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PARTITION MANAGEMENT IN A PARTITIONED, SCALABLE, AND
AVAILABLE STRUCTURED STORAGE

BACKGROUND

[0001] Distributed systems, including server farms, web services, and the like, have
become increasingly common to provide vast amounts of computational and storage
resources. For example, distributed storage systems have been utilized to store and retrieve
vast amounts of data for various applications. In some cases, storage systems utilize
structured storage to more efficiently store, retrieve, and query over data. A structured
storage system may store data across multiple nodes throughout a network. As the amount
of computing resources desired to provide such storage increases, such storage systems may
be “scaled out” by adding additional computing devices thereby providing a flexible
topology in which additional resources may be added as-needed. Accordingly, structured
storage systems may be scalable, for instance, from petabytes to exabytes of stored data. As
a result, it is often complex to manage data within such structured storage systems such that

data is always available for access and durable to prevent data loss.

SUMMARY

[0002] This summary is provided to introduce a selection of concepts in a simplified
form that are further described below in the Detailed Description. This summary is not
intended to identify key features or essential features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the claimed subject matter.

[0003] Embodiments of the present invention relate to partition management in a
structured data storage system. In the store, structured data is divided into a number of

partitions, which can be served by different servers. A partition map is used to keep track of
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the whereabouts of these partitions. More specifically, using the partition map, a client can
find out which server is serving a specific piece of data. Detailed load information is tracked
for partitions. Partitions can be moved among servers to achieve load balance across
servers. In some embodiments, to achieve better load balance, a partition with high load is
identified for splitting. A location for splitting the partition is determined, and the partition
is split to create child partitions, which may be offloaded to another server in some
embodiments. A partition map is updated to reflect that the partition has been split to the
child partitions. In some embodiments, two or more partitions are identified for merging.
The partitions are merged and a partition map is updated to reflect the merged partition.

[0004] The structured storage is built on top of a stream system, which presents an
append-only file system interface. A stream is analogous to an append-only file. Each
partition has a set of streams associated with it. All the persistent state of the partition is
kept in the set of streams it associates with. Among the set of streams, there is a metadata
stream for the partition, which contains the pointers to all the other streams of the partition
as well as the essential information of that partition, such as the partition key range of all the

rows included in the partition.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The present invention is described in detail below with reference to the
attached drawing figures, wherein:

[0006] FIG. 1 is a block diagram of an exemplary computing environment suitable
for use in implementing embodiments of the present invention;

[0007] FIG. 2 depicts a table structure in accordance with an embodiment of the

present invention;
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[0008] FIG. 3 is a block diagram showing an exemplary system in which
embodiments of the present invention may be implemented;

[0009] FIG. 4 is a block diagram showing a partition in accordance with an
embodiment of the present invention;

[0010] FIG. 5 is a flow diagram showing a method for splitting a partition in
accordance with an embodiment of the present invention;

[0011] FIG. 6 depicts an example of a parent partition being split into two child
partitions in accordance with an embodiment of the present invention;

[0012] FIG. 7 is a flow diagram showing a method for splitting a partition in
accordance with another embodiment of the present invention;

[0013] FIG. 8 is a flow diagram showing a method for merging partitions into a
merged partition in accordance with an embodiment of the present invention;

[0014] FIG. 9 is a flow diagram showing a method for recovering a corrupt partition
in accordance with an embodiment of the present invention; and

[0015] FIG. 10 is a flow diagram showing a method for partition versioning and

upgrade in accordance with an embodiment of the present invention.

DETAILED DESCRIPTION

[0016] The subject matter of the present invention is described with specificity
herein to meet statutory requirements. However, the description itself is not intended to
limit the scope of this patent. Rather, the inventors have contemplated that the claimed
subject matter might also be embodied in other ways, to include different steps or
combinations of steps similar to the ones described in this document, in conjunction with

other present or future technologies. Moreover, although the terms “step” and/or “block”
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may be used herein to connote different elements of methods employed, the terms should
not be interpreted as implying any particular order among or between various steps herein
disclosed unless and except when the order of individual steps is explicitly described.

[0017] Embodiments of the present invention provide a scalable, available, and
durable structured storage. The structured storage is represented by a number of tables,
cach of which includes multiple rows, each row representing a data entity. A table is
divided into a number of partitions, each partition including a range of rows from the table.
The partitions are stored on table servers and managed using a table master.

[0018] In some embodiments, partitions are split for load distribution purposes.
Load distribution information is tracked for the table servers and partitions. Based on the
load distribution information, the table master may decide to load balance partitions and
reassign partitions to different nodes in order to distribute the load. In addition, for some
partitions, the table master may decide to split a partition to distribute the current load. The
table master determines a split ratio and queries the table server serving the partition for key
information for locating the split. Based on the key information received from the table
server, the table master instructs the table server to split the partition. Upon receipt of the
split request, the table server unloads the target partition, creates the child partitions, and
begins serving the child partitions. In some embodiments, a child partition may be assigned
to another table server. A partition map is updated to reflect the table server(s) serving the
child partitions.

[0019] In some embodiments, partitions are merged. Again, load distribution
information is tracked for the table servers and partitions. Based on the load distribution
information, two or more partitions are identified for merging. The table server(s) serving

the partitions are instructed to stop serving the partitions. The partitions are merged and
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loaded to a table server, which begins serving the merged partition. A partition map is
updated to reflect the table server serving the merged partition.

[0020] Accordingly, in one aspect, an embodiment of the present invention is
directed to a method implemented by one or more computing devices within a structured
storage system in which structured storage is represented by one or more tables, each table
including a plurality of rows, each row representing a data entity stored by the structured
storage system and including one or more keys for identifying the row, the plurality of rows
being divided among a plurality of partitions, each partition including a range of rows from
the plurality of rows within the table, wherein the plurality of partitions are stored on a
plurality of table servers, and wherein a table master controls partition assignment to the
plurality of table servers. The method is for splitting a partition into child partitions and
includes identifying the partition for splitting based on load information for the partition,
wherein the load information includes information specifying load on each of two or more
portions of the partition. The method also includes determining, by the table master, a split
ratio for splitting the partition based on the loading on each of the two or more portions of
the partition. The method further includes querying the table server for key information
indicating an actual location within the partition corresponding with the split ratio. The
method also includes receiving key information at the table master from the table server, the
key information indicating the actual location within the partition corresponding with the
split ratio. The method further includes sending a split request from the table master to the
table server, the split request indicating to split the partition based on the key information.
The method also includes splitting the partition at a location corresponding with the key
information to create the child partitions. The method further includes notifying the table

master of split completion. The method still further includes updating a partition map based
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on the partition being split into the child partitions, the partition map storing mappings
between the plurality of partitions and the plurality of table servers serving the plurality of
partitions.

