTML) documents or other information that can be
used to render the GUIs.

A scripting language can enable users to control some or all
aspects of web applications that recognize scripts written in
the scripting language. In some examples, the scripting lan-
guage is a selected type of computer programming language.
A script can include a set of instructions that are written in the
scripting language. In some implementations, the scripting
language is JAVASCRIPT. Other scripting languages are also
possible including functional and procedural programming
languages. A script can be executed entirely on a client,
entirely on a server, or on both the client and the server. In
some implementations scripts are executed on one or more
servers. Script execution can be initiated through explicit user
invocation (e.g., selecting an interactive button in a GUI) or
through web application activity (e.g., a spreadsheet web
application that recalculates the value of a spreadsheet cell
invokes a script that is referenced in a formula for the cell.)

In some implementations, the scripting language or a soft-
ware library accessible from the scripting language provides
a set of programmatic objects whose methods can be invoked
in scripts to access functionality of web applications such as
spreadsheets, word processors, email, financial tools, calen-
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dars, and maps, for example. (Alternatively, the functionality
can be accessed through function or procedure calls rather
than through method invocations.) By way of illustration, an
object that represents a spreadsheet web application can have
methods for reading, writing and creating spreadsheet data
files, performing calculations on information in spreadsheet
cells, and manipulating the spreadsheet GUI such as, for
instance, by opening dialog boxes. Likewise, an object that
represents an email web application can have methods for
retrieving new email messages, sending email messages,
moving email messages to data files and directories, and so
on.

In addition to accessing web application functionality in
scripts, a prediction API can be provided to enable scripts to
programmatically train (e.g., via machine learning algo-
rithms) and/or use predictive models. A prediction API can
enable users to upload training datasets from web application
data files (or from other sources of data) and use the uploaded
datasets to train a predictive model. In some examples, users
can also upload new or customized machine learning algo-
rithms through the prediction API. A model that has been
trained using uploaded training datasets, or a previously
trained model, can be invoked by scripts to obtain predictions
for queries.

TABLE 2 below shows an example set of prediction API
functions. The prediction API functionality can be exposed in
scripts as methods, functions, procedure calls, or macros.

TABLE 2
PREDICTION
API
FUNCTION  DESCRIPTION

Invoke training This function initiates training of a model by sending a
request to a model training system (or other system). Input
parameters of the function are identification of the model
to train and the storage location of the training data. In
some implementations, the identification of the model and
the storage location of the training data are one in the same.
In this case, only one input parameter needs to be provided
to the function. The storage location can be a file directory
path or other resource locator. In some implementations,
the invoke training function is asynchronous which
enables the script engine to continue execution of a script
without waiting for the model training to complete.

This function initiates a request to a model training system
(or other system) to determine if model training has
completed. Input parameters of the function are
identification of the model to train and the storage location
of the model’s training data. In some implementations, the
identification of the model and the storage location of the
training data are one in the same. In this case, only one
input parameter needs to be provided to the function.

In some implementations, an additional input parameter of
the function is the model type: classification or regression.
If the model type is classification, a classification accuracy
(e.g., a number between 0.0 and 1.0, where 1.0 is 100%
accurate) can be specified as an additional input parameter
for the function. The classification accuracy is an estimate,
based on the amount and quality of the training data, of the
estimated prediction accuracy. This can be used to decide
whether the results are accurate enough to use the model
for predictions.

If the model type is regression, a mean squared error
which is 0.0 or greater can be specified as an additional
input parameter for the function. The mean squared error
is the average of the square of the difference between the
predicted and actual values. This is an estimate, based on
the amount and quality of the training data, of the
estimated prediction accuracy. This can be used to decide
whether the results are accurate enough to use the model
for predictions.

Check training
status
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TABLE 2-continued

PREDICTION
API

FUNCTION DESCRIPTION

Predict This function requests a prediction from a model. Input
parameters to the function are a query and identification
of a model that will perform the prediction. For example,
the query can specify a similar type of feature vector as

a training example. In some implementations, the
identification of the model is the storage location ofthe
training data that was used to train the model.

For a categorical model, the function returns one or more
categories (“labels”) and corresponding scores for the
query. In some implementations, the label having the
largest, most positive score is the most likely match.
Alternatively, the function can return a single category
that best fits the query. For a regression model, a predicted
value for the query, calculated based on given values in
the training data, is returned by the function.

