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ABSTRACT

A distributed caching system for storing and serving information modeled as a graph that

includes nodes and edges that define associations or relationships between nodes that the edges
connect in the graph. |
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DISTRIBUTED CACHE FOR GRAPH DATA

TECHNICAL FIELD

The present disclosurc relates gencrally to storing and scrving graph data, and more

particularly, to storing and serving graph data with a distributed cache system.

BACKGROUND

Computer users are able to access and share vast amounts of information through
various local and wide arca computer networks including prop_rietary networks as well as public
networks such as the Internet. Typically, a web browser installed on a user’s computing device
facilitates access to and interaction with information located at various network servers identified
by, for example, associatcd uniform rcsource locators (URLs). Conventional approachces to
enable sharing of user-generated content include various information sharing technologies or
platforms such as social networking websites. Such websites may include, be linked with, or
provide a platform for applications enabling users to view web pages created or customized by
other users where visibility and interaction with such pages by other users 1s governed by some
characteristic set of rules.

Such social networking information, and most information in general, 1s typically
stored 1n relational databases. Generally, a relational database 1s a collection of relations
(frequently referred to as tables). Relational databases usce a sct of mathematical terms, which
may usc Structurcd Qucry Language (SQL) databasc tcrminology. For cxamplc, a rclation may
be defined as a set of tuples that have the same attributes. A tuple usually represents an object
and information about that object. A relation is usually described as a table, which 1s organized
into rows and columns. Generally, all the data referenced by an attribute are in the same domain
and conform to the same constraints.

The relational model specifies that the tuples of a relation have no specific order and
that the tuples, in turn, impose no order on the attributes. Applications access data by specifying
queries, which use operations to identify tuples, identify attributes, and to combine relations.

Relations can be modified and new tuples can supply explicit values or be derived from a query.
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Similarly, qucries identify may tuplces for updating or delcting. It is nccessary for cach tuplce of a
relation to be uniquely identifiable by some combination (one or more) of its attribute values.
This combination 1s referred to as the primary key. In a relational database, all data are stored
and accessed via relations. Relations that store data are typically implemented with or referred to
as tablcs. .

Relational databases, as implemented in relational database management systems,
have become a predominant choice for the storage of information in databases used for, for
example, financial records, manufacturing and logistical information, personnel data, and other
applications. As computer power has increased, the inefficiencies of relational databases, which
made them impractical in earlier times, have been outweighed by their case of use for
conventional applications. The three leading open source implementations are MySQL,
PostgreSQL, and SQLite. MySQL 1s a relational database management system (RDBMS) that
runs as a server providing multi-user access to a number of databases. The "M" in the acronym
of the popular LAMP software stack refers to MySQL. Its popularity for use with web
applications is closely tied to the popularity of PHP (the "P" in LAMP). Sevcral high-traffic web
sitcs usc MySQL for data storage and logging of uscr data.

As communicating with relational databases 1s often a speed bottleneck, many
networks utilize caching systems to serve particular information queries. For example,

Memcached is a general-purpose distributed memory caching system. It is often used to speed

-~ up dynamic databasc-driven websites by caching data and objects in RAM to reduce the number

of times an external data source (such as a database or API) must bc read. Memcached's APIs
provide a giant hash table distributed across multiple machines. When the table 1s full,
subscquent inscrts causc older data to be purged in least recently used (LRU) order. Applications
using Memcached typically layer requests and additions into core before falling back on a slower
backing store, such as a database.

The Memcached system uses a client—server architecture. The servers maintain a
key—value associative array; the clients populate this array and query it. Clicents usc client side
libraries to contact the servers. Typically, each client knows all servers and the servers do not
communicate with each other. If a client wishes to set or read the value corresponding to a

certain key, the client's library first computes a hash of the key to determine the server that will
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be uscd. The client then contacts that server. The scrver will compute a sccond hash of the key
to determine where to store or read the corresponding value. Typically, the servers keep the
values 1n RAM; if a server runs out of RAM, it discards the oldest values. Therefore, clients must
treat Memcached as a transitory cache; they cannot assume that data stored in Memcached 1s still

thcre when they need it.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates an example caching system architecture according to one
implementation of the invention.

Figure 2 1llustrates an example computer system architecture.

Figure 3 provides an example network environment.

Figure 4 shows a flowchart illustrating an example method for adding a new
association to a graph.

