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DISTRIBUTED GRAPH DATABASE WRITES

BACKGROUND

Field
[0001] The disclosed embodiments relate to graph databases. More specifically, the

disclosed embodiments relate to techniques for performing distributed graph database writes.

Related Art

[0002] Data associated with applications is often organized and stored in databases. For
example, in a relational database data is organized based on a relational model into one or more
tables of rows and columns, in which the rows represent instances of types of data entities and
the columns represent associated values. Information can be extracted from a relational database
using queries expressed in a Structured Query Language (SQL).

[0003] In principle, by linking or associating the rows in different tables, complicated
relationships can be represented in a relational database. In practice, extracting such complicated
relationships usually entails performing a set of queries and then determining the intersection of
or joining the results. In general, by leveraging knowledge of the underlying relational model,
the set of queries can be identified and then performed in an optimal manner.

[0004] However, applications often do not know the relational model in a relational
database. Instead, from an application perspective, data is usually viewed as a hierarchy of
objects in memory with associated pointers. Consequently, many applications generate queries
in a piecemeal manner, which can make it difficult to identify or perform a set of queries on a
relational database in an optimal manner. This can degrade performance and the user experience
when using applications.

[0005] Various approaches have been used in an attempt to address this problem,
including using an object-relational mapper, so that an application effectively has an
understanding or knowledge about the relational model in a relational database. However, it is
often difficult to generate and to maintain the object-relational mapper, especially for large, real-

time applications.
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[0006] Alternatively, a key-value store (such as a NoSQL database) may be used instead
of a relational database. A key-value store may include a collection of objects or records and
associated fields with values of the records. Data in a key-value store may be stored or retrieved
using a key that uniquely identifies a record. By avoiding the use of a predefined relational
model, a key-value store may allow applications to access data as objects in memory with
associated pointers (i.e., in a manner consistent with the application’s perspective). However, the
absence of a relational model means that it can be difficult to optimize a key-value store.
Consequently, it can also be difficult to extract complicated relationships from a key-value store
(e.g., it may require multiple queries), which can also degrade performance and the user

experience when using applications.

BRIEF DESCRIPTION OF THE FIGURES

[0007] FIG. 1 shows a schematic of a system in accordance with the disclosed
embodiments.

[0008] FIG. 2 shows a graph in a graph database in accordance with the disclosed
embodiments.

[0009] FIG. 3 shows a system for processing queries of a graph database in accordance
with the disclosed embodiments.

[0010] FIG. 4 shows the processing of a write query in a graph database in accordance
with the disclosed embodiments.

[0011] FIG. 5 shows a flowchart illustrating the processing of a distributed graph
database write in accordance with the disclosed embodiments.

[0012] FIG. 6 shows a computer system in accordance with the disclosed embodiments.

[0013] In the figures, like reference numerals refer to the same figure elements.

DETAILED DESCRIPTION

[0014] The following description is presented to enable any person skilled in the art to
make and use the embodiments, and is provided in the context of a particular application and its
requirements. Various modifications to the disclosed embodiments will be readily apparent to
those skilled in the art, and the general principles defined herein may be applied to other
embodiments and applications without departing from the spirit and scope of the present
disclosure. Thus, the present invention is not limited to the embodiments shown, but is to be
accorded the widest scope consistent with the principles and features disclosed herein.

[0015] The data structures and code described in this detailed description are typically

stored on a computer-readable storage medium, which may be any device or medium that can
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store code and/or data for use by a computer system. The computer-readable storage medium
includes, but is not limited to, volatile memory, non-volatile memory, magnetic and optical
storage devices such as disk drives, magnetic tape, CDs (compact discs), DVDs (digital versatile
discs or digital video discs), or other media capable of storing code and/or data now known or
later developed.

[0016] The methods and processes described in the detailed description section can be
embodied as code and/or data, which can be stored in a computer-readable storage medium as
described above. When a computer system reads and executes the code and/or data stored on the
computer-readable storage medium, the computer system performs the methods and processes
embodied as data structures and code and stored within the computer-readable storage medium.

[0017] Furthermore, methods and processes described herein can be included in hardware
modules or apparatus. These modules or apparatus may include, but are not limited to, an
application-specific integrated circuit (ASIC) chip, a field-programmable gate array (FPGA), a
dedicated or shared processor that executes a particular software module or a piece of code at a
particular time, and/or other programmable-logic devices now known or later developed. When
the hardware modules or apparatus are activated, they perform the methods and processes
included within them.

[0018] The disclosed embodiments provide a method, apparatus and system for
processing queries of a graph database. A system 100 for performing a graph-storage technique
is shown in FIG. 1. In this system, users of electronic devices 110 may use a service that is, at
least in part, provided using one or more software products or applications executing in system
100. As described further below, the applications may be executed by engines in system 100.

[0019] Moreover, the service may, at least in part, be provided using instances of a
software application that is resident on and that executes on electronic devices 110. In some
implementations, the users may interact with a web page that is provided by communication
server 114 via network 112, and which is rendered by web browsers on electronic devices 110.
For example, at least a portion of the software application executing on electronic devices 110
may be an application tool that is embedded in the web page, and that executes in a virtual
environment of the web browsers. Thus, the application tool may be provided to the users via a
client-server architecture.