This function initiates updating of a previously trained
model by sending a request to a model updating system
(or other system). Input parameters of the function are
identification of the previously trained model to update
and the storage location of the new training data. In some
implementations, the identification of the updatable model
and the storage location of the new training data are one in
the same. In this case, only one input parameter needs to
be provided to the function. The storage location can

be a file directory path or other resource locator.

This function deletes a model specified in the request.

Update

Delete

In some implementations, a single script can invoke the
prediction API functions for multiple models. For example, a
script can use one model to determine that an email message
is not spam and use another model to determine the sentiment
of the email message.

FIG. 1 illustrates use of the prediction API in conjunction
with an example spreadsheet web application. A computer
spreadsheet is an automated accounting worksheet. The
spreadsheet web application 112 software executes on one or
more servers in a data warehouse 108 that houses hundreds or
thousands of servers. The web application 112 provides an
interactive GUI 100 through a computer network 106 such as
the Internet to software (e.g., a web browser) executing on a
client computing device 104. The GUI 100 is displayed for a
user 102 and enables the user 102 to interact with the web
application 112.

The GUI 100 presents multiple cells (e.g., cells 116 and
120) in a two-dimensional matrix consisting of rows and
columns. A cell is an interactive field that can accept user
input such as a formula and present an output value such as
alphanumeric text or a numeric value, for example. A formula
defines how the content of a cell is calculated (e.g., from the
contents of one or more cells in the matrix or other informa-
tion). As mentioned above, a formula can invoke a script
which can, in turn, invoke functionality of the prediction API
to train a predictive model from data in cells or calculate the
value of cells using predictions from a model. (The prediction
API is described further below.)

Scripts are executed by a script engine 114. The script
engine 114 is invoked by the web application 112 (or other
application) when a script needs to be processed, such as in
the example of a spreadsheet when the spreadsheet requires
the script to be executed in order to determine the value of a
spreadsheet cell. The script engine 114 is a computer program
that interprets or executes scripts. In some implementations,
the script engine 114 is a JAVASCRIPT interpreter. The script
engine 114 can translate or compile scripts to an intermediate
language or to a machine language before executing them.
Other types of script engines are possible. Scripts that utilize
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functionality of the prediction API can communicate with one
or more models 110 in order to train the models and/or invoke
the models to make predictions.

By way of further illustration, cell 116 in the spreadsheet
GUI 100 can have a formula which invokes the following
script:

1. var ss=SpreadsheetApp.getActiveSpreadsheet( )

. var sheet=ss.getActiveSheet( )

. var my Value=sheet.getRange(“D3”).getValue( )
. var result=predict (“Mike’s Model”, myValue);
. sheet.getRange(“D57).setValue(result);

The first line of the above script (written in JAVASCRIPT)
creates an object “ss” that represents the active spreadsheet in
a web application (i.e., the spreadsheet that currently has
input focus). The second line of the script obtains a sheet
object “sheet” that represents the active sheet within the
active spreadsheet. Scripts reference interactive fields of
graphical user interfaces by reading or writing values of the
fields. The third line obtains the value (e.g., text or a number)
of the D3 cell (116) from the active sheet and places it in
variable “myValue”. Next, in the fourth line of the script, the
value of cell D3 is sent as a query to a model referred to as
“Mike’s Model”). A script references a model by providing
an input parameter to a prediction API function that identifies
the model or a location of training data for the model. The
prediction of the model is placed in the “result” variable
which then provides the value of spreadsheet cell D5 (120) in
the fifth line of the script.

A predictive model can be expressed as a model represen-
tation to enable models to be exchanged between systems. In
some implementations, the model representation can be pro-
vided in the form of a Predictive Model Markup Language
(PMML) document. PMML is an eXtensible Markup Lan-
guage (XML )-based language. Other model representations
are also possible such as, for example, formatted or unfor-
matted text. The PMML specification is an XML schema.
Instances of models are XML documents that conform to
such a schema. A PMML document can represent more than
one model. Generally speaking, a PMML document can con-
tain some or all of the information described in TABLE 3. The
PMML document can also contain information not described
in TABLE 3.

Wbk W N

TABLE 3

SECTION DESCRIPTION

Header The header contains general information about the
PMML document, such as copyright information for
the model, its description, and information about the
application used to generate the model.