Figure 5 i1s a schematic diagram illustrating an example message flow between
various components of a caching system.

Figurc 6 shows a flowchart illustrating an cxamplc mcthod for processing changcs
to graph data.

Figure 7 1s a schematic diagram illustrating an example message flow between

various components of a caching system.

DESCRIPTION OF EXAMPLE EMBODIMENTS

Particular embodiments relate to a distributed caching system for storing and serving
information modclcd as a graph that includes nodes and cdges that define associations or
relationships between nodes that the edges connect in the graph. In particular embodiments, the
graph 1s, or includes, a social graph, and the distributed caching system 1s part of a larger
networking system, infrastructure, or platform that enables an integrated social network
cnvironment. In the present disclosurc, the social network cenvironment may be described 1n
terms of a social graph including social graph information. In fact, particular embodiments of
the present disclosure rely on, exploit, or make use of the fact that most or all of the data stored

by or for the social network environment can be represented as a social graph. Particular
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cmbodiments provide a cost-cffcctive infrastructurc that can cfficiently, intclligently, and
successfully scale with the exponentially increasing number of users of the social network
environment such as that described herein.

In particular embodiments, the distributed caching system and backend infrastructure
described herein provides onc or more of: low latency at scale, a lower cost per request, an casy
to use framework for developers, an infrastructure that supports multi-master, an infrastructure
that provides access to stored data to clients written 1n languages other than Hypertext
Preprocessor (PHP), an infrastructure that enables combined queries involving both associations
(edges) and objects (nodes) of a social graph as described by way of example herein, and an
infrastructure that enables different persistent data stores to be used for different types of data.
Furthermore, particular embodiments provide one or more of: an infrastructure that enables a
clean separation of the data access API from the caching+persistencet+replication infrastructure,
an infrastructure that supports write-through/read-through caching, an infrastructure that moves
computations closer to the data, an infrastructure that enables transparent migration to different
storage schemas and back ends, and an infrastructure that improves the efficiency of data object
aCCCSS.

Additionally, as used herein, “or” may imply “and” as well as “or;” that 1s, “or” does
not necessarily preclude “and,” unless explicitly stated or implicitly implied.

Particular embodiments may operate 1n a wide area network environment, such as the
[nternct, including multiple nctwork addressable systems.  Figure 3 illustrates an cxamplc
network environment, in which various example embodimehts may operate. Network cloud 60
generally represents one or more interconnected networks, over which the systems and hosts
described herein can communicate.  Network cloud 60 may include packet-bascd wide arca
networks (such as the Internet), private networks, wireless networks, satellite networks, cellular
networks, paging networks, and the like. As Figure 3 illustrates, particular embodiments may
operate In a network environment comprising social networking system 20 and one or more
client devices 30. Client deviees 30 arc operably connected to the network environment via a
network service provider, a wireless carrier, or any other suitable means.

In one example embodiment, social networking system 20 comprises computing

systems that allow users to communicate or otherwise interact with each other and access
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content, such as uscr profilcs, as described herein.  Social networking system 20 1s a network
addressable system that, in various example embodiments, comprises on¢ or more physical
servers 22 and data store 24. The one or more physical servers 22 are operably connected to
computer network 60 via, by way of example, a set of routers and/or networking switches 26, In
an cxamplc cmbodiment, the functionality hosted by the onc or morc physical scrvers 22 may
include web or HTTP servers, FTP servers, as well as, without lunitation, web pages and

applications implemented using Common Gateway Interface (CGI) script, PHP Hyper-text

Preprocessor (PHP), Active Server Pages (ASP), Hyper Text Markup Language (HTML),

Extensible Markup Language (XML), Java, JavaScript, Asynchronous JavaScript and XML
(AJAX), and the like. |