[0021] In another embodiment of the invention, an aspect is directed to one or more
computer-storage media storing computer-usable instructions for performing a method for
managing a structured storage system represented by one or more tables, each table
including a plurality of rows, each row representing a data entity stored by the structured
storage system and including one or more keys for identifying the row, the plurality of rows
being divided among a plurality of partitions, each partition including a range of rows from
the plurality of rows within the table, wherein the plurality of partitions are stored on a
plurality of table servers, and wherein a table master controls partition assignment to the
plurality of table servers. The method is for merging at least two partitions of the table into
a merged partition and includes tracking load information for the plurality of partitions on
the plurality of table servers. The method also includes identifying, by the table master, the
at least two partitions to merge based on the load information. The method further includes
creating, by the table master, a metadata stream for the merged partition. The method also
includes offloading the at least two partitions from at least one table server serving the at
least two partitions. The method further includes assigning, by the table master, the merged
partition to a selected table server from the plurality of table servers. The method still
further includes loading and serving the merged partition at the selected table server.

[0022] A further embodiment of the present invention is directed to one or more
computer-storage media storing computer-usable instructions for performing a method for
managing a structured storage system represented by one or more tables, each table

including a plurality of rows, each row representing a data entity stored by the structured
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storage system and including one or more keys for identifying the row, the plurality of rows
being divided among a plurality of partitions, each partition including a range of rows from
the plurality of rows within the table, wherein the plurality of partitions are stored on a
plurality of table servers, and wherein a table master controls partition assignment to the
plurality of table servers. The method is for splitting a partition of the table into at least two
child partitions and includes tracking load information for the plurality of partitions on the
plurality of table servers. The method also includes identifying, by the table master, the
partition to split based on the load information, wherein the load information for the
partition identifies different loads on different portions of the partition. The method further
includes determining, at the table master, a split ratio to split the partition, wherein the split
ratio is specified based on loading information and represents a point in the partition in
which a first portion of the partition includes a first amount of load and a second portion of
the partition includes a second amount of load. The method still further includes sending a
request from the table master to the table server, the request for key information identifying
an actual location in the partition corresponding with the split ratio. The method also
includes determining, by the table server, the key information identifying the actual location
in the partition corresponding with the split ratio and communicating the key information
from the table server to the table master. The method further includes constructing, at the
table master, a metadata stream for each of the child partitions. The method still further
includes sending a split request from the table master to the table server; and building, at the
table server, the child partitions from the partition. The method also includes ceasing to
serve the partition at the table server; and loading and serving the child partitions at the
table server. The method further includes sending a split completion notification from the

table server to the table master. The method still further includes updating a partition map
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based on the partition being split into the child partitions, the partition map storing
mappings between the plurality of partitions and the plurality of table servers serving the
plurality of partitions.

[0023] Having briefly described an overview of embodiments of the present
invention, an exemplary operating environment in which embodiments of the present
invention may be implemented is described below in order to provide a general context for
various aspects of the present invention. Referring initially to FIG. 1 in particular, an
exemplary operating environment for implementing embodiments of the present invention
is shown and designated generally as computing device 100. Computing device 100 is but
one example of a suitable computing environment and is not intended to suggest any
limitation as to the scope of use or functionality of the invention. Neither should the
computing device 100 be interpreted as having any dependency or requirement relating to
any one or combination of components illustrated.

[0024] The invention may be described in the general context of computer code or
machine-useable instructions, including computer-executable instructions such as program
modules, being executed by a computer or other machine, such as a personal data assistant
or other handheld device. Generally, program modules including routines, programs,
objects, components, data structures, etc., refer to code that perform particular tasks or
implement particular abstract data types. The invention may be practiced in a variety of
system configurations, including hand-held devices, consumer electronics, general-purpose
computers, more specialty computing devices, etc. The invention may also be practiced in
distributed computing environments where tasks are performed by remote-processing

devices that are linked through a communications network.
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[0025] With reference to FIG. 1, computing device 100 includes a bus 110 that
directly or indirectly couples the following devices: memory 112, one or more processors
114, one or more presentation components 116, input/output ports 118, input/output
components 120, and an illustrative power supply 122. Bus 110 represents what may be
one or more busses (such as an address bus, data bus, or combination thereof). Although
the various blocks of FIG. 1 are shown with lines for the sake of clarity, in reality,
delineating various components is not so clear, and metaphorically, the lines would more
accurately be grey and fuzzy. For example, one may consider a presentation component
such as a display device to be an 1/0O component. Also, processors have memory. We
recognize that such is the nature of the art, and reiterate that the diagram of FIG. 1 is merely
illustrative of an exemplary computing device that can be used in connection with one or
more embodiments of the present invention. Distinction is not made between such

2 (13

categories as ‘“‘workstation,” “server,” “laptop,” “hand-held device,” etc., as all are
contemplated within the scope of FIG. 1 and reference to “computing device.”

[0026] Computing device 100 typically includes a variety of computer-readable
media. Computer-readable media can be any available media that can be accessed by
computing device 100 and includes both volatile and nonvolatile media, removable and
non-removable media. By way of example, and not limitation, computer-readable media
may comprise computer storage media and communication media. Computer storage media
includes both volatile and nonvolatile, removable and non-removable media implemented in
any method or technology for storage of information such as computer-readable
instructions, data structures, program modules or other data. Computer storage media

includes, but is not limited to, RAM, ROM, EEPROM, flash memory or other memory

technology, CD-ROM, digital versatile disks (DVD) or other optical disk storage, magnetic
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cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices, or any
other medium which can be used to store the desired information and which can be accessed
by computing device 100. Communication media typically embodies computer-readable
instructions, data structures, program modules or other data in a modulated data signal such
as a carrier wave or other transport mechanism and includes any information delivery
media. The term “modulated data signal” means a signal that has one or more of its
characteristics set or changed in such a manner as to encode information in the signal. By
way of example, and not limitation, communication media includes wired media such as a
wired network or direct-wired connection, and wireless media such as acoustic, RF, infrared
and other wireless media. Combinations of any of the above should also be included within
the scope of computer-readable media.

[0027] Memory 112 includes computer-storage media in the form of volatile and/or
nonvolatile memory. The memory may be removable, nonremovable, or a combination
thereof. Exemplary hardware devices include solid-state memory, hard drives, optical-disc
drives, etc. Computing device 100 includes one or more processors that read data from
various entities such as memory 112 or I/O components 120. Presentation component(s)
116 present data indications to a user or other device. Exemplary presentation components
include a display device, speaker, printing component, vibrating component, etc.