Data Dictionary ~ The data dictionary contains definitions for all the
possible fields used by the model.

Data The data transformations specify mappings of user data

Transformations  into different forms to be used by the model.

Model Contains the definition of the particular model.

Mining Schema  The mining schema lists all fields used in the model.
This can be a subset of the fields as defined in the data
dictionary. It contains specific information about each
field, such as the field’s name and what should
happened when there is a missing value.

Targets specify post-processing for the predicted value.
The output provides a name any output fields expected

from the model, including the predicted value.

Targets
Output

FIG. 2 illustrates the importation of a predictive model into
an example system 200. As shown, a user 202 interacts with
a client computing device 204 (or “client”) to access a model
importer 210 web application for importing a model repre-
sentation 216. A web application executes on one or more
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server computing devices (or “servers”) that are accessed
over a network 206, such as the Internet, by the user 202.
Software that implements the model importer 210 executes
on one or more servers in a data warehouse 208, for instance,
that houses hundreds or thousands of servers. The user 202
can interact with the model importer 210 by using a web
browser or other software that executes on the client 204.
User data files such as model representations (e.g., model
representation 216) that are accessed, modified or created by
the model importer 210 can be stored in repositories that are
accessible to the servers. The model importer 210 can provide
a graphical user interface (GUI) to the client 204 by sending
the client 204 Hypertext Markup Language (HTML) docu-
ments or other information that can be used to render the GUI.

The model importer 210 interprets the model representa-
tion 216 and either emits an intermediate representation 212
or a model implementation 214. By way of illustration, if the
model representation 216 is a PMML document, an XML
parser can be used to translate the document into the interme-
diate representation 212. The intermediate representation 212
is an internal representation of the model representation 216
from which a model implementation 214 can be generated or
selected (if the implementation has already been generated).
In some implementations, the intermediate representation
212 is a data structure that encodes the information of the
model representation 216 to enable for rapid generation or
selection of a model implementation 214.

A model implementation 214 can be generated or selected
directly from the model representation 216 or from the inter-
mediate representation 212. The model implementation 214
is one or more computer programs that execute on one or
more servers. In some implementations, the type of model
implementation 214 is chosen based on the user’s status,
available resources, or both. This is described further below
with reference to FIG. 2. For example, the model implemen-
tation can be a computer program that is designed to execute
on a single server or it can be designed to execute on multiple
servers. An example of the latter approach is a model imple-
mented as a map-reduce system. A map-reduce system
includes application-independent map modules configured to
read input data and to apply at least one application-specific
map operation to the input data to produce intermediate data
values. The map operation is automatically parallelized
across multiple servers. Intermediate data structures are used
to store the intermediate data values. Application-indepen-
dent reduce modules are configured to retrieve the interme-
diate data values and to apply at least one application-specific
reduce operation to the intermediate data values to provide
output data. The map-reduce system is described further in
U.S. Pat. No. 7,650,331, entitled “System and method for
efficient large-scale data processing,” which is incorporated
by reference herein in its entirety.

FIG. 3 illustrates an example predictive modeling system
300. The system includes one or more clients (clients 302,
304 and 306) that can communicate through one or more
networks 308 with a collection of remote servers, such as
servers deployed in a data center 310 or in different geo-
graphic locations. The servers execute computer programs
that implement web applications 312, script engines 314, and
predictive models 316. Web applications 312 invoke script
engines 314 at various times to execute scripts. Script engines
314 enable scripts to utilize predictive models 316 for training
and prediction.

A given server comprises one or more data processing
apparatus. The servers can communicate with each other and
with storage systems (e.g., application data storage system
318 and training data storage system 320) at various times
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using one or more computer networks or other communica-
tion means. For example, the servers in the data center 310
can be coupled to an intranet. A computer program can
execute on a single server or, alternatively, the program can be
organized into components that execute on multiple servers.
There can be more than one instance or copy of a given
computer program executing on the collection of servers at
any given time. Multiple copies of a computer program that
implements the script engine, for instance, can be executing at
the same time on one or more servers providing script execu-
tion for different web applications 312. Scripts can be
executed in parallel by the script engines 314. Two scripts are
executed in parallel if they are executed on different servers
and if at least a portion of their execution occurs at the same
time. For example, assume that script A is executed by a script
engine executing on server S1 and script B is executed by a
script engine executing on server S2. If some period of time
exists where script A and B are both being executed, then the
scripts are executed in parallel.