Physical servers 22 may host functionality directed to the operations of social
networking system 20. By way of example, social networking system 20 may host a website that
allows one or more users, at one or more client devices 30, to view and post information, as well
as communicate with on¢ another via the website. Hereinafter servers 22 may be referred to as
server 22, although server 22 may include numerous servers hosting, for example, social
nctworking systecm 20, as well as other content distribution scrvers, data storcs, and databascs.
Data store 24 may store content and data relating to, and enabling, operation of the social
networking system as digital data objects. A data object, 1in particular implementations, is an
item of digital information typically stored or embodied in a data file, database or record.
Content objects may takc many forms, including: text (c.g., ASCII, SGML, HTML), imagcs
(e.g., jpeg, tif and gif), graphics (vector-based or bitmap), audio, video (e.g., mpeg), or other
multimedia, and combinations thereof. Content object data may also include executable code
objccts (¢.g., gamcs exccutable within a browscr window or framc), podcasts, ctc. Logically,
data store 24 corresponds to one or more of a variety of separate and integrated databases, such
as relational databases and object-oriented databases, that maintain information as an integrated
collection of logically related records or files stored on one or more physical systems.
Structurally, data storc 24 may gencrally include onc or more of a large class of data storage and
management systems. In particular embodiments, data storec 24 may be implemented by any
suitable physical system(s) including components, such as one or more database servers, mass

storage media, media library systems, storage area networks, data storage clouds, and the like. In
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onc cxamplce cmbodiment, data storc 24 includes one or more scrvers, databascs (c.g., MySQL),
and/or data warehouses.

Data store 24 may include data associated with different social networking system 20
users and/or client devices 30. In particular embodiments, the social networking system 20
maintains a user profile for cach uscr of the system 20. Uscr profiles include data that describe
the users of a social network, which may include, for example, proper names (first, middle and
last of a person, a trade name and/or company name of a business entity, etc.) biographic,
demographic, and other types of descriptive information, such as work experience, educational
history, hobbies or preferences, geographic location, and additional descriptive data. By way of
example, user profiles may include a user’s birthday, relationship status, city of residence, and
the like. The system 20 may further store data describing one or more relationships between
different users. The relationship information may indicate users who have similar or common
work experience, group memberships, hobbies, or educational history. A user profile may also
include privacy settings governing access to the user’s information is to other users.

Client device 30 1s generally a computer or computing device including functionality
for communicating (c.g., remotcly) over a computer network. Client device 30 may be a desktop
computer, laptop computer, personal digital assistant (PDA), in- or out-of-car navigation system,
smart phone or other cellular or mobile phone, or mobile gaming device, among other suitable
computing devices. Client device 30 may execute one or more client applications, such as a web
browser (c.g., Microsoft Windows Internct Explorcr, Mozilla Fircfox, Apple Safari, Googlc

Chrome, and Opera, etc.), to access and view content over a computer network. In particular

implementations, the client applications allow a user of client device 30 to enter addresses of
specific network resources to be retricved, such as resources hosted by social networking system
20. These addresses can be Uniform Resource Locators, or URLs. In addition, once a page or
other resource has been retrieved, the client applications may provide access to other pages or
records when the user "clicks" on hyperlinks to other resources. By way of example, such
hypcrlinks may be located within the web pages and provide an automated Way for the uscer to
enter the URL of another page and to retrieve that page.

Figures 1 illustrates an example embodiment of a networking system, architecture, or

infrastructure 100 (hereinafter referred to as networking system 100) that can implement the
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back cnd functions of social nctworking systcm 20 illustrated in Figurc 3. In particular
embodiments, networking system 100 enables users of networking system 100 to interact with
cach other via social networking services provided by networking system 100 as well as with
third parties. For example, users at remote user computing devices (€.g., personal computers,
nctbooks, multimedia devices, cellular phoncs (especially smart phoncs), ctc.) may acccss
networking system 100 via web browsers or other user chient applications to access websites,
web pages, or web applications hosted or accessible, at least in part, by networking system 100
to view information, store or update information, communicate information, or otherwise interact
with other users, third party websites, web pages, or web applications, or other information
stored, hosted, or accessible by networking system 100. In particular embodiments, networking
system 100 maintains a graph that includes graph nodes representing users, concepts, topics, and
other information (data), as well as graph edges that connect or define relationships between
graph nodes, as described in more detail below.

With reference to Figures 1 and 5, in particular embodiments, networking system 100
includes one or more data centers 102. For example, networking system 100 may include a
plurality of data centers 102 located stratcgically within various geographic regions for scrving
users located within respective regions. In particular embodiments, each data center includes a
number of client or web servers 104 (heremafter client servers 104) that communicate
information to and from users of networking system 100. For example, users at remote user
computing dcvices may communicate with client scrvers 104 via load balancers or other suitable
systems via any suitable combination of networks and service providers. Client servers 104 may
query the caching system described herein i order to retriecve data to genecrate structured
documents for responding to uscr requests.