[0028] I/O ports 118 allow computing device 100 to be logically coupled to other
devices including 1/0 components 120, some of which may be built in. Illustrative
components include a microphone, joystick, game pad, satellite dish, scanner, printer,

wireless device, networking device, etc.
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High Level Data Model

[0029] In accordance with embodiments of the present invention, structured storage
is represented by tables, where a table contains a set of rows. By way of illustration, FIG. 2
depicts a portion of a table 200 in accordance with an embodiment of the present invention.
Each row in the table 200, such as the row 202, represents a data entity and contains a set of
properties, which are identified in a series of columns, including the properties 204, 206,
and 208 (the data values of columns 208 are left empty for simplification and clarity
purposes). A property/column can be, for instance, a name, typed value pair, or a name to
multiple typed value mapping. The row and/or each individual property may or may not be
versioned. The table itself can have a fixed schema where every row in the table has the
same properties with the same types, or can have no schema enforced where every row can
have a different set of properties and types stored.

[0030] The standard set of operations performed on a structured store includes the
ability to insert, update and delete tables, rows and properties. In addition, functionality is
provided to scan and query over tables, rows and properties to find a set of tables, rows, or
properties that match the specified scan/query.

Partitioning

[0031] Tables can grow to billions or trillions of rows and terabytes/petabytes of
data, and a table may need to be spread across thousands of servers to handle the traffic/load
to the different parts of a table. To achieve this scalability for structured storage,
embodiments employ partitioning to spread the tables and rows out over the servers.
Partitioning groups/breaks the rows in a table into partitions, and then the partitions can be

assigned to and served (provide read and write access to) from different servers.
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[0032] To make the table scalable, the table has one to many keys that are called the
properties that make up the partition keys. For instance, with reference to the table 200 of
FIG. 2, the first column 204 of the table 200 includes a partition key for each row/entity. If
there is more than one partition key property/column for a given table, then the
properties/columns combined together form a composite partition key for that table. The
value of the partition key for a row is used to identify the partition to which the entity/row
belongs. The rows with the same partition key value are said to be grouped into the same
partition.

[0033] In addition to partition keys, each row may have zero to many additional row
key properties/columns. For instance, referring again to the table 200 of FIG. 2, the second
column 206 of the table 200 includes a row key for each row/entity. The row key represents
the unique ID of the row within the partition. The partition key combined with the row key
represents the primary key (unique ID) for the row/entity in the table. The primary key
represents the primary sort order for the partitions in the table. If there are no row keys,
then the partition key is the primary key and has to uniquely identify each entity in the table.
Although the description below discusses embodiments of the invention in terms of a single
partition key and single row key, the same is applicable when multiple partition and/or row
keys are used.

[0034] The partition key is used to group together rows that have the same partition
key “value,” whereas the row key represents the unique ID of the row within the partition.
The breaking up of table rows based on the partition key value is referred to herein as
partitioning the table. This groups/breaks the table’s rows into partitions. A partition is the
set of rows with the same partition key value, so all of the rows with the same partition key

will always be stored into the same partition. Therefore, two rows with the same partition
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key value are in the same partition, and are not split across two partitions. Additionally, in
some embodiments, the definition of partition is extended to allow multiple rows with
different partition key values to be grouped into the same partition as long as their key
values appear contiguous in the partition key namespace. By way of example with
reference to the table 200 of FIG. 2, four partitions are illustrated, including a first partition
(P1 210), a second partition (P2 212), a third partition (P3 214), and a fourth partition (P4
216). As shown in FIG. 2, some partitions include rows of a single partition key value,
while other partitions include rows of multiple partition key values. As examples of the
former, P1 210 includes all rows having a partition key value of 1 and P2 212 includes all
rows having a partition key value of 2. As examples of the latter, P3 214 includes all rows
having a partition key value 3, 4, or 5, and P4 216 includes all rows having a partition key
value of 6 or 7.

[0035] Advantages of partitioning include, but are not limited to: (1) the ability to
scale access to the table by breaking it into partitions and spreading the partitions over the
servers based upon the access patterns and traffic needs of the data, and (2) rows in the
same partition are grouped together and accessed from the same table server, which allows
for more efficient querying, scans, and caching when the operation is scoped within a
partition. Scanning over a partition is much more efficient since, at most, only those rows
within the partition need to be scanned, since it is accessed from a single table server for the
partition, instead of potentially having to traverse over the whole table if not specifying the
partition key when querying.

High Level Architecture

[0036] In accordance with embodiments of the present invention, a set of servers,

referred to herein as “table servers,” store and provide access to the structured storage
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system. Additionally, a set of servers, referred to herein as “table masters,” manage the
table servers. A “table client” provides applications access to the structured storage system.
[0037] Referring now to FIG. 3, a block diagram is provided illustrating a high level
architecture of a system 300 in accordance with an embodiment of the present invention. It
should be understood that this and other arrangements described herein are set forth only as
examples. Other arrangements and elements (e.g., machines, interfaces, functions, orders,
and groupings of functions, etc.) can be used in addition to or instead of those shown, and
some elements may be omitted altogether. Further, many of the elements described herein
are functional entities that may be implemented as discrete or distributed components or in
conjunction with other components, and in any suitable combination and location. Various
functions described herein as being performed by one or more entities may be carried out by
hardware, firmware, and/or software. For instance, various functions may be carried out by
a processor executing instructions stored in memory.

[0038] Among other components not shown, the system 300 generally includes a
table master 302, table servers 304, 306, 308, 310, and a table client 312. Each may reside
on any type of computing device, such as computing device 100 described with reference to
FIG. 1, for example. The components of the system 300 may communicate with each other
via a network, which may include, without limitation, one or more local area networks
(LANSs) and/or wide area networks (WANs). It should be understood that although only a
single table master, four table servers, and a single table client are shown in FIG. 3, any
number of table masters, table servers, and table clients may be employed within the system
300 within the scope of embodiments of the present invention.

[0039] The table master 302 is responsible for: (1) assigning partitions to table

servers 304, 306, 308, 310; (2) quickly determining when a partition is not served due to a
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failure and reassigning the partition to a different table server; (3) controlling the load
balancing of partitions among table servers 304, 306, 308, 310, and (4) monitoring the
health of the table servers 304, 306, 308, 310.