As an illustration, and with reference to FIG. 4, client 302
can interact with web application 402. In order to execute a
script 414 the web application 402 invokes a script engine
400. The script engine 400 is a separate computer program or,
in some implementations, is part of the computer program
that makes up the web application 402. In either case, the
script engine 400 is provided with the script (or a memory
location of the script). The web application 402 and the script
engine 400 can communicate through method invocation,
shared memory, network communication, or other means of
inter or intra-process communication. The script engine 400
includes a script language execution engine 404, a web appli-
cation API 406, a prediction API 408 and, optionally, other
APIs (410). Scripts can contain references to interactive fields
of'web applications 312 as input parameters to the web appli-
cation API 406 methods. Scripts can also contain references
to predictive models 316 as input parameters to the prediction
API1 408 functions. The script language execution engine 404
interprets or executes the script 414. In some implementa-
tions, the execution engine 404 is a JAVASCRIPT interpreter.
The web application API 406 exposes functionality through
objects, methods, or functions that enable scripts to utilize
functionality of web applications 312 and access application
data 318 such as user data files.

The prediction API 408 exposes functionality through
objects, methods or functions that enable scripts to query
models and train models 316 using training data obtained
from application data 318. In some implementations, models
are trained by a training system 416 which receives requests
from the prediction API 408 to initiate training and check the
status of training The prediction AP1408 provides the training
system 416 with the location of training data 320 to be used in
training a particular model. For example, the training data,
such as arange of cells in a spreadsheet, can be obtained from
the application data 318 through use of the web application
API1 406 and then provided to the training system 416 through
use of the prediction API 408.

Other APIs 410 can include, for instance, an API that
enables scripts to communicate over computer networks
using Transmission Control Protocol/Internet Protocol (TCP/
IP) and an authentication API which provides a mechanism
for authorizing a script’s request to access a user’s application
data 318, models 316, and training data 320 through the web
application API 406 and the prediction API 408. In some
implementations, the web application 402 or the script engine
400 requests access permission from an authorization server.
The authorization server is responsible for prompting the user
(e.g., user 302a) for permission to grant access to the required
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data, if necessary. If permission is granted, the authorization
server returns a token that can be shared with the web appli-
cation 402, the web application API 406, and the prediction
API 408 in order to access the required data. Other authori-
zation mechanisms are possible.

FIG. 5 illustrates an example computer-implemented pro-
cess 500 for hosting predictive models that can be imple-
mented by a computing system. As shown, a first predictive
model can be stored, for example in computer readable
memory of a computing system (502). In some implementa-
tions, the first predictive model can be imported into the
computing system by an owner. For example, an owner can
submit a model representation to the computing system (for
instance, in the form of a PMML document). In some imple-
mentations, the owner can submit a training dataset to the
computing system and subsequently request to have a predic-
tive model trained using the provided training data. As
described above, training of a predictive model can be
invoked through script enabled prediction API functions.

As shown, according to process 500, access to the first
predictive model can be enabled (504). In some examples, the
first predictive model can be made accessible to various users.
Users accessing a predictive model can invoke prediction
functions through script enabled prediction APIs. In some
implementations, an owner can define permissions specify-
ing which individual users, or groups of users can access the
first predictive model. In some implementations, access to the
first training dataset can be inhibited, such that the training
data is inaccessible to users (in some implementations, this
can even include users whom have been permitted to access
the first predictive model). Thus, owners can submit predic-
tive models for hosting without exposing proprietary or con-
fidential data to users.

In some instances, a user can modify or update the first
predictive model. For example, monitored performance of the
first predictive model can be below a selected threshold or, a
substantial change in the modeled process or occurrence has
been detected. As such, the user can provide new training data
that is more reflective of present circumstances. Therefore,
according to process 500, a second training dataset can be
received from a user (506). In some examples, the second
training dataset is distinct from the first training dataset. For
instance, the second training dataset can include at least one
training example that is different from training examples of
the first dataset.