Each of the client servers 104 communicates with one or more follower distributed
cache clusters or rings 106 (héreinafter follower cache clusters 106). In the illustrated
embodiment, data center 102 includes three follower cache clusters 106 that cach serve a subset
of the web scrvers 104, In particular embodiments, a follower cache cluster 106 and the client
servers 104 the follower cache cluster 106 serves are located in close proximity, such as within a
building, room, or other centralized location, which reduces costs associated with the

infrastructure (e.g., wires or other communication lines, etc.) as well as latency between the
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client scrvers 104 and respective scrving follower cache nodces cluster 106. Howcever, 1n somce
embodiments, while each of the follower cache clusters 106, and the client servers 104 they
respectively serve, may be located within a centralized location, each of the follower cache
clusters 106 and respective client servers 104 the follower cache clusters 106 respectively serve,
may be located in a diffcrent location than the other follower cache clusters 106 and respective
client servers 104 of a given data center; that is, the follower cache clusters 106 (and the
respective client servers 104 the clusters serve) of a given data center of a given region may be
distributed throughout various locations within the region.

In particular embodiments, each data center 102 further includes a leader cache
cluster 108 that communicates information between the follower cache clusters 106 of a given
data center 102 and a persistent storage database 110 of the given data center 102. In particular
embodiments, database 110 is a relational database. In particular embodiments, leader cache
cluster 108 may include a plug-in operative to interoperate with any suitable implementation of
database 110. For example, database 110 may be implemented as a dynamically-variable plug-in
architecture and may utilize MySQL, and/or any suitable relational database management system
such as, for cxample, HAYSTACK, CASSANDRA, among othcrs. In onc'implcmcntation, the
plug-in performs various translation operations, such as translating data stored in the caching
layer as graph nodes and edges to queries and commands suitable for a relational database
including one or more tables or flat files. In particular embodiments, leader cache cluster 108
also coordinatcs writc requests to databasc 110 from follower cache clusters 106 and somctimcs

read requests from follower cache clusters 106 for information cached in leader cache cluster 108

or (if not cached in leader cache cluster 108) stored in database 110. In particular embodiments,
lcader cache cluster 108 further coordinates the synchronization of information storcd in the
follower cache clusters 106 of the respective data center 102. That is, in paftiCLIIar embodiments,
the leader cache cluster 108 of a given data center 102 is configured to maintain cache
consistency (e.g., the information cached) between the follower cache clusters 106 of the data
center 102, to maintain cache consistency between the follower cache clusters 106 and the lcader
cache cluster 108, and to store the information cached in leader cache cluster 108 within database
110. In one implementation, a leader cache cluster 108 and a follower cache cluster 106 can be

considered a caching layer between client servers 104 and database 110.
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In onc implementation, the caching layer is a writc-thru/rcad-thru caching layer,
wherein all reads and writes traverse the caching layer. In one implementation, the caching layer
maintains association information and, thus, can handle queries for such information. Other
queries are passed through to database [10 for execution. Database 110 generally connotes a
database system that may itsclf includce other caching layers for handling other query types.

Each follower cache cluster 106 may include a plurality of follower cache nodes 112,
each of which may be running on an individual computer, computing system, or server.
However, as described above, each of the follower cache nodes 112 of a given follower cache
cluster 106 may be located within a centralized location. Similarly, each leader cache cluster
108 may include a plurality of leader cache nodes 114, each of which may be running on an
individual computer, computing system, or server. Similar to the follower cache nodes 112 of a
given follower cache cluster 106, each of the leader cache nodes 114 of a given leader cache
cluster 108 may be located within a centralized location. For example, each data center 102 may
ihclllde tens, hundreds, or thousands of client servers 104 and each follower cache cluster 106
may include tens, hundreds, or thousands of follower cache nodes 112 that serve a subset of the
clicnt servers 104. Similarly, cach Icader cache cluster 108 may include tens, hundreds, or
thousands of leader cache nodes 114. In particular embodiments, each of the follower cache
nodes 112 within a given follower cache cluster 106 may only communicate with the other
follower cache nodes 112 within the particular follower cache cluster 106, the client servers 104
scrved by the particular follower cache cluster 106, and the lcader cache nodes 114 within the
leader cache cluster 108.