[0040] Each of the table servers 304, 306, 308, 310 is responsible for providing read
and write access to the partitions assigned to it by the table master. Each of the table servers
304, 306, 308, 310 can host zero to many partitions. In the example of FIG. 3, TS1 304
hosts partitions P1 and P4, TS2 306 hosts partitions P2 and P7, TS3 308 hosts partition P3,
and TS4 310 hosts partitions P5 and P6

[0041] The table client 312 is linked into an application and is used to issue
commands to the partitions maintained by the table servers 304, 306, 308, 310. The table
client 312 uses a partition map to determine the table server serving the partition, and it
sends commands to that table server. The table client 312 also receives the results back
from the table server and passes them to the application. The partition map is a special
table, which stores the mapping between the partitions and the table servers serving them,
and is maintained by the table master 302.

[0042] As represented in FIG. 4, internally, a partition 400 served at a table server
includes three main parts: an update log 402, one to many memory tables 404, and zero to
many file tables 406. The update log 402 keeps track of the recent changes to the partition
in persistent storage. The memory table 404 is the in-memory version of the recent (delta)
updates in the update log. These are the recent delta changes to the partition 400. When the
memory table 404 gets big enough or has enough changes in it, the memory table 404 is
checkpointed to a file table 406, which is persisted to storage. When this occurs, all of the
requests in the update log 402 up to the checkpointed memory table 404 can be removed

from the update log 402. As described earlier, a partition has a set of streams to store its
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persistent state. The update log 402 is stored in one of these streams, which is called an
update log stream. All the file tables 406 are stored in one of these streams, which is called
a file table stream.

[0043] When a table server loads a partition, the table server replays all the requests
in the update log since the most recent checkpoint, in order to reconstruct the memory table
back to the state right before the partition was last offloaded.

[0044] When accessing a partition at a table server, the table server first looks to see
if there is a matched row in the memory table in order to see all the recent changes, and if
there is no match, it looks in its page cache and file table for the data.

[0045] There can be multiple memory tables for a partition and multiple file tables.
There can be multiple memory tables because when one memory table becomes full, it
needs to be checkpointed to a file table. When this occurs, the current memory table is set
to be read only while it is checkpointed, and a new memory table is created for the partition
for writing. Therefore, a partition always has one memory table being used for recent
(delta) updates, and it can have one or more memory tables being lazily checkpointed.
Once a memory table is checkpointed to a file table, it can be deleted or garbage collected.
[0046] Due to all of the checkpointing done for a partition, there can be multiple file
table checkpoints for the partition. This means that when data needs to be read from the file
tables, potentially multiple files tables need to be looked at and they are looked up from the
most recent to the oldest. This is because the most recent file table written contains the
most recent changes for the partition. When enough file tables have been checkpointed for
a partition, the table server lazily compacts/merges the file tables together into a new
merged file table in order to reduce the number of file tables that have to be searched

through in order to find the data being looked up for a partition.
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Scalable, Available and Durable Structured Storage

[0047] Embodiments of the present invention employ partitioning, load balancing,
and throttling to provide a scalable structured storage system. Scalability is provided by: (1)
splitting tables into partitions and spreading the partitions over many servers in the data
center; (2) using load balancing to move partitions from a heavily loaded table server to a
lighter loaded table server; and (3) throttling to drop requests to a partition that has too
much traffic being sent to it or dropping requests to a table server that has too much traffic
being sent to it.

[0048] Scalability is provided by automatically splitting tables into partitions based
on the load to the different parts of the partitions, and then load balancing across the table
servers. Load balancing lets the system dynamically adapt to the workload, spreading the
load across a large number of machines, thereby achieving better scalability by efficiently
utilizing all the physical resources. In addition, throttling protects the system from high
load, keeping the system operating in an efficient/optimized regime.

[0049] Availability is provided by the table master by identifying partitions not
being served, assigning them to different table servers and updating the partition map,
which allows the table client to find the new location of the partition to access it. Quick
reassignment of partitions in the event of node/network failures keeps all partitions
accessible and yields high system availability.

[0050] Durability is provided by storing all of the partition data into a replicated
stream layer. The stream layer provides a file system like interface to write and read data
from a stream (similar to a file), and the stream layer provides full functionality to make

sure that the data is replicated, always durable and available from any of the table servers in
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the system. Therefore, partition information, including the partition map, update logs and
file tables are stored into the stream layer.

Efficient Stream Level Operations

[0051] The stream layer provides the capability of efficiently hard-linking a region
of the stream into another stream. Each stream at the stream layer is composed of a list of
data blocks, called extents. The data in the stream is in fact stored inside those extents. A
stream is an ordered list of extents. A given extent can reside in multiple streams, or even
appear multiple times in the ordered extent list of the same stream. The stream layer
provides an interface to compose a stream by linking a set of existing extents, which reside
in another stream. No real data copy is involved in this process, so it is very efficient. The
stream layer maintains the reference count of each extent. Once an extent has no streams
pointing to it, the stream layer will garbage collect/delete this extent from the system.

[0052] The stream layer also supports the ability to have multiple stream level
operations, such as creation, deletion, renaming of streams, and hard-linking extents to a
stream, in on¢ atomic transaction.

[0053] The structure storage system makes extensive use of these features to
efficiently garbage collect the obsolete portion of the streams of a partition. An example is
that once a checkpoint of a partition is made, all the messages in the update log before the
checkpoint are no longer used. These features are used to efficiently truncate the update log
by atomically creating a new stream of the same name as the update log stream, hard-
linking the extents which are still in use from the original stream to the new stream, and
deleting the original stream. All these are done in one atomic transaction. This
significantly simplifies failure handling logic. Similar schemes are also used for other

streams, such as file table stream and metadata stream, of a partition.
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[0054] The structured storage system also makes extensive use of these features to
efficiently implement split and merge of partitions, as described in latter sections. More
specifically, these features are used to efficiently reference data from the original
partition(s) to the child partition(s) created from split/merge, without having to physically
copy or move any bits.

Splitting, Merging, and Load Balancing Partitions

[0055] Some embodiments of the present invention balance load distribution among
the table servers within the storage system. Generally, table servers keep track of the load
of cach partition, and periodically report this information to the table master. The table
master makes load balance decisions by moving partitions among table servers. This is
achieved by offloading the target partitions from the original table server, and assigning the
partitions to other table servers.

[0056] As an optimization, some embodiments of the invention may have the table
master send a “prepare to offload” request to a table server before or when the partition is
offloaded. Upon receiving this request, the table server will do a checkpoint on the partition
in order to reduce the amount of logs that need to be replayed when the partition is loaded
again. This is provided to meet the availability SLAs for serving the partition.