The first predictive model can be modified based on the
second training dataset to provide a second predictive model
(508). In some examples, a copy of the first predictive model
can be generated, and subsequently updated using the second
training dataset. The copy can be similar or identical to the
original first predicative model. As discussed above, predic-
tive models can be embodied or implemented by suitable
computer programs. Thus, in some implementations, gener-
ating a copy of the first predictive model can include produc-
ing a similar or identical computer program operable to
implement an inferred function of the first predictive model.
In some implementations, generating a copy of the first pre-
dictive model can include repeating the following operation
(under similar or identical operating conditions): applying the
first training dataset to the first machine learning algorithm.
There can be several suitable methods for updating the copy
of'the first predictive model (see for example, those described
above). As a result, a second predictive model (which can be
distinct from the first predictive model) representative of both
the first and second training datasets can be produced and
stored, for example in computer readable memory (510). In
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some examples, access to the second predictive model can be
enabled (512) to various users.

FIG. 6 is a schematic diagram of an example server. The
server 602 is optionally connected to one or more user or
client computers 690 through a network 680. The server 602
consists of one or more data processing apparatuses. While
only one data processing apparatus is shown in FIG. 6, mul-
tiple data processing apparatus can be used. The server 602
includes various software modules, e.g. executable software
programs or libraries, including a web application 604, script
engine 606, prediction API 608, and web application API 610.
Although several software modules are illustrated, there can
be fewer or more software modules. Moreover, the software
modules can be distributed on one or more data processing
apparatus connected by one or more networks or other suit-
able communication mediums.

The server 602 also includes hardware or firmware devices
including one or more processors 612, one or more additional
devices 614, a computer readable medium 616, a communi-
cation interface 618, and one or more user interface devices
620. Each processor 612 is capable of processing instructions
for execution within the server 602. In some implementa-
tions, the processor 612 is a single or multi-threaded proces-
sor. Each processor 612 is capable of processing instructions
stored on the computer readable medium 616 or on a storage
device such as one of the additional devices 614. The server
602 uses its communication interface 618 to communicate
with one or more computers 690, for example, over a network
680. Examples of user interface devices 620 include a display,
a camera, a speaker, a microphone, a tactile feedback device,
a keyboard, and a mouse. The server 602 can store instruc-
tions that implement operations associated with the modules
described above, for example, on the computer readable
medium 616 or one or more additional devices 614, for
example, one or more of a floppy disk device, a hard disk
device, an optical disk device, or a tape device.

Embodiments of the subject matter and the operations
described in this specification can be implemented in digital
electronic circuitry, or in computer software, firmware, or
hardware, including the structures disclosed in this specifica-
tion 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.., one or more modules of com-
puter program instructions, encoded on computer storage
medium for execution by, or to control the operation of, data
processing apparatus. Alternatively or in addition, the pro-
gram instructions can be encoded on an artificially-generated
propagated signal, e.g., a machine-generated electrical, opti-
cal, or electromagnetic signal that is generated to encode
information for transmission to suitable receiver apparatus
for execution by a data processing apparatus. A computer
storage medium can be, or be included in, a computer-read-
able storage device, a computer-readable storage substrate, a
random or serial access memory array or device, or a combi-
nation of one or more of them. Moreover, while a computer
storage medium is not a propagated signal, a computer stor-
age medium can be a source or destination of computer pro-
gram instructions encoded in an artificially-generated propa-
gated signal. The computer storage medium can also be, or be
included in, one or more separate physical components or
media (e.g., multiple CDs, disks, or other storage devices).

The operations described in this specification can be imple-
mented as operations performed by a data processing appa-
ratus on data stored on one or more computer-readable stor-
age devices or received from other sources.
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The term “data processing apparatus”™ encompasses all
kinds of apparatus, devices, and machines for processing
data, including by way of example a programmable proces-
sor, a computer, a system on a chip, or multiple ones, or
combinations, of the foregoing The apparatus can include
special purpose logic circuitry, e.g., an FPGA (field program-
mable gate array) or an ASIC (application-specific integrated
circuit). The apparatus can also include, in addition to hard-
ware, code that creates an execution environment for the
computer program in question, e.g., code that constitutes
processor firmware, a protocol stack, a database management
system, an operating system, a cross-platform runtime envi-
ronment, a virtual machine, or a combination of one or more
of them. The apparatus and execution environment can real-
ize various different computing model infrastructures, such
as web services, distributed computing and grid computing
infrastructures.