In particular embodiments, information stored by networking system 100 is stored
within cach data center 102 both within databasc 110 as well as within cach of the follower and
leader cache clusters 106 and 108, respectively. In particular embodiments, the information
stored within each database 110 is stored relationally (e.g., as objects and tables via MySQL),
whereas the same information is stored within each of the follower cache clusters 106 and the
Icader cache cluster 108 in a number of data shards stored by cach of the follower and lcader
cache clusters 106 and 108, respectively, in the form of a graph including graph nodes and
assocliations or connections between nodes (referred to herein as graph edges). In particular

embodiments, the data shards of each of the follower cache clusters 106 and leader cache cluster
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108 arc buckctized or divided among the cache nodes 112 or 114 within the respective cache
cluster. That 1s, each of the cache nodes 112 or 114 within the respective cache cluster stores a
subset of the shards stored by the cluster (and each set of shards stored bﬁf cach of the follower
and leader cache clusters 106 and 108, respectively, stores the same information, as the leader
cache cluster synchronizes the shards stored by cach of the cache clusters of a given data center
102, and, 1n some embodiments, between data centers 102).

In particular embodiments, each graph node 1s assigned a unique identifier (ID)
(hereinafter referred to as node ID) that uniquely identifies the graph node in the graph stored by
cach of the follower and leader cache clusters 106 and 108, respectively, and database 110; that
1S, each node ID is globally unique. In one implementation, each node ID is a 64-bit identifier.
In one implementatidn, a shard 1s allocated a segment of the node ID space. In particular
embodiments, each node ID maps (e.g., arithmetically or via come mathematical function) to a
unique corresponding shard ID; that 1s, each shard ID is also globally unique and refers to the
same data object i each set of shards stored by cach of the follower and leader cache clusters
106 and 108, respectively. In other words, all data objects are stored as graph nodes with unique
nodc [Ds and all thc information stored in the graph in the data shards of cach of the follower
and leader cache clusters 106 and 108, respectively, i1s stored in the data shards of each of the
follower and leader cache clusters 106 and 108, respectively, using the same corresponding
unique shard IDs.

As just described, 1in particular cmbodiments, the shard ID space (the collection of
shard IDs and associated information stored by all the shards of each cache cluster, and
replicated 1n all of the other follower cache clusters 106 and leader cache cluster 108) is divided
among the follower or leader cache nodes 112 and 114, respectively, within the follower or
leader cache clusters 106 and 108, respectively. For example, each follower cache node 112 in a
given follower cache cluster 106 may store a subset of the shards (e.g., tens, hundreds, or
thousands of shards) stored by the respective follower cache cluster 106 and each shard is
assigned a range of node IDs for which to store information, including information about the
nodes whose respective node 1Ds map to the shard IDs in the range of shard IDs stored by the

particular shard. Similarly, each leader cache node 114 in the leader cache cluster 108 may store

a subsct of the shards (e.g., tens, hundreds, or thousands of shards) stored by the respective
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lcader cache cluster 108 and cach shard is assigned a range of node IDs for which to storc
information, including information about the nodes whose respective node IDs map to the shard
[Ds in the range of shard IDs stored by the particular shard.

[Towever, as described above, a given shard ID corresponds to the same data objects
stored by the follower and lcader cache clusters 106 and 108, respectively.  As the number of
follower cache nodes 106 within each follower cache cluster 106 and the number of leader cache
nodes 114 within the leader cache cluster 108 may vary statically (e.g., the follower cache
clusters 106 and the leader cache cluster 108 may generally include different numbers of
follower cache nodes 112 and leader cache nodes 114, respectively) or dynamically (e.g., cache
nodes within a given cache cluster may be shut down for various reasons periodically or as
needed for fixing, updating, or maintenance), the number of shards stored by each of the follower
cache nodes 112 and leader cache nodes 114 may vary statically or dynamically within each
cache cluster as well as between cache clusters. Furthermore, the range of shard IDs assigned to
each shard may also vary statically or dynamically.