[0020] The software application operated by the users may be a standalone application or
a portion of another application that is resident on and that executes on electronic devices 110
(such as a software application that is provided by communication server 114 or that is installed

on and that executes on electronic devices 110).
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[0021] A wide variety of services may be provided using system 100. In the discussion
that follows, a social network (and, more generally, a network of users), such as an online
professional network, which facilitates interactions among the users, is used as an illustrative
example. Moreover, using one of electronic devices 110 (such as electronic device 110-1) as an
illustrative example, a user of an electronic device may use the software application and one or
more of the applications executed by engines in system 100 to interact with other users in the
social network. For example, administrator engine 118 may handle user accounts and user
profiles, activity engine 120 may track and aggregate user behaviors over time in the social
network, content engine 122 may receive user-provided content (audio, video, text, graphics,
multimedia content, verbal, written, and/or recorded information) and may provide documents
(such as presentations, spreadsheets, word-processing documents, web pages, etc.) to users, and
storage system 124 may maintain data structures in a computer-readable memory that may
encompass multiple devices (e.g., a large-scale distributed storage system).

[0022] Note that each of the users of the social network may have an associated user
profile that includes personal and professional characteristics and experiences, which are
sometimes collectively referred to as ‘attributes’ or ‘characteristics.” For example, a user profile
may include demographic information (such as age and gender), geographic location, work
industry for a current employer, an employment start date, an optional employment end date, a
functional area (e.g., engineering, sales, consulting), seniority in an organization, employer size,
education (such as schools attended and degrees earned), employment history (such as previous
employers and the current employer), professional development, interest segments, groups that
the user is affiliated with or that the user tracks or follows, a job title, additional professional
attributes (such as skills), and/or inferred attributes (which may include or be based on user
behaviors). Moreover, user behaviors may include log-in frequencies, search frequencies, search
topics, browsing certain web pages, locations (such as IP addresses) associated with the users,
advertising or recommendations presented to the users, user responses to the advertising or
recommendations, likes or shares exchanged by the users, interest segments for the likes or
shares, and/or a history of user activities when using the social network. Furthermore, the
interactions among the users may help define a social graph in which nodes correspond to the
users and edges between the nodes correspond to the users’ interactions, interrelationships,
and/or connections. However, as described further below, the nodes in the graph stored in the
graph database may correspond to additional or different information than the members of the
social network (such as users, companies, etc.). For example, the nodes may correspond to

attributes, properties or characteristics of the users.
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[0023] As noted previously, it may be difficult for the applications to store and retrieve
data in existing databases in storage system 124 because the applications may not have access to
the relational model associated with a particular relational database (which is sometimes referred
to as an ‘object-relational impedance mismatch’). Moreover, if the applications treat a relational
database or key-value store as a hierarchy of objects in memory with associated pointers, queries
executed against the existing databases may not be performed in an optimal manner. For
example, when an application requests data associated with a complicated relationship (which
may involve two or more edges, and which is sometimes referred to as a ‘compound
relationship’), a set of queries may be performed and then the results may be linked or joined. To
illustrate this problem, rendering a web page for a blog may involve a first query for the three-
most-recent blog posts, a second query for any associated comments, and a third query for
information regarding the authors of the comments. Because the set of queries may be
suboptimal, obtaining the results may be time-consuming. This degraded performance may, in
turn, degrade the user experience when using the applications and/or the social network.

[0024] To address these problems, storage system 124 may include a graph database that
stores a graph (e.g., as part of an information-storage-and-retrieval system or engine). Note that
the graph may allow an arbitrarily accurate data model to be obtained for data that involves fast
joining (such as for a complicated relationship with skew or large ‘fan-out’ in storage system
124), which approximates the speed of a pointer to a memory location (and thus may be well
suited to the approach used by applications).

[0025] FIG. 2 presents a block diagram illustrating a graph 210 stored in a graph database
200 in system 100 (FIG. 1). Graph 210 includes nodes 212, edges 214 between nodes 212, and
predicates 216 (which are primary keys that specify or label edges 214) to represent and store the
data with index-free adjacency, i.e., so that each node 212 in graph 210 includes a direct edge to
its adjacent nodes without using an index lookup.

[0026] Each edge in graph 210 may be specified in a (subject, predicate, object) triple.
For example, an edge denoting a connection between two members named “Alice” and “Bob”
may be specified using the following statement:

Edge ("Alice”, “ConnectedTo”, “Bob”).

In the above statement, “Alice” is the subject, “Bob” is the object, and “ConnectedTo” is the
predicate. A period following the “Edge” statement may denote an assertion that is used to write
the edge to graph database 200. Conversely, the period may be replaced with a question mark to

read any edges that match the subject, predicate, and object from the graph database:

Edge ("Alice”, “ConnectedTo”, “Bob”)?
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A subsequent statement may modify the initial statement with a tilde to indicate deletion of the
edge from graph database 200:

Edge~ (“Alice”, “ConnectedTo”, “Bob”).