A computer program (also known as a program, software,
software application, script, or code) can be written in any
form of programming language, including compiled or inter-
preted languages, declarative or procedural languages, and it
can be deployed in any form, including as a stand-alone
program or as a module, component, subroutine, object, or
other unit suitable for use in a computing environment. A
computer program can, but need not, correspond to a filein 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 resource), in a single file dedicated to
the program in question, or in multiple coordinated files (e.g.,
files that store one or more modules, sub-programs, or por-
tions 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 network.

A system of one or more computers can be configured to
perform particular operations or actions by virtue of having
software, firmware, hardware, or a combination of them
installed on the system that in operation causes or cause the
system to perform the actions. One or more computer pro-
grams can be configured to perform particular operations or
actions by virtue of including instructions that, when
executed by data processing apparatus, cause the apparatus to
perform the actions.

The processes and logic flows described in this specifica-
tion can be performed by one or more programmable proces-
sors executing one or more computer programs to perform
actions 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 circuit).

Processors suitable for the execution of a computer pro-
gram include, by way of example, both general and special
purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor 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 processor for performing actions in accor-
dance with instructions and one or more memory devices for
storing instructions and data. 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., magnetic, 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 Posi-
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tioning System (GPS) receiver, or a portable storage device
(e.g., auniversal serial bus (USB) flash drive), to name just a
few. Devices suitable for storing computer program instruc-
tions and data include all forms of non-volatile 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 CD-
ROM 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., amouse 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 addi-
tion, a computer can interact with a user by sending resources
to and receiving resources from a device that is used by the
user; for example, by sending web pages to a web browser on
auser’s client device in response to requests received from the
web browser.

Embodiments of the subject matter described in this speci-
fication can be implemented in a computing system that
includes a back-end component, e.g., as a data server, or that
includes a middleware component, e.g., an application server,
or that includes a front-end component, e.g., a client com-
puter having a graphical user interface or a Web browser
through which a user can interact with an implementation of
the subject matter described in this specification, or any com-
bination of one or more such back-end, middleware, or front-
end components. The components of the system can be inter-
connected 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™), an inter-network
(e.g., the Internet), and peer-to-peer networks (e.g., ad hoc
peer-to-peer networks).

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. In some embodi-
ments, a server transmits data (e.g., an HTML page) to a client
device (e.g., for purposes of displaying data to and receiving
user input from a user interacting with the client device). Data
generated at the client device (e.g., a result of the user inter-
action) can be received from the client device at the server.

While this specification contains many specific implemen-
tation details, these should not be construed as limitations on
the scope of any inventions or of what can be claimed, but
rather as descriptions of features 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 embodiment can also be
implemented in multiple embodiments separately or in any
suitable subcombination. Moreover, although features can be
described above as acting in certain combinations and even
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initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combi-
nation, and the claimed combination can be directed to a
subcombination or variation 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 circum-
stances, multitasking and parallel processing can be advanta-
geous. Moreover, the separation of various system compo-
nents 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 com-
ponents and systems can generally be integrated together in a
single software product or packaged into multiple software
products.

Thus, particular embodiments of the subject matter have
been described. Other embodiments are within the scope of
the following claims. In some cases, the actions recited in the
claims can be performed in a different order and still achieve
desirable results. In addition, the processes depicted in the
accompanying figures do not necessarily require the particu-
lar order shown, or sequential order, to achieve desirable
results. In certain implementations, multitasking and parallel
processing can be advantageous.

What is claimed is:
1. A computer-implemented method, comprising:
storing a first predictive model in computer-readable
memory, the first predictive model having been defined
based on a first training dataset provided by an owner of
the first predictive model and being operable to generate
an output based on a query;
enabling access for a user to the first predictive model
based on permissions defined by the owner, while inhib-
iting access for the user to the first training dataset such
that the first training dataset is inaccessible to the user;

receiving a second training dataset from the user, the sec-
ond training dataset being distinct from the first training
dataset;

modifying the first predictive model based on the second

training dataset to provide a second predictive model;
storing the second predictive model in computer-readable
memory; and

enabling access for the user to the second predictive model.

2. The method of claim 1, wherein storing a first predictive
model comprises receiving the first predictive model from an
owner.