[0057] In the cases where a single partition has a relatively higher load, it may
become desirable to split the partition into two or more partitions, and this is only possible
if the partition contains more than one partition key value. Subsequently, one or more of
the child partitions may be offloaded to a different table server to achieve load balance.
[0058] For load distribution tracking, a sampling mechanism is used by each table
server to keep track of fine-grained load information within each partition without

consuming much memory. To track load information, a partition is divided into multiple
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partition key ranges, referred to herein as “buckets,” and the load corresponding with each
bucket is tracked. More specifically, the table server probabilistically samples the requests
that fall into these buckets, and keeps track of the load distribution across buckets. For
instance, referring to the partition P3 214 within the table 200 of FIG. 2, the partition may
be divided into two buckets for load tracking purposes. The first bucket would include rows
with the partition key value of 3, and the second bucket would include the rows with the
partition key value of 4 and the partition key value of 5. In embodiments, the bucket
boundary must always be on a partition key value. Namely, rows with the same partition
key value will always be in the same bucket. For instance, the rows with the partition key
value of 3 cannot be split into two buckets for load tracking purposes as well as splitting
purposes.

[0059] In some embodiments, based on the traffic samples collected, the bucket
boundaries may be dynamically adjusted in order to more accurately track the traffic
distribution across the keys within a partition. Namely, if two existing buckets do not have
much load compared to other buckets, they will be merged into a single bucket; conversely,
if one bucket contains significantly more load than all the other buckets, that bucket can be
split into two if possible. For instance, in the previous example, if the second bucket
contains too much load compared to the first bucket, it can be split into two smaller buckets,
one of which contains rows with partition key value 4, and the other of which contains rows
with partition key value 5. Furthermore, if the first bucket containing partition key value 3
has little load, then it can be merged with the bucket containing partition key value 4. This
monitoring and adjusting of bucket sizes is all done dynamically on the fly. Besides the
bucket level sampling scheme used to track the load distribution across partition keys within

one partition, the table server also keeps track of the total amount of work load on the entire
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partition. The latter is communicated to the table master. Therefore, when a partition needs
to be split based on load, fairly accurate load distribution information is available to both
the table server and the table master for determining where the partition should be split.
[0060] Referring now to FIG. 5, a flow diagram is provided illustrating a method
500 for splitting a partition in accordance with an embodiment of the present invention. In
the embodiment of FIG. 5, a parent partition, P1, is split into two child partitions, P1° (the
original partition modified to include only a subset of rows) and P2 (a new partition that
includes the remaining rows). Although FIG. 5 discusses splitting a partition to two child
partitions, it should be understood that a partition may be split into more than two child
partitions in accordance with embodiments of the present invention.

[0061] Initially, as shown at block 502, load distribution information is tracked for
table servers, partitions, and/or partition portions (i.c., “buckets”). By tracking fine-grained
load information at the partition portion level as described above, determinations may be
made regarding where to split a partition. Load information is tracked by the table servers
and periodically provided to the table master. In the current embodiment, the load
information sent to the table master includes the total load of each partition and the load of
cach table server. Some other embodiments may provide all the load tracking information,
including the bucket level information, to the table master. Additional information,
restrictions, and hints are provided from the table server to the table master for a partition to
aid in load balancing and splitting decisions. For example, based on the distribution of the
bucket information, the table server may label a partition is “reluctant to split” with a degree
of severity, where high means that the table master should not request a split for the
partition since the table server won’t split the partition, where medium means that there are

certain situations where the table server may choose not to split the partition and the table
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master can override that decision, and where low means the table server will listen and take
direction from the table master.

[0062] The table master uses the load information to make load distribution
decisions, including whether to split partitions, whether to merge partitions, and/or whether
to move partitions among the table servers. In the present embodiment of FIG. 5, the table
master determines to split a partition (P1) based on the load distribution information, as
shown at block 504.

[0063] The table master determines a split ratio for splitting the partition at block
506. The split ratio represents a load ratio for determining a location at which the partition
should be split. For example, the table master may decide to split a partition at a 30%/70%
load point. In other words, the partition should be split at a point where the load to a first
portion of the partition is 30% and the load to the remainder of the partition is 70%. At
block 508, the table master sends a request to the table server hosting the partition identified
for splitting. In particular, the table master requests key information specifying the location
corresponding with the split ratio in the partition. In response to the request, the table server
identifies the actual partition key location for splitting the partition based on the split ratio,
as shown at block 510. The actual location attempts to match the load distribution specified
by the split ratio, although the actual load distribution may vary. For instance, the split ratio
requested by the table master may be a 30%/70% load distribution, but the closest match
that may be provided may be a 35%/65% load distribution.

[0064] In some embodiments, the actual location for the split is identified using
partition key information. For instance, if the partition P3 214 of FIG. 2 were to be split
between the partition key value of 3 and 4, the key information identifying the split may be

the partition key value of 3 and/or the partition key value of 4. Any and all such variations
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are contemplated to be within the scope of embodiments of the present invention. The table
server returns the key information for the split ratio to the table master, as shown at block
512.

[0065] The table master constructs a stream for a new partition (P2) as one of the
child partitions, as shown at block 514. All the persistent state of a partition is kept in
“streams” for that partition. There is a metadata stream for the partition, which contains the
pointers to all the other streams of the partition as well as the essential information of that
partition, such as the partition key range of all the rows included in the partition. In this
step, the table master is responsible for creating the metadata stream for the new partition
(P2) with the correct partition key range information, which corresponds to the split ratio.
Additionally, the table master sends a split request to the table server at block 516. The split
request may be provided in the next heartbeat from the table master to the table server.
[0066] In some embodiments, appropriate master logs are written to handle failures.
The table master logs each step after the corresponding step is completed, so that in case of
master failure, the logs can be replayed, and the table master can resume the split from
where it left off.

[0067] After receiving the split request, the table server stops serving and unloads
the original partition (P1), as shown at block 518. The table server also builds the two child
partitions (P1’ and P2) from the original partition, as shown at block 520. The table server
constructs the streams for the new partition (P2) (besides the metadata stream) based on the
information in the original partition (P1). More specifically, the portion of the data that
belongs to the key range of P2 will be efficiently copied/hard-linked from partition P1 into
the streams of partition P2 using a feature of the underlying stream layer. The child

partition P1’ is “created” by adjusting the key range of P1. The child partition P1” uses the
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same set of streams as the original partition P1. The metadata of P1° is changed to adjust to
the reduced key range.