[0027] In addition, specific types of edges and/or more complex structures in graph 210
may be defined using schemas. Continuing with the previous example, a schema for

employment of a member at a position within a company may be defined using the following:
DefPred ("employ/company", "1", "node", "0", "node").
DefPred ("employ/member", "1", " node", "0", "node").
DefPred ("employ/start", "1", "node", "0", "date").
DefPred ("employ/end_date", "1", "node", "0", "date").

M2C (e, memberId, companylId, start, end) :-
Edge (e, "employ/member", memberId),
Edge (e, "employ/company", companyIld),
Edge (e, "employ/start", start),
Edge (e, "employ/end_date", end)

[0028] In the above schema, a compound for the employment has a compound type of
“M2C.” The compound is also represented by four predicates and followed by a rule with four
edges that use the predicates. The predicates include a first predicate representing the
employment at the company (e.g., “employ/company”), a second predicate representing
employment of the member (e.g., “employ/member”), a third predicate representing a start date
of the employment (e.g., “employ/start”), and a fourth predicate representing an end date of the
employment (e.g., “employ/end_date”). In the rule, the first edge uses the second predicate to
specify employment of a member represented by “memberld,” and the second edge uses the first
predicate to specify employment at a company represented by “companyld.” The third edge of
the rule uses the third predicate to specify a “start” date of the employment, and the fourth edge
of the rule uses the fourth predicate to specify an “end” date of the employment. All four edges
share a common subject denoted by “e,” which functions as a hub node that links the edges to
form the compound relationship.

[0029] Consequently, compounds in queries of graph database 200 or otherwise stored in
graph database 200 may model complex relationships (e.g., employment of a member at a
position within a company) using a set of basic types (i.e., nodes 212, edges 214, predicates 216)
in graph database 200. More specifically, each compound may represent an n-ary relationship in
the graph, with each “component” of the relationship identified using the predicate and object (or

subject) of an edge. A set of “n” edges that model the relationship may then be linked to the

compound using a common subject (or object) that is set to a hub node representing the



10

15

20

25

30

35

WO 2019/017997 7 PCT/US2017/067953

compound. In turn, new compounds may dynamically be added to graph database 200 without
changing the basic types used in graph database 200 by specifying relationships that relate the
compound structures to the basic types in schemas for the compounds.

[0030] Graph 210 and the associated schemas may additionally be used to populate graph
database 200 for processing of queries against the graph. More specifically, a representation of
nodes 212, edges 214, and predicates 216 may be obtained from a source of truth, such as a
relational database, distributed filesystem, and/or other storage mechanism, and stored in a log in
the graph database. Lock-free access to the graph database may be implemented by appending
changes to graph 210 to the end of the log instead of requiring modification of existing records in
the source of truth. In turn, the graph database may provide an in-memory cache of the log and
an index for efficient and/or flexible querying of the graph.

[0031] In other words, nodes 212, edges 214, and predicates 216 may be stored as offsets
in a log that is read into memory in graph database 200. For example, the exemplary edge
statement for creating a connection between two members named “Alice” and “Bob” may be
stored in a binary log using the following format:

256 Alice

261 Bob

264 ConnectedTo

275 (256, 264, 261)

In the above format, each entry in the log is prefaced by a numeric (e.g., integer) offset
representing the number of bytes separating the entry from the beginning of the log. The first
entry of “Alice” has an offset of 256, the second entry of “Bob” has an offset of 261, and the
third entry of “ConnectedTo” has an offset of 264. The fourth entry has an offset of 275 and
stores the connection between “Alice” and “Bob” as the offsets of the previous three entries in
the order in which the corresponding fields are specified in the statement used to create the
connection (i.e., Edge(“Alice”, “ConnectedTo”, “Bob”)).

[0032] Because the ordering of changes to graph 210 is preserved in the log, offsets in the
log may be used as identifiers for the changes. Continuing with the previous example, the offset
of 275 may be used as a unique identifier for the edge representing the connection between
“Alice” and “Bob.” The offsets may additionally be used as representations of virtual time in the
graph. More specifically, each offset in the log may represent a different virtual time in the
graph, and changes in the log up to the offset may be used to establish a state of the graph at the
virtual time. For example, the sequence of changes from the beginning of the log up to a given
offset that is greater than 0 may be applied, in the order in which the changes were written, to

construct a representation of the graph at the virtual time represented by the offset.
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[0033] As an alternative to edge-based representations in graph database 200, compounds
may be formatted and/or stored as tuples in graph database 200. Each tuple may include a header
with information related to the tuple, including a length of the tuple, a write operation (e.g.,
addition, deletion, or non-assertion) associated with the compound, and/or a set of cardinalities
associated with predicates in the compound. The header may be followed by the compound type
of the corresponding compound and a set of identity-giving nodes, with each identity-giving node
containing a predicate-object pair that represents a corresponding attribute used to define the
compound. The tuple may optionally store one or more non-identity-giving attributes associated
with the n-ary relationship modeled in the compound. For example, the “M2C” compound
described above may be supplemented by an optional attribute representing the job title
associated with the member’s employment at the company.