3. The method of claim 1, wherein storing a first predictive
model comprises:

receiving the first training dataset from an owner; and

applying the first training dataset to a first machine learning

algorithm to generate the first predictive model.

4. The method of claim 1, wherein the first training dataset
comprises a first set of training examples and the second
training dataset comprises a second set of training examples,
the second set of training examples comprising at least one
training example that is divergent from the first set of training
examples.

5. The method of claim 1, further comprising modifying
the second training dataset by applying one or more favoring
operations on the second training dataset.

6. The method of claim 1, wherein modifying the first
predictive model comprises

generating a copy of the first predictive model; and

updating the copy of the first predictive model.
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7. The method of claim 6, wherein updating the copy of the
first predictive model comprises applying the second training
dataset and the copy of the first predictive model to a second
machine learning algorithm.

8. The method of claim 7, wherein the first predictive
model comprises an ensemble of combined predicted models,
and wherein updating the copy of the first predictive model
comprises:

applying the second training dataset to a second machine

learning algorithm to generate a supplementary predic-
tive model representative of the second training dataset;
and

incorporating the supplementary predictive model into the

ensemble of combined predictive models.

9. The method of claim 6, wherein updating the copy of the
first predictive model comprises:

combining the first and second training datasets to form an

updated training dataset; and

applying the updated training dataset to a second machine

learning algorithm.
10. A computer storage medium encoded with a computer
program, the program comprising instructions that when
executed by one or more computers cause the one or more
computers to perform operations comprising:
storing a first predictive model in computer-readable
memory, the first predictive model having been defined
based on a first training dataset provided by an owner of
the first predictive model and being operable to generate
an output based on a query;
enabling access for a user to the first predictive model
based on permissions defined by the owner, while inhib-
iting access for the user to the first training dataset such
that the first training dataset is inaccessible to the user;

receiving a second training dataset from the user, the sec-
ond training dataset being distinct from the first training
dataset;

modifying the first predictive model based on the second

training dataset to provide a second predictive model;
storing the second predictive model in computer-readable
memory; and

enabling access for the user to the second predictive model.

11. A system, comprising:

one or more computing devices; and

one or more computer-readable media coupled to the one

or more computing devices and having instructions

stored thereon which, when executed by the one or more

computing devices, cause the one or more computing

devices to perform operations comprising:

storing a first predictive model in computer-readable
memory, the first predictive model having been
defined based on a first training dataset provided by an
owner of the first predictive model and being operable
to generate an output based on a query;

enabling access for a user to the first predictive model
based on permissions defined by the owner, while
inhibiting access for the user to the first training
dataset such that the first training dataset is inacces-
sible to the user;

receiving a second training dataset from the user, the
second training dataset being distinct from the first
training dataset;

modifying the first predictive model based on the second
training dataset to provide a second predictive model;

storing the second predictive model in computer-read-
able memory; and

enabling access for the user to the second predictive
model.
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12. The method of claim 1, wherein modifying the first
predictive model comprises:

receiving an instruction from the user through an applica-

tion programming interface (API); and

modifying the first predictive model in response to the

instruction.

13. The method of claim 6, wherein updating the copy of
the first predictive model comprises modifying one or more
hyper-parameters associated with the first predictive model.

14. The method of claim 8, incorporating the supplemen-
tary predictive model into the ensemble of combined predic-
tive models comprises combining output from the supple-
mentary predictive model with output from the ensemble of
predictive models using a combining rule.

15. The method of claim 14, wherein combining output
from the supplementary predictive model with output from
the ensemble of predictive models comprises at least one of
weighting or devaluing output from the supplementary pre-
dictive model.

16. The method of claim 2, wherein receiving the first
predictive model from an owner comprises receiving a model
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representation of the first predictive model in the form of a
Predictive Model Markup Language (PMML) document.

17. The computer storage medium of claim 10, further
comprising modifying the second training dataset by apply-
ing one or more favoring operations on the second training
dataset.

18. The computer storage medium of claim 10, wherein
modifying the first predictive model comprises

generating a copy of the first predictive model; and

updating the copy of the first predictive model.

19. The system of claim 11, further comprising modifying
the second training dataset by applying one or more favoring
operations on the second training dataset.

20. The system of claim 11, wherein modifying the first
predictive model comprises

generating a copy of the first predictive model; and

updating the copy of the first predictive model.