[0068] As shown at block 522, the table server loads both of the child partitions (P1’
and P2) and begins serving those partitions. Additionally, the table server notifies the table
master about the completion of the split, as shown at block 524. This notification may be
provided in the next heartbeat from the table server to the table master. In response to the
split complete notification from the table server, the table master updates the partition map
to reflect the new partitions, as shown at block 526. At this point, the table master may
consider the split complete. The table master sends a new assignment that includes the
newly created child partition (P2) to the table server so that it matches the partition map, as
shown at block 528.

[0069] In some embodiments, after a partition has been split, the table master may
determine to move a child partition from the table server on which the original partition
resided to another table server. This allows the table master to effectively distribute load
across the network. Partition movement is achieved by offloading the partition from one
table server and then assigning it to another table server.

[0070] In other embodiments of the present invention, the performance of the split
protocol described above with reference to FIG. 5 can be improved by creating the new
child partition before the original partition is unloaded at block 518. Other variations to the
method 500 described above may also become apparent to those skilled in the art and are
within the scope of embodiments of the present invention.

[0071] FIG. 6 illustrates an example of splitting P3 214 of FIG. 2 in accordance with
an embodiment of the present invention. In particular, FIG. 6 illustrates the interaction

between the table master 302 and TS3 308 of FIG. 3 to perform a split of P3 214, which
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resides on TS3 308. Initially, as shown at 602, the table master 302 sends a request to TS3
308 to query key information to identify a location to split P3 214. The request specifies a
0.3 split ratio, indicating that the table master wishes to split P3 214 at a location between
one portion of P3 214 that has received 30% of the load on P3 214 and the remaining
portion that has received 70% of the load.

[0072] In response to the request from the table master 302, TS3 308 determines key
information corresponding with the split ratio specified by the table master 302. The key
information represents the location between two portions of P3 214 based on the 30%/70%
load distribution specified by the table master 302 as the split ratio. In the present example,
TS3 308 determines that the load on rows with the partition key value of 3 has
approximately 30% of the load while the load on the remaining rows has approximately
70% of the load. As such, the key information determined by TS3 308 in the present
example is the partition key value of 4. It should be understood that in various
embodiments, other key information could be provided to identify the location at which P3
214 should be split.

[0073] At 606, TS3 214 communicates the key information (i.c., the partition key
value of 4) to the table master 302. The table master 302 constructs the stream for a new
partition, PN, at 608. Additionally, the table master 302 sends a split request to the table
master, as shown at 610. The split request in the present example specifies the range for
cach of the child partitions. In particular, for one child partition, P3’, the split request
indicates a low partition key value of 3 and a high partition key value of 4, indicating that
P3’ includes the rows having the partition key value of 3. For the other child partition, PN,

the split request indicates a low partition key value of 4 and a high partition key value of 6,
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indicating that PN includes the rows having the partition key value of 4, as well as the rows
having the partition key value of 5.

[0074] Based on the split request, TS3 stops serving the original partition, P3 214, at
612. Additionally, TS3 308 splits P3 to P3’ and PN, as shown at 614, and begins serving
P3’ and PN, as shown at 616. TS3 308 then sends a split complete notification to the table
master 302, as shown at 618. The table master 302 updates the partition map at 620 to
reflect the child partitions.

[0075] Turning now to FIG. 7, a flow diagram is provided illustrating a method 700
for splitting a partition in accordance with another embodiment of the present invention. In
the embodiment of FIG. 7, a parent partition, P1, is split into two new child partitions, P2
and P3, which each include a portion of the rows from the parent partition, P1. Although
FIG. 7 discusses splitting a partition to two child partitions, it should be understood that a
partition may be split into more than two child partitions in accordance with embodiments
of the present invention.

[0076] Similar to the method 500 of FIG. 5, load distribution information is initially
tracked, as shown at block 702. The load distribution information allows the table master to
make load distribution decisions, including whether to split partitions, whether to merge
partitions, and/or whether to move partitions among the table servers. In the present
embodiment of FIG. 7, the table master determines to split a partition (P1) based on the load
distribution information, as shown at block 704.

[0077] The table master determines a split ratio for splitting the partition at block
706. As discussed previously, the split ratio represents a load ratio for determining a
location at which the partition should be split. For example, the table master may decide to

split a partition at a 30%/70% load point. At block 708, the table master sends a request to
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the table server hosting the partition identified for splitting. In particular, the table master
requests key information specifying the location corresponding with the split ratio in the
partition. In response to the request, the table server identifies an actual location for
splitting the partition based on the split ratio, as shown at block 710. The table server
returns key information for the split ratio to the table master, as shown at block 712.

[0078] The table master constructs the metadata streams for the new partitions (P2
and P3), as shown at block 714. In some embodiments, appropriate master logs are written
to handle failures. The table master logs each step after the corresponding step is
completed, so that in case of master failure, the logs can be replayed, and the table master
can resume the split from where it left off. Additionally, the table master sends a split
request to the table server at block 716. The split request may be provided in the next
heartbeat from the table master to the table server.

[0079] In response to the split request, the table server builds the two child partitions
(P2 and P3) from the original partition (P1), as shown at block 718. The table server
constructs the streams for the new partitions (P2 and P3) (besides the metadata stream)
based on the original partition (P1). More specifically, the portion of the data that belongs
to the key range of P2 will be efficiently copied/hard-linked from partition P1 into the
streams of partition P2 using a feature of the underlying stream layer. Similarly, the portion
of the data that belongs to the key range of P3 will be efficiently copied/hard-linked from
partition P1 into the streams of partition P3 using the same feature of the underlying stream
layer.

[0080] The table server stops serving and unloads the original partition (P1), as
shown at block 720. Additionally, as shown at block 722, the table server loads both of the

child partitions (P2 and P3) and begins serving those partitions. The table server notifies
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the table master about the completion of the split, as shown at block 724. This notification
may be provided in the next heartbeat from the table server to the table master. In response
to the split complete notification from the table server, the table master updates the partition
map to reflect the new partitions, as shown at block 726. At this point, the table master may
consider the split complete. The table master sends a new assignment that includes the
newly created child partitions (P2 and P3) to the table server so that it matches the partition
map, as shown at block 728.

[0081] In some instances, a table master may determine to merge two or more
partitions into a single partition based on, for instance, load distribution information. In an
embodiment, a merge is performed when two adjacent partitions (i.e., adjacent in the
sequence of rows in the table) have relatively low load. Merging the partitions to a single
partition may be beneficial to reduce the number of partitions in the system.