In particular embodiments, cach of the follower cache nodes 112 and leader cache
nodcs 114 includcs graph managemcent softwarc that manages the storing and scrving of
information cached within the respective cache node. In particular embodiments, the graph
management software running on each of the cache nodes of a given cache cluster may
communicate to determine which shards (and corresponding shard IDs) are stored by each of the
cachc nodcs within the respective cache cluster.  Additionally, if the cache node is a follower
cache node 112, the graph management software running on the follower cache node 112
receives requests (e.g., write or read requests) from client servers 104, serves the requests by
retricving, updating, delcting, or storing information within the appropriate shard within the
follower cache node, and manages or facilitates communication between the follower cache node
112 and other follower cache nodes 112 of the respective follower cache cluster 106 as well as
communication between the follower cache node 112 and the leader cache nodes 114 of the
lcader cache cluster 108. Similarly, 1f the cache node 1s a lcader cache node 114, the graph
management software running on the leader cache node 114 manages the communication

between the leader cache node 114 and follower cache nodes 112 of the follower cache clusters

106 and the other leader cache nodes 114 of the leader cache cluster 108, as well as
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communication between the Icader cache node 114 and databasc 110. The graph management
software running on each of the cache nodes 112 and 114 understands that it is storing and
serving information in the form of a graph.

In particular embodiments, the graph management software on each follower cache
nodc 112 1s also responsible for maintaining a table that it sharcs with the other cache nodes 112
of the respective follower cache cluster 106, the leader cache nodes 114 of the leader cache
cluster 108, as well as the client servers 104 that the respective follower cache cluster 106 serves.
This table provides a mapping of each shard ID to the particular cache node 112 in a given
follower cache cluster 106 that stores the shard ID and information associated with the shard ID.
In this way, the client servers 104 served by a particular follower cache cluster 106 know which
of the follower cache nodes 112 within the follower cache cluster 106 maintain the shard 1D
associated with information the client server 104 1s trying to access, add, or update (e.g., a client
server 104 may send write or read requests to the particular follower cache node 112 that stores,
or will store, the information associated with a particular shard 1D after using the mapping table
to determine which of the follower cache nodes 112 is assigned, and stores, the shard ID).
Similarly, in particular cmbodiments, thc graph management softwarc on cach lcader cache nodc
114 1s also responsible for maintaining a table that it shares with the other cache nodes 114 of the
respective leader cache cluster 108, as well as the follower cache nodes 112 of the follower
cache clusters 106 that the leader cache cluster 108 manages. Furthermore, in this way, ¢ach
follower cache node 112 1n a given follower cache cluster 106 knows which of the other follower
cache nodes 112 in the given follower cache cluster 106 stores which shard IDs stored by the
respective follower cache cluster 106. Similarly, 1n this way each leader cache node 114 1n the
[cader cache cluster 108 knows which of the other lcader cache nodes 114 in the Icader cache
cluster 108 stores which shard IDs stored by the leader cache cluster 108. Furthermore, each
follower cache node 112 1 a given follower cache cluster 106 knows which of the leader cache
nodes 114 1n the leader cache cluster 108 stores which shard IDs. Similarly, each leader cache
nodc 114 1n the lcader Caché cluster 108 knows which of the follower cache nodes 112 1in cach of
the follower cache clusters 106 stores which shard IDs.

In particular embodiments, information regarding each node in the graph, and in

particular example embodiments a social graph, is stored in a respective shard of each of the
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followcr cache clusters 106 and lcader cache cluster 108 bascd on its shard ID. Each nodc in the
graph, as discussed above, has a node ID. Along with the shard ID, the respective cache node
112 or 114 may store a node type parameter identifying a type of the node, as well as one or
more name-value pairs (such as content (¢.g., text, media, or URLs to media or other resources))
and mctadata (c.g., a timcstamp when the node was crcated or modificd). In particular
embodiments, each edge 1n the graph, and 1n particular example embodiments a social graph, is
stored with each node the edge 1s connected to. For example, most edges arc bi-directional; that
1$, most edges each connect two nodes in the graph. In particular embodiments, each edge is
stored 1n the same shard with each node the edge connects. For example, an edge connecting
node ID1 to node 1D2 may be stored with the shard ID corresponding to node ID1 (e.g., shard
ID1) and with the shard ID corresponding to node ID2 (e.g., shard ID2), which may be in
different shards or even different cache nodes of a given cache cluster. For example, the edge
may be stored with shard ID1 in the form of {node IDI, edge type, node ID2} where the edge
type indicates the type of edge. The edge may also include metadata (e.g., a timestamp
indicating when the edge was created or modified). The edge may also be cached with shard ID2
in the form of (nodc ID1, ¢dge type, node ID2). For example, when a uscr of social nctworking
system 100 establishes a contact relationship with another user or a fan relationship with a
concept or user, the edge relatidnship of type “friend” or “fan” may be stored 1n two shards, a
first shared corresponding to the shard to which the user’s identifier is mapped and a second
shard to which the objcct identificr of the other uscr or concept 1s mapped.