[0034] Consequently, the tuple may be a compact representation of the compound that is
efficiently referenced and stored within a single entry of the log. Moreover, the tuple may be
functionally equivalent to an edge set containing a hub node that identifies the tuple and
predicate-object pairs from the tuple. Storing compounds in log-based representations of graph
databases is described in a co-pending non-provisional application by inventors Scott Meyer,
Andrew Carter, Andrew Rodriguez and Walaa Moustafa, entitled "Supporting Tuples in Log-
Based Representations of Graph Databases," having 15/618,238, and filing date 9 June 2017
(Attorney Docket No. LI-P2289.LNK.US), which is incorporated herein by reference.

[0035] Note that graph database 200 may be an implementation of a relational model
with constant-time navigation, i.e., independent of the size N, as opposed to varying as log(N).
Furthermore, a schema change in graph database 200 (such as the equivalent to adding or
deleting a column in a relational database) may be performed with constant time (in a relational
database, changing the schema can be problematic because it is often embedded in associated
applications). Additionally, for graph database 200, the result of a query may be a subset of
graph 210 that maintains the structure (i.e., nodes, edges) of the subset of graph 210.

[0036] The graph-storage technique may include embodiments of methods that allow the
data associated with the applications and/or the social network to be efficiently stored and
retrieved from graph database 200. Such methods are described in U.S. Patent No. 9,535,963
(issued 3 January 2017), by inventors Srinath Shankar, Rob Stephenson, Andrew Carter,
Maverick Lee and Scott Meyer, entitled "Graph-Based Queries," which is incorporated herein by
reference.

[0037] Referring back to FIG. 1, the graph-storage techniques described herein may
allow system 100 to efficiently and quickly (e.g., optimally) store and retrieve data associated

with the applications and the social network without requiring the applications to have
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knowledge of a relational model implemented in graph database 200. For example, graph
database 200 may be configured to store data associated with a variety of flexible schemas using
edges representing subjects, objects, and predicates in the graph. Consequently, the graph-
storage techniques may improve the availability and the performance or functioning of the
applications, the social network and system 100, which may reduce user frustration and which
may improve the user experience. Therefore, the graph-storage techniques may increase
engagement with or use of the social network, and thus may increase the revenue of a provider of
the social network.

[0038] Note that information in system 100 may be stored at one or more locations (i.e.,
locally and/or remotely). Moreover, because this data may be sensitive in nature, it may be
encrypted. For example, stored data and/or data communicated via networks 112 and/or 116 may
be encrypted.

[0039] The graph database may also include an in-memory index structure that enables
efficient lookup of edges 214 of graph 210 by subject, predicate, object, and/or other keys or
parameters. The index structure may include a hash map and an edge store. Entries in the hash
map may be accessed using keys such as subjects, predicates, and/or objects that partially define
edges in the graph. In turn, the entries may include offsets into the edge store that are used to
resolve and/or retrieve the corresponding edges. Edge store designs for graph database indexes
are described in a co-pending non-provisional application by inventors Andrew Rodriguez,
Andrew Carter, Scott Meyer and Srinath Shankar, entitled "Edge Store Designs for Graph
Databases," having serial number 15/360,605, and filing date 23 November 2016 (Attorney
Docket No. LI-P2152.LNK.US), which is incorporated herein by reference.

[0040] As shown in FIG. 3, graph database 200 may also be distributed and/or partitioned
across multiple shards (e.g., shard 1 304, shard x 306). For example, the graph database may be
stored in a number of physical and/or virtual machines representing the shards in one or more
clusters. Shards may be added to an existing cluster to reduce the memory footprint of each
shard, and new clusters may be added to scale with the volume of graph database queries 300.
Because each cluster contains a complete copy of the graph database, graph database queries 300
may be processed by a given cluster independently of the addition, removal, maintenance,
downtime, and/or uptime of the other clusters and/or storage nodes in the other clusters.

[0041] Each shard may include a data store (e.g., data stores 308-310) that provides a log
(e.g., logs 330-332) and index (e.g., indexes 334-336) for the graph database. As discussed
above, the log and index may be used to access a subset of nodes, predicates, edges, and/or
compounds in the graph database. Each shard may further store a separate copy of a schema

(e.g., schemas 338-340) for the graph database. For example, the schema may include a set of
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rules that define predicates, compounds and/or other types of relationships or structures in the
graph database.

[0042] Queries 300 of the graph database may be received by one or more instances of a
broker 302. As with the shards, instances of broker 302 may execute to scale with the volume of
graph database queries and/or provide specialized services related to the processing of the
queries. For example, one or more instances of broker 302 may provide an application-
programming interface (API) that allows applications, services, and/or other components to
retrieve social network data stored in the graph database.

[0043] Each broker 302 instance may execute a set of processes for processing queries
300 of the graph database. The processes may include a single write process 326 and multiple
read processes 328, which are launched and managed by a management process (not shown) in
broker 302. Write process 326 may process write queries of the graph database, and read
processes 328 may process read queries of the graph database.