[0082] Accordingly, FIG. 8 illustrates a flow diagram showing a method 800 for
merging partitions in accordance with an embodiment of the present invention. As shown at
block 802, load distribution information is initially tracked. Based on the load distribution
information, the table master determines that two partitions (P1 and P2) should be merged
into a new partition (P3), as shown at block 804. In embodiments, only partitions that form
a continuous and non-disjoint partition key range can be merged.

[0083] When the table master decides to merge two partitions, the table masters
sends ‘prepare-merge’ message(s) to the table server(s) serving the two partitions, as shown
at block 806. In some instances, both partitions may reside on a single table server, while in
other instances the partitions reside on different table servers. The ‘prepare-merge’” message
gives the table server(s) an opportunity to compact the partitions prior to the merge in order

to reduce the load time for the merged partition.
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[0084] The table master creates the metadata stream for the merged partition (P3) at
block 808 and offloads the two parent partitions (P1 and P2) from the table server(s) on
which the parent partitions reside at block 810. The table master then updates the partition
map (atomically removes the old partitions entries, and inserts the new partition entry), as
shown at block 812. From the table master’s perspective, the merge transaction is complete
at this point, since in the case of a table master failover the new merged partition will be
found in the persisted partition map during bootstrap.

[0085] The table master assigns the merged partition (P3) to a table server, as shown
at block 814. The table server to which the merged partition is assigned may be any table
server in the system. For instance, the assigned table server may be the table server on
which one or both of the parent partitions resided or may be a different table server in the
System.

[0086] Upon assignment, the table server loads the merged partition, as shown at
block 816. From the metadata stream of the merged partition, the table server knows that
this is a merged partition, and it constructs the merged partition’s streams from the parent
partitions by efficiently copying/hard-linking the data from the parent partitions using a
feature from the underlying stream layer. After the construction is done, the table server
records this event into the metadata stream of the merged partition (so that the next time this
partition is loaded, the streams will not be constructed again), and deletes the parent
partition’s streams.

Recovering from Corrupt Partitioned State

[0087] A durable structured storage system should be able to recover from bugs in
the system state. To achieve this ability, the structured storage system in an embodiment of

the present invention is built on an append-only store, and all deleted data is retained for a
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minimum length of time that is deemed long enough to discover any corruption in the
System.

[0088] Referring now to FIG. 9, a flow diagram is provided illustrating a method
900 for recovering a partition from a corrupt partition state in accordance with an
embodiment of the present invention. Initially, as shown at block 902, a corrupt partition is
identified. If a partition becomes corrupt and cannot be served, an alert is raised marking
the partition as not being served. This may cause temporary loss of availability to the data
in that partition.

[0089] As shown at block 904, the corrupt partition is recovered into a consistent
partition state. The system can either: (a) repair the partition, since all prior changes to the
partition have been stored in the append-only store, which will restore the partition without
losing any data; or (b) roll back the partition to a prior point in time, which could potentially
cause loss of the changes that occurred between the rolled back time and the time of the
failure. Once the partition is repaired, the partition is available to be served again for
reading and writing of the structured data.

[0090] During partition rollback, the system finds the most recent checkpoint, which
is still in valid state, and uses the checkpoint along with the corresponding logs, if they are
still present, to rebuild the partition state.

[0091] During partition rollback, in some cases, the present metadata and data
contents of the partition is insufficient to recover the partition state. In those cases, the
system uses the data from other related partitions, including the parent(s) of the target
partition during the most recent split or merge that involves the target partition. More
specifically, the system reconstructs the state of the partition by merging the state of the

most recent valid checkpoints from the parent partitions and the target partition.
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[0092] After all the partitions have been recovered or rebuilt, the partition map is
revised to match the key ranges of all the partitions in the reconstructed system, as shown at
block 906. This brings the system back into a global consistent state.

Partition Versioning and Upgrade

[0093] When performing an upgrade of the table server code, the upgrade is
performed on only a subset of the table servers at a time. As such, the table servers are
broken into N upgrade domains, and each upgrade domain may be upgraded one at a time.
[0094] Referring to FIG. 10, a flow diagram is provided that illustrates a method
1000 for partition versioning during an upgrade in accordance with an embodiment of the
present invention. As shown at block 1002, partitions may be moved from table servers
within a target upgrade domain that is to be upgraded next during the upgrade process. A
new table server code version is deployed to the table servers within the target upgrade
domain, as shown at block 1004.

[0095] During the upgrade process, partitions may be assigned to table servers
having the new table server code version and start to be modified with potentially a new
data format, as shown at block 1006. After this modification, the partitions can only be
served by the newer upgraded table servers and may not be served by older version table
servers. As such, once a partition has been served by a table server of version N, the system
ensures that partitions are only served by a table server of version N or later (or otherwise
compatible table server version), as shown at block 1008.

[0096] This may be accomplished in a number of different manners within the scope
of embodiments of the present invention. For instance, in one embodiment, a version
number is tracked of for each partition, table server and table master. When an upgrade

occurs, if the table server serving the partition is at higher version number, the partition
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takes on that version number. From that point on, the partition can only be served by table
servers of that version or higher.

[0097] In another embodiment, as soon as each table server is upgraded, the table
server communicates to the table master to indicate its version. The table master tracks the
latest table server version, and partitions to be assigned can only be assigned to table servers
with the latest version (or otherwise compatible version).

[0098] In yet another embodiment, the partition version is persisted along with the
partition metadata. Table servers notify the table master of the versions of the partitions
assigned to them. Table servers also report their own version numbers to the table master.
The table master thereby keeps track of the partition versions as well as the table server
versions. In that way, the table master ensures that partitions can be assigned to the table
servers of compatible versions.

Conclusion

[0099] The present invention has been described in relation to particular
embodiments, which are intended in all respects to be illustrative rather than restrictive.
Alternative embodiments will become apparent to those of ordinary skill in the art to which
the present invention pertains without departing from its scope.