Networking system 100, and particularly the graph management software running on
the follower cache nodes 112 of follower cache clusters 106 and the leader cache nodes 114 of
the lIcader cache cluster 108, support a number of querics received from client scrvers 104 as
well as to or from other follower or leader cache nodes 112 and 114, respectively. For example,
the query object add{IDI1, node typel, metadata (not always specified), payload (not always
specified)} causes the receiving cache node to store a new node with the node ID1 specified in
thc qucry of the specified node typel in the shard the node ID1 corresponds to. The reeeiving
cache node also stores with the node ID1 the metadata (e.g., a timestamp) and payload (¢.g.,
name-value pairs and/or content such as text, media, resources, or references to resources), if

specified. As another example, the query object update{ID1, node typel (not always specified),
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mectadata (not always spccificd), payload (not always spceificd)} causcs the receiving cache node
to update the node 1dentified by node ID1 specified in the query (e.g., change the node type to
the node typel specified in the query, update the metadata with the metadata specified in the
query, or update the content stored with the payload specified in the query) in the corresponding
shard. As another cxample, the query object delcte{nodc ID1} causcs the receiving cache node
to delete the node identified by node ID1 specified in the query. As another example, the query
object get{node ID1} causes the receiving cache node to retrieve the content stored with the
node identified by node ID1 specified in the query.

Now referring to edge queries (as opposed to the node queries just described), the
query assoc add{IDI, edge typel, 1D2, metadata (not always specified)} causes the receiving
cache node (which stores node ID1) to create an edge between the node identified by node ID1
and the node i1dentified by node ID2 of edge type edge typel and to store the edge with the node
identified by node ID1 along with the metadata (e.g., a timestamp indicating when the edge was
requested) 1f specified. As another example, the query assoc update{node ID1, edge typel,
node ID2, metadata (not always specified)} causes the receiving cache node (which stores node
[D1) to update the edge between the node identificd by node ID1 and the nodc identificd by nodce
ID2. As another example, the query assoc delete{node ID1, edge typel (not always specified),
node ID2} causes the receiving cache node (which stores node ID1) to delete the edge between
the node 1dentified by ﬁode [D1 and the node identified by node ID2. As another example, the
query assoc get{nodc IDI, cdge typcl, sortkcy (not always spccificd), start (not always

specified), limit (not always specified)} causes the receiving cache node (which stores node 1D1)

to return the node IDs of the nodes connected to the node identified by node ID1 by edges of
cdge typcl. Additionally, if specified, the sortkey specifics a filter. For ecxample, if the sortkey
specifies a tumestamp, the receiving cache node (which stores node ID1) returns the node IDs of
the nodes connected to the node i1dentified by node ID1 by edges of edge typel which were
created between the time value specified by the start parameter and the time value specified by
the limit paramcter. As another cxample, the query assoc cxists{node ID1, cdge typel, list of
other node IDs, sortkey (not always specified), start (not always specified), limit (not always
specified)} causes the receiving cache node (which stores node ID1) to return the node IDs of the

nodes specified in the list of other node IDs connected to the node identified by shard ID1 by
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edges of cdge typel. In addition, the querics desceribed above may be sent in the described form
and used to update the leader cache nodes 114.

In one implementation, the caching layer implemented by the follower and leader
cache clusters 108 and 106 cache maintain association data in one or more indexes in a manner
that supports high query ratcs for onc or morc query types. In some implementations, the
invention facilitates efficient intersection, membership and filtering queries directed to
assocliations between nodes in the graph. For example, in one implementation, the caching 1ayer
caches information in a manner optimized to handle point lookup, range and count queries for a
variety of associations between nodes. For example, in constructing a page, a client server 104
may 1ssue a query for all friends of a given user. The client server 104 may issue an assoc get
query identifying the user and the “friend” edge type. To facilitate handling of the query, a
cache node n the caching layer may store associations of a given type (such as “friends”, “fans”,
“members”, “likes”, etc.) between a first node (e.g., a node corresponding to a user) and a node
corresponding to contacts or friends of a user. In addition, to construct another party of the page,
a client server 104 may issue a query of the last N set of wall posts on the profile, by issuing a
assoc_gct query identifying the user or uscr profile, the “wallpost” cdge type and a limit valuc.
Similarly, comments to a particular wall post can be retrieved in a similar manner.