[0044] After a write query is received, write process 326 may use a validation store 312
in broker 302 to validate the write query. More specifically, write process 326 may use a schema
324 for the graph database from validation store 312 to write nodes, edges, compounds, and/or
other data in the write query to a branch (e.g., branches 314) of the graph database. If the write
query successfully executes within the branch based on schema 324, the write query is validated.
Using branches of graph databases to validate write queries is described in a co-pending non-
provisional application by inventors Shyam Shankar and Scott Meyer, entitled “Branchable
Graph Databases,” having serial number 15/003,527 and filing date 21 January 2016 (Attorney
Docket No. LI-P1763.LNK.US), which is incorporated herein by reference.

[0045] After the write query is validated, write process 326 may forward the write query
to all shards of the graph database and delete the branch. If the write query fails validation using
schema 324 and one or more branches 314 of the graph database, write process 326 may retrieve,
from one or more shards, the latest version of the graph database schema (e.g., schemas 338-340)
and revalidate the write query using the latest version and a different branch of the graph
database. Write process 326 and/or another component of broker 302 may also replace schema
324 in validation store 312 with the latest version for use in validating subsequent write queries.
Thus, broker 302 may use a “lazy” schema write strategy that updates the local copy of schema
324 with the latest version only after a write query fails validation using the existing local copy.

[0046] If the write query still fails validation using the latest version of the graph
database schema, write process 326 may omit forwarding of the write query to shards storing the
graph database. Write process 326 may also respond to the write query with a write error

containing one or more reasons for the failed validation.
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[0047] After a validated write query is forwarded from broker 302 to all shards, each
shard may individually determine if one or more portions of the write query are to be executed on
that shard. As with broker 302, each shard instance includes a single write process (e.g., write
processes 316-318) and multiple read processes (e.g., read processes 320-322) that are governed
by a management process (not shown). The write processes may execute write queries of the
graph database, and the read processes may execute read queries of the graph database.

[0048] To ensure that all shards contain the latest version of the graph database schema,
every shard may update its local copy of the schema with schema updates in write queries from
broker 302. As a result, broker 302 may request the latest version from any of the shards (e.g.,
after a subsequent write query fails validation using schema 324).

[0049] In one or more embodiments, the system of FIG. 3 uses a horizontal hash-based
partitioning strategy to divide data in the graph database into the shards. In the horizontal hash-
based partitioning strategy, a pseudo-random hash function may be used to calculate a hash from
one or more keys used in querying of the graph database. The hash may be used to identify a
shard in the graph database, and all data associated with the key may be stored in the shard.

[0050] To process a write query containing an edge, each shard may calculate a hash
from the subject and object in the edge. If either hash value matches a shard identifier
representing the shard, the entire edge is written to the log and index in the data store (e.g., data
stores 308-310) on the shard. For example, the edge may be written to a log-based representation
of the graph database (e.g., logs 330-332) in the data store, and one or more portions of the edge
may be written to an index (e.g., indexes 334-336) that enables efficient lookup of edges by the
corresponding subject and/or object. As a result, the system may provide a “one-hop guarantee,”
in which for every node in the graph database, there exists a single shard containing all edges that
refer to the node as either a subject or object. Processing of distributed write queries in graph
databases is described in further detail below with respect to FIG. 4.

[0051] In other words, an edge in the graph database with may be written to one or two
shards, depending on the hashes calculated from the edge’s subject and object. If both the
subject and object of the edge are anonymous, the edge may be written to a random shard based
on a universally unique identifier (UUID) and/or other attribute of the write query containing the
edge. In turn, a subsequent read query associated with the edge may be transmitted to all shards
to enable resolution of the read query.

[0052] To process a write query containing a compound, each shard may calculate a hash
from all identity-giving nodes in the compound. If any of the hash values match the shard
identifier for the shard, the entire compound is written to the data store on the shard. For

example, the compound, including all identity-giving nodes and non-identity-giving attributes,
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may be written to a log-based representation of the graph database and/or one or more indexes
that enable efficient lookup of compounds by the corresponding identity-giving nodes in all
shards identified by hash values calculated from the identity-giving nodes. The non-identity-
giving attributes may be included in tuple-based representations of the compounds or written
separately as edges that reference the hub nodes of the corresponding compounds. Edges
representing non-identity-giving attributes of the compounds may alternatively or additionally be
written to additional shards identified by hash values calculated from the subjects and/or objects
of the edges. As with processing of edge-based queries, the system may provide a “one-hop
guarantee” for compounds that allows all tuples and/or edges containing a given identity-giving
node to be stored on the same shard. If the compound lacks any identity-giving nodes, the hash
and/or shard identifier may be calculated from the hub node of the compound.

[0053] The shards may further include functionality to process write queries containing
implicit deletes. For example, a write query may contain an edge with a predicate that has a
cardinality of one for a given subject, such as a predicate representing marriage or marital status.
Thus, a write of a new edge that includes the predicate (e.g., marriage of Alice and Chris) may
implicitly delete an existing edge with the same subject (or object) and predicate (e.g., marriage
of Alice and Bob). On the other hand, the new edge may be written to a different set of shards
than the existing edge, which may result in inaccuracies or inconsistencies in the graph database
when the write of the new edge is not correctly processed at all shards storing the existing edge.