[00100] From the foregoing, it will be seen that this invention is one well adapted to
attain all the ends and objects sct forth above, together with other advantages which are
obvious and inherent to the system and method. It will be understood that certain features
and subcombinations are of utility and may be employed without reference to other features

and subcombinations. This is contemplated by and is within the scope of the claims.
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CLAIMS

What is claimed is:

1. A method implemented by one or more computing devices within a
structured storage system in which structured storage is represented by one or more tables,
each table including a plurality of rows, each row representing a data entity stored by the
structured storage system and including one or more keys for identifying the row, the
plurality of rows being divided among a plurality of partitions, each partition including a
range of rows from the plurality of rows within the table, wherein the plurality of partitions
are stored on a plurality of table servers, and wherein a table master controls partition
assignment to the plurality of table servers, the method for splitting a partition into child
partitions and comprising:

identifying the partition for splitting based on load information for
the partition, wherein the load information includes information specifying read and
write requests on each of two or more portions of the partition;

determining, by the table master, a split ratio for splitting the partition
based on the loading on each of the two or more portions of the partition;

querying the table server for key information indicating an actual
location within the partition corresponding with the split ratio;

receiving key information at the table master from the table server,
the key information indicating the actual location within the partition corresponding
with the split ratio;

sending a split request from the table master to the table server, the

split request indicating to split the partition based on the key information;
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splitting the partition at a location corresponding with the key
information to create the child partitions;

notifying the table master of split completion; and

updating a partition map based on the partition being split into the
child partitions, the partition map storing mappings between the plurality of

partitions and the plurality of table servers serving the plurality of partitions.

2. The method of claim 1, wherein the method further comprises

constructing, at the table master, a stream for at least one of the child partitions.

3. The method of claim 1, wherein splitting the partition comprises:
ceasing to serve the partition from the table server;
building the child partitions from the partition; and

loading and serving the child partitions from the table server.

4. The method of claim 3, wherein ceasing to serve the partition
comprises making a checkpoint of the partition, thereby reducing the amount of logs to be

replayed during partition reload.

5. The method of claim 4, wherein making the checkpoint of the
partition comprises efficient truncation of log streams during checkpoint by atomically:
creating a new log stream, hard-linking extents after the checkpoint from an old log stream
to the new log stream, deleting the old log stream, and renaming the new log stream to a

name of the old log stream.
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6. The method of claim 3, wherein building the child partitions from the
partition comprises efficient construction of streams of the child partitions by atomically

hard-linking extents from streams of the partition without expensive data copy.

7. The method of claim 1, wherein the method further comprises

assigning at least one of the child partitions to a second table server.

8. The method of claim 7, wherein the method further comprises
updating the partition map to indicate that the at least one of the child partitions is located at

the second table server.

9. The method of claim 1, wherein the method further comprises
adjusting boundaries of the two or more portions of the partition based on the load
information by merging or splitting at least a subset of the two or more portions of the

partition for load monitoring purposes.

10. One or more computer-storage media storing computer-usable
instructions for performing a method for managing a structured storage system represented
by one or more tables, each table including a plurality of rows, each row representing a data
entity stored by the structured storage system and including one or more keys for
identifying the row, the plurality of rows being divided among a plurality of partitions, each
partition including a range of rows from the plurality of rows within the table, wherein the
plurality of partitions are stored on a plurality of table servers, and wherein a table master
controls partition assignment to the plurality of table servers, the method for merging at

least two partitions of the table into a merged partition and comprising:
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tracking load information for the plurality of partitions on the
plurality of table servers, wherein the load information indicates read and write
requests for each of the partitions on the table servers;

identifying, by the table master, the at least two partitions to merge
based on the load information;

creating, by the table master, a metadata stream for the merged
partition;

offloading the at least two partitions from at least one table server
serving the at least two partitions;

assigning, by the table master, the merged partition to a selected table
server from the plurality of table servers; and

loading and serving the merged partition at the selected table server.

11.  The one or more computer-storage media of claim 10, wherein the at

least two partitions are stored on the same table server.

12.  The one or more computer-storage media of claim 10, wherein the
selected table server comprises a table server on which at least one of the at least two

partitions resided before being merged into the merged partition.

13.  The one or more computer-storage media of claim 10, wherein the
method further comprises updating a partition map based on the at least two partitions being
merged into the merged partition, the partition map storing mappings between the plurality

of partitions and the plurality of table servers serving the plurality of partitions.
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14.  The one or more computer-storage media of claim 10, wherein the
method further comprises sending a prepare-merge message from the table master to the at
least one table server serving the at least two partitions, wherein the prepare-merge message
causes the at least one table server to compact the at least two partitions prior to merging in

order to reduce load time for the merged partition.

15. One or more computer-storage media storing computer-usable
instructions for performing a method for managing a structured storage system represented
by one or more tables, each table including a plurality of rows, each row representing a data
entity stored by the structured storage system and including one or more keys for
identifying the row, the plurality of rows being divided among a plurality of partitions, each
partition including a contiguous range of rows from the plurality of rows within the table,
wherein the plurality of partitions are stored on a plurality of table servers, and wherein a
table master controls partition assignment to the plurality of table servers, the method for
splitting a partition of the table into at least two child partitions and comprising:

tracking load information for the plurality of partitions on the
plurality of table servers, wherein the load information comprises read and write
requests of the plurality of partitions;

identifying, by the table master, to split the partition based on the
load information, wherein the load information for the partition identifies different
loads on different portions of the partition;

determining, at the table master, a split ratio to split the partition,
wherein the split ratio is specified based on loading information and represents a
point in the partition in which a first portion of the partition includes a first amount

of load and a second portion of the partition includes a second amount of load;
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sending a request from the table master to the table server, the request
for key information identifying an actual location in the partition corresponding with
the split ratio;

determining, by the table server, the key information identifying the
actual location in the partition corresponding with the split ratio;

communicating the key information from the table server to the table
master;

constructing, at the table master, a metadata stream for each of the
child partitions;

sending a split request from the table master to the table server;

building, at the table server, the child partitions from the partition;

ceasing to serve the partition at the table server;

loading and serving the child partitions at the table server;

sending a split completion notification from the table server to the
table master; and

updating a partition map based on the partition being split into the
child partitions, the partition map storing mappings between the plurality of

partitions and the plurality of table servers serving the plurality of partitions.

16.  The one or more computer-storage media of claim 15, wherein the

method further comprises assigning at least one of the child partitions to a second table

17.  The one or more computer-storage media of claim 16, wherein the

method further comprises updating the partition map to indicate that the at least one of the

child partitions is located at the second table server.

38



18.  The method of claim 15, wherein ceasing to serve the partition
comprises making a checkpoint of the partition, thereby reducing the amount of logs to be

replayed during partition reload.

19.  The method of claim 18, wherein making the checkpoint of the
partition comprises efficient truncation of log streams during checkpoint by atomically:
creating a new log stream, hard-linking extents after the checkpoint from an old log stream
to the new log stream, deleting the old log stream, and renaming the new log stream to a

name of the old log stream.

20.  The method of claim 15, wherein building the child partitions from
the partition comprises efficient construction of streams of the child partitions by atomically

hard-linking extents from streams of the partition without expensive data copy.
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