In one implementation, the caching layer implemented by the follower cache
clusters 106 and the leader cache clusters maintain a set of In-memory structures for associations
between nodes (1d1, 1d2) in the graph that facilitate fast scarching and handlc high qucry ratcs.
For example, for each {idi.type) association st (3 set of all asseorations that onginate at 1di and
have a given ftype). the caching laver mainiaing two m-metory mndexes. As discussed above,
these association sefs are maintained by cache nodes in cach cluster that based on the shard
which 1dl falls. Suil further, given the structure discussed below, a given association botween
bwo nodes may be stored wn two association sets each directed to the respective nodes of the
asseciatton. A first mndex 18 based on a femporal atdnbute {o.g., tume stamps) and sapporis range
gueries. A sceond index by 1d2 docs not support range queries, but supports botter tiroe
complexity of mnserts and ook ups. In ove implementation, the fivst index 1 an ordered dynamic
array of association entnes stored w a cireudar buffer. Each entry in the circular buffer describes

gr corresponds 1o one associanon and contamns the following fields: a) $flage (1 byie) (indicating
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the visshility of an associationy, by $1d2 (8 byics); ¢ $tune (4 bytes); d) $data (€ byies) (Sdata 1s
a fored size 8 byte ficld (when wore than & bytes are needed for Sdata, this becomes a ponter o
another memory chunk to hold the full Sdata valoe; Sdata 1s optional for a given assoc type); and
e} Shink (& byies) offsets of next and previous eniries in the sare 1d2 wndex bucket {see below).
i onc wnplementation, the amray 18 ordercd by the $tpe attribnde asconding. The mumnber of
entries in the index is capped (such as 19,000} and configurable by association type. When the
lurut 1s reached the array wraps around. Because the array is Stime-sorted, 1aost new entries will
be appended at the end without shifting any of the existing clements.

In one implementation, the primary index can be stored in a single memcache key
that can be looked up by name ("assoc:<id1>:<type>") through a global memcached hash table.
The array can be fronted with a header containing the following fields: a) count (4 bytes): the
count of visible associations in the (1dl,type) association set (stored persistently, not just the
cached entries in the index); b) head (4 bytes): the byte offset of array head (element that sorts
highest) 1n the circular buffer; c) tail (4 bytes) : the byte offset of array tail (element that sorts
lowest) in the circular buffer; and d) 1d2 index pointer (8 bytes): a pointer to a block containing
an 1d2 hash tablc.

The second ($i1d2) index 1s implemented, in one embodiment, as a hash table and
supports quick inserts and lookups for a given ($i1d1,$type,$1d2) association. The hash table
itself, in one implementation, may be stored in a separate block allocated with memcached's
mecmory allocator. The table 1s an array of offscts into thc primary indcx, cach identifying the

first element in the Corresponding hash bucket. Elements are linked into a bucket through their

$link fields. Storing the hash table in a separate block allows implementers to resize the table and
the primary indcx independently, thus reducing the amount of memory copied as the association
set grows. Linking association entries into buckets in-place also improves memory efficiency.
The hash table (and bucket lists) may need to be rebuilt when entries marked hidden or deleted
are expunged from the index, but this can be done infrequently.

Accordingly, as a ncw association of the same <typc> 1s added, a cache node 112,
114 ads the newly associated object to the hash table and the circular buffer, removing the oldest
entry from the circular buffer. As discussed above, the <sortkey> value can be used to sort

matching entrics based on the attribute, such as a time stamps. In addition, a <limit> value limits
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the number of returncd results to the first N values, where N=<limit>, This configuration allows
for serving queries regarding associations between nodes at a very high query rate. For example,
a first query may ask to display a set of friends in a section of a web page. A cache node can
quickly respond to a get assoc (1dl, type, sortkey, limit) query by looking up association set
corresponding to 1d1 by accessing the primary index and retricving the first N (where N = limit)
1d2 entries in the circular buffer. In addition, the hash table of the secondary index facilitates
point look ups. Still further, the count value maintained by the caching layer facilitates fast
responses to the count of a given association set (id1, type).

Some general examples of storing and serving data will now be described (more
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