[0054] To ensure accurate processing of cardinality-1 predicates in the graph database,
each shard may match the subject (or object) of a new edge in a write query with a cardinality-1
predicate to an existing edge in the graph database. If an existing edge is found, the shard may
calculate an additional hash from the object (or subject) of the existing edge. If the additional
hash matches the identifier of the shard, the shard may delete the existing edge from its local data
store. Continuing with the previous example, the existing edge of “Alice” and “Bob” may be
written to shards with identifiers of 1 and 2 in the graph database. The new edge of “Alice” and
“Chris” may produce hashes that map to shard identifiers of 1 and 3 in the graph database. As a
result, the shard with the identifier of 1 may write the new edge to the graph database and delete
the existing edge from the graph database. The shard with the identifier of 3 may write the new
edge to the graph database without deleting the existing edge (since the existing edge does not
exist on the shard). The shard with the identifier of 2 may match the subject (or object) and
predicate of the new edge to the existing edge and delete the existing edge without writing the
new edge to the graph database (because neither hash generated from the new edge matches the

shard identifier of 2).
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[0055] By distributing all write queries from a centralized broker across a set of shards
and determining whether to execute the write queries at individual shards, the system of FIG. 3
may reduce or omit the need for a central point of control in the graph database. In turn, new
shards and/or broker instances may be independently added to the graph database to scale with
the volume of graph database queries instead of requiring a complete rebuild of the graph
database to accommodate different numbers of shards and/or broker instances.

[0056] Those skilled in the art will appreciate that the system of FIG. 3 may be
implemented in a variety of ways. As mentioned above, multiple instances of broker 302 and/or
each shard may be used to process various types of queries from other components or services.
Along the same lines, broker 302 and the shards may be provided by a single physical machine,
multiple computer systems, one or more virtual machines, a grid, a number of clusters, one or
more databases, one or more filesystems, and/or a cloud computing system. Read processes,
write processes, data stores, validation stores, and/or other sub-components of the system may
additionally be implemented together and/or separately by one or more software components
and/or layers.

[0057] Those skilled in the art will also appreciate that the system of FIG. 3 may be
adapted to other types of functionality. For example, the validation and distribution of write
operations using a broker and multiple shards may be used with other types of data and/or data
stores.

[0058] FIG. 4 shows the processing of a write query 402 in a graph database, such as
graph database 200 of FIG. 2, in accordance with the disclosed embodiments. As described
above, write query 402 may be received by an instance of a broker, such as broker 302 of FIG. 3.
The broker may perform a validation 406 of write query 402 using a schema 404 in validation
store 312 on the broker. For example, the broker may verify that predicates in write query 402
are defined and/or that compounds or other complex relationships in write query 402 adhere to
rules in schema 404 by attempting to execute write query 402 in a branch of the graph database.

[0059] If validation 406 is successful, the broker may transmit write query 402 to all
shards in the graph database, and each shard may calculate a set of shard identifiers (IDs) 414
from one or more attributes 410 of write query 402. One or more portions (e.g., edges,
compounds, etc.) of write query 402 may then be executed as a set of writes 416 on some or all
of the shards based on shard IDs 414. For example, every shard may calculate a hash from every
subject and object of an edge to be written using write query 402. If either hash or both hashes
match the shard’s ID, the shard may write the edge to a log-based representation of the graph
database and index for the graph database on the shard’s local data store. To process implicit

deletes associated with writes of edges containing cardinality-1 predicates, the shard may also
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generate a hash from an additional object (or subject) in an existing edge with the subject (or
object) and a predicate with a cardinality of 1 from a new edge in write query 402. If the hash
matches the shard’s ID, the shard may delete the existing edge from the shard to maintain
consistency in the graph database.

[0060] In another example, every shard may calculate shard IDs 414 as a set of hashes
from a hub node and all identity-giving nodes in a compound to be written using write query 402.
The shard may then write the compound as a tuple to the shard’s local data store if any of the
hashes matches the shard’s ID. The shards may optionally calculate additional shard IDs as
hashes from non-identity-giving attributes associated with the compound and write the non-
identity-giving attributes to shards identified by the corresponding shard IDs. The non-identity-
giving attributes may also, or instead, be included in the tuple that is written to all shards with
shard IDs 414 represented by hashes calculated from the hub and identity-giving nodes of the
compound. As with writes of edges containing cardinality-1 predicates, writes of any non-
identity-giving nodes with cardinality-1 predicates may be processed as implicit deletes on shards
containing existing edges or tuples with the same hub nodes and predicates, as described above.

[0061] If validation 406 is unsuccessful, the broker may perform a revalidation 408 of
write query 408 using a latest schema 406 for the graph database from a shard 422. For example,
the broker may query shard 422 for latest schema 406 and replace schema 404 in validation store
312 with latest schema 406. The broker may then attempt to revalidate write query 408 using
latest schema 406 and another branch of the graph database. If revalidation 408 fails, the broker
may generate a write error 412 instead of transmitting write query 402 to the shards. If
revalidation 408 succeeds, the broker may transmit write query 402 to all shards, and the shards
may use attributes 410 of one or more portions (e.g., edges, compounds, etc.) of write query 402
to calculate shard IDs 414 that identify the shards to which writes 416 of the portions are to be
made, as discussed above. Finally, the shards represented by shard IDs 414 may execute writes
416 of the corresponding portions of write query 402 in log-based representations and indexes of
the graph database in the shards’ local data stores.

