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(57) Abstract: A compaction policy imposing soft limits to
optimize system efficiency is used to select various rowsets
on which to perform compaction, each rowset storing keys
within an interval called a keyspace. For example, the dis-
closed compaction policy results in a decrease in a height of
the tablet, removes overlapping rowsets, and creates smaller
sized rowsets. The compaction policy is based on the linear
relationship shared between the keyspace height and the cost
associated with performing an operation (e.g., an insert oper -
ation) in that keyspace. Accordingly, various factors determ-
ining which rowsets are to be compacted, how large the com-
pacted rowsets are to be made, and when to perform the com-
paction, are considered within the disclosed compaction
policy. Furthermore, a system and method for performing
compaction on the selected datasets in a log-structured data-
base is also provided.



WO 2016/149552 A1 WK 00T 00 0 A

Published: —  before the expiration of the time limit for amending the
—  with international search report (Art. 21(3)) claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))




WO 2016/149552 PCT/US2016/022968

CoMPACTION PoLicy



WO 2016/149552 PCT/US2016/022968

COMPACTION POLICY

CROSS-REFERENCE TO RELATED APPLICATIONS

10001} This application claims the benefit of U8, Provisional Patent Application
No. 62/134,370, filed March 17, 2015, which is incorporated herein by reference in ifs

entirety,
BACKGROUND
{00021 The need for belter data siorage services and those that provide greater

storage capacily have substantially increased in recent times. Furthermore, as a
centralized approach to data storage becomes more prevalent, distributed databases such

as those designed using cloud-based storage systems have become an industry standard.

{0003} in distributed, large-scale siorage systems, improved indexing mechanisms
are usually implemented to decrease latency {i.e., time o access data). When performing
a read operation, for example, a storage system can lock for gueried data using an in-
memory index mapped to various data nodes distributed across a network. Projects like
Apache’s HBase, Google's BigTable, etc. provide both the software and the software
framework for reliable, scalable and distributed processing of large data sets in a network
of computers, or clusters, communicating over the Internet. A particular file system, {(2.g.,
Google’s table or Apache’s cluster), typically comprises a name node (master server) and
a plurality of data nodes {fablet servers). In some instances, one or more clusters can also
be referred o as a distributed database in the distributed file system (DFS8). A DFS is
typically managed by a service provider who deploys a unified file system in which a name
node {(running a file sub-system of the unified file system) manages a plurality of data

nodes.

[0004] in order to efficiently read and update the files in each distributed database, or
datastore, a name node includes various other software components which determine
when certain thresholds have been reached. For example, the thresholds can be related
o a time limit, a file size limit, and the like, for job scheduling and resource management

within the distributed database. Additionally, the name node can determine when certain
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fallovers have occurred in data nodes order {o re-direct data processing to other dala

nodes and avoid dala loss.

10005] For example, Apache's Zookeeper provides a centralized ‘sewice for
maintaining configuration information and naming, and also for providing distributed
synchronization and group services. Apache’s HBase provides a non-relational datastore,
which is a scalable, distributed No-Structured-Query-Language (NoB3QL) database that
supports structured storage of large tables, similar to Google's BigTable. Generally,
HBase includes a region server instance on each of the data nodes and depends on a
ZooKeeper service running on the name node to coordinate the region servers. Each of
the region servers manages data files underlving the large tables, look-ahead logs and
other metadata in a data directory on the data node. Each of the distributed databases are
also supplemented by additional projects which help provide programming framework for
job scheduling and cluster resource management. Examples of additional projects can be

Apache’s MapReduce or Google's Chubby.

10006] In order to maintain a table up-to-date, old data within the table needs to be
removed and new data needs to be addad quickly and efficiently. Furthermore, the data
storad in the table needs to occupy the least amount of space possible in order to make
room for the new data o be stored. Various technigues for updating and maintaining

afficient tables are available. Such technigues are typically known as compaction.

100077 Traditional compaction techniques, however, typically cause system resources
to be wasted by performing compactions too often, or performing compactions on dalasetls
which do not optimize tablet efficiency. This can substantially impact existing worklcads as
well as storage space for the DFS, which increases costs for the service provider. Thus,
ambodiments of the present disclosure facilitate an efficient approach for maximizing

storage as well as minimizing the cost of YO operations without causing interruptions.

BRIEF DESCRIPTION OF THE DRAWINGS

18008} Fig. 1 Hlustrates an exemplary architecture of a distributed filed system in

which data compaction may be utilized,
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[0008] Fig. 2 illustrates a block diagram including exemplary components of a

compaction engine in the distributed file system of Fig. 1.

100107 Fig. 3A illustrates an exemplary tablet of data stored in a distributed file
systemn of Fig. 1.

00111 Fig. 3B illustrates an exemplary RowSet within the table of Fig. 3A.

{00121 Fig. 4 dllustrates an exemplary timing diagram for a process of performing a

compaction on a tablet within a distributed file system.

6013} Fig. S illustrates exemplary rowsets with overlapping key values.
{6014} Fig. 8 illustrates exemplary rowsets with bounded sizes.
60158} Figs. 7-9 llustrate exemplary rowsets in a keyspace on which a compaction

policy may be implemented,

{0016} Fig. 10 llustrates an exemplary method for selecting rowsets by a compaction
policy.

00171 Fig. 11 illustrates a screenshot of a compaction policy log demonstrating
compaction.

16018] Fig. 12 shows an exemplary computer system architecture for performing one

or more of the methodologies discussed herein.

DETAILED DESCRIPTION

[0019] The following description and drawings are iilustrative and are not to be
construed as limiting. Numerous specific details are described to provide a thorough
understanding of the disclosure. However, in certain instances, well-known or
conventional details are not described in order to avoid obscuring the description.
References to one or an embodiment in the present disclosure can be, but not necessarily
are, references to the same embodiment; and, such references mean at least one of the

embodiments.

100207 Reference in this specification to “one embodiment’ or “an embodiment”

means that a particular feature, structure, or characteristic described in connection with the
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embodiment is included in at least one embodiment of the disclosure. The appearances of
the phrase “in one embodiment” in various places in the specification are not necessarily
all referring to the same embodiment, nor are separate or alternative embodiments
mutually exclusive of other embodiments. Moreover, various features