[0062] FIG. 5 shows a flowchart illustrating the processing of a distributed graph
database write in accordance with the disclosed embodiments. In one or more embodiments, one
or more of the steps may be omitted, repeated, and/or performed in a different order.
Accordingly, the specific arrangement of steps shown in FIG. 5 should not be construed as
limiting the scope of the technique.

[0063] Initially, a write query of the graph database is received (operation 502). For
example, the write query may be received at one or more instances of a broker, such as broker

302 of FIG. 3. The write query may include one or more edges, compounds, and/or other
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components or relationships represented in the graph database. Next, a schema of the graph
database 1s used to validate the write query (operation 504). For example, the broker may
validate the write query by executing the write query in a branch of the graph database. During
execution of the write query, the schema may be used to verify that all predicates in the write
query have been defined and/or any compounds or other complex relationships in the write query
adhere to the corresponding rules.

[0064] The validation may or may not be successful (operation 506). Continuing with the
previous example, the validation may succeed if execution of the write query in the graph
database branch using the schema succeeds. If the validation does not succeed, the latest version
of the schema is retrieved from one or more shards of the graph database (operation 508), and the
latest version is used to revalidate the write query (operation 510). For example, the write query
may be revalidated by attempting to execute the write query in a different branch of the graph
database using the latest version of the schema. The write query may then be processed based on
the success or failure of the revalidation (operation 512). If the revalidation is unsuccessful, a
write error is generated (operation 514), and the write query is not executed.

[0065] If the validation or revalidation of the write query succeeds, the write query is
transmitted to a set of shards containing the graph database (operation 516). Each shard then
generates one or more shard identifiers from one or more attributes of the write query (operation
518), and the write query is executed at one or more shards represented by the shard identifier(s)
(operation 520). For example, the shard may generate the shard identifiers as hashes from the
subject and object of an edge in the write query. If the edge contains a cardinality-1 predicate,
the shard may also generate a hash from an additional object in an existing edge with the same
subject (or object) and predicate on the shard. In another example, the shard may generate shard
identifiers as hashes from a hub node, a set of identity-giving nodes, and/or a set of non-identity-
giving attributes of a compound in the write query. If a shard identifier generated from one or
more attributes in a given portion (e.g., edge, compound, etc.) of the query matches the shard’s
identifier, the portion may be written to the shard.

[0066] Processing of queries may continue (operation 522) during implementation of the
graph database using the broker and shards. During processing of the queries, each write query is
received at the broker (operation 502) and validated and/or revalidated by the broker (operations
504-512). If both validation and revalidation of the write query fail, a write error is generated
(operation 514). If validation or revalidation of the write query succeeds, the write query is
executed at one or more shards containing the graph database based on shard identifiers

calculated from attributes of the write query (operations 516-520). Such distributed processing
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of write queries may continue until querying of the graph database is no longer performed using
the broker and shards.

[0067] FIG. 6 shows a computer system 600 in accordance with an embodiment.
Computer system 600 includes a processor 602, memory 604, storage 606, and/or other
components found in electronic computing devices. Processor 602 may support parallel
processing and/or multi-threaded operation with other processors in computer system 600.
Computer system 600 may also include input/output (I/0) devices such as a keyboard 608, a
mouse 610, and a display 612.

[0068] Computer system 600 may include functionality to execute various components of
the present embodiments. In particular, computer system 600 may include an operating system
(not shown) that coordinates the use of hardware and software resources on computer system
600, as well as one or more applications that perform specialized tasks for the user. To perform
tasks for the user, applications may obtain the use of hardware resources on computer system 600
from the operating system, as well as interact with the user through a hardware and/or software
framework provided by the operating system.

[0069] In one or more embodiments, computer system 600 provides a system for
processing queries of a graph database. The system includes a broker and a set of shards, one or
more of which may be alternatively be termed or implemented as a module, mechanism, or other
type of system component. The broker may use a schema of the graph database to validate the
write query and transmit the validated write query to the shards. Each shard may then process
the write query at the shard based on one or more attributes in the write query. For example, the
shard may generate one or more shard identifiers from the attribute(s) and execute a portion of
the write query at the shard when the portion contains an attribute that produces a shard identifier
for the shard.

[0070] In addition, one or more components of computer system 600 may be remotely
located and connected to the other components over a network. Portions of the present
embodiments (e.g., broker, shards, graph database, etc.) may also be located on different nodes of
a distributed system that implements the embodiments. For example, the present embodiments
may be implemented using a cloud computing system that processes queries of a distributed
graph database from a set of remote users.

[0071] The foregoing descriptions of various embodiments have been presented only for
purposes of illustration and description. They are not intended to be exhaustive or to limit the
present invention to the forms disclosed. Accordingly, many modifications and variations will be
apparent to practitioners skilled in the art. Additionally, the above disclosure is not intended to

limit the present invention.
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What Is Claimed Is:

1. A method, comprising:
executing a set of processes for processing queries of a graph database storing a graph,
wherein the graph comprises a set of nodes, a set of edges between pairs of nodes in the set of
nodes, and a set of predicates; and
when a write query of the graph database is received, using one or more of the processes
to process the write query by:
using a schema of the graph database to validate the write query;
transmitting the validated write query to a set of shards comprising the graph
database; and
for each shard in the set of shards, processing the write query at the shard when a

shard identifier representing the shard is matched to one or more attributes in the write

query.

2. The method of claim 1, further comprising:
when an additional write query fails validation using the schema, retrieving a latest
version of the schema from one or more of the shards; and

using the latest version of the schema to revalidate the additional write query.

3. The method of claim 1, wherein using the schema to validate the write query
comprises:
executing the write query in a branch of the graph database; and

validating the write query when the executed write query succeeds.

4. The method of claim 1, wherein processing the write query at the shard when the
shard identifier representing the shard is matched to the one or more attributes in the write query
comprises:

generating one or more shard identifiers from the one or more attributes; and

when the one or more shard identifiers includes the shard identifier representing the

shard, executing a portion of the write query associated with the shard identifier at the shard.

5. The method of claim 4, wherein the one or more shard identifiers are generated

from hashes of the one or more attributes.
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6. The method of claim 4, wherein the one or more shard identifiers are generated

from a set of identity-giving nodes in a compound from the write query.

7. The method of claim 6, wherein the one or more shard identifiers are further

generated from a non-identity-giving attribute associated with the compound.

8. The method of claim 4, wherein the one or more shard identifiers are generated

from a subject and an object in an edge from the write query.

9. The method of claim 8, wherein:

the one or more shard identifiers are further generated from an additional object in an
existing edge comprising the subject and a predicate from the edge, wherein the predicate has a
cardinality of 1; and

wherein processing the portion of the query associated with the shard identifier at the

shard comprises deleting the existing edge at the shard.

10. The method of claim 1, wherein the schema is used to validate at least one of:
a predicate; and

a compound.

11. A non-transitory computer-readable medium storing instructions that, when

executed by a processor, cause the processor to perform the method of any preceding claim.

12. An apparatus, comprising:
one or more processors; and
memory storing instructions that, when executed by the one or more processors, cause the
apparatus to:
execute a set of processes for processing queries of a graph database storing a
graph, wherein the graph comprises a set of nodes, a set of edges between pairs of nodes
in the set of nodes, and a set of predicates; and
when a write query of the graph database is received, use one or more of the
processes to process the write query by:
using a schema of the graph database to validate the write query;
transmitting the validated write query to a set of shards comprising the

graph database; and
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for each shard in the set of shards, processing the write query at the shard
when a shard identifier representing the shard matches one or more attributes in

the write query.

13. The apparatus of claim 12, wherein the memory further stores instructions that,
when executed by the one or more processors, cause the apparatus to:

retrieve a latest version of the schema from one or more of the shards when an additional
write query fails validation using the schema; and

use the latest version of the schema to revalidate the additional write query.

14. The apparatus of claim 12, wherein using the schema to validate the write query
comprises:
executing the write query in a branch of the graph database; and

validating the write query when the executed write query succeeds.

15. The apparatus of claim 12, wherein processing the write query at the shard when
the shard identifier representing the shard is matched to the one or more attributes in the write
query comprises:

generating one or more shard identifiers from the one or more attributes; and

when the one or more shard identifiers includes the shard identifier representing the

shard, executing a portion of the write query associated with the shard identifier at the shard.

16. The apparatus of claim 15, wherein each portion in the one or more portions
comprises at least one of:
an edge; and

a compound.

17. The apparatus of claim 15, wherein the one or more shard identifiers are generated

from hashes of the one or more attributes.

18. The apparatus of claim 15, wherein the one or more shard identifiers are generated
from at least one of:

a set of identity-giving nodes in a compound from the write query;

a non-identity-giving attribute associated with the compound;

a subject and an object in an edge from the write query; and
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an additional object in an existing edge comprising the subject and a predicate from the

edge, wherein the predicate has a cardinality of 1.

19. A system, comprising:
a graph database storing a graph, wherein the graph comprises a set of nodes, a set of
edges between pairs of nodes in the set of nodes, and a set of predicates;
a broker comprising a non-transitory computer-readable medium comprising instructions
that, when executed, cause the system to process a query of the graph database by:
using a schema of the graph database to validate the write query; and
transmitting the validated write query to a set of shards comprising the graph
database; and
the set of shards, wherein each shard in the set of shards comprises a non-transitory
computer-readable medium comprising instructions that, when executed, cause the system to
process the write query at the shard when a shard identifier representing the shard is matched to

one or more attributes in the write query.

20. The system of claim 19, wherein processing the write query at the shard when the
shard identifier representing the shard is matched to the one or more attributes in the write query
comprises:

generating one or more shard identifiers from the one or more attributes; and

when the one or more shard identifiers includes the shard identifier for the shard,

executing a portion of the write query associated with the shard identifier at the shard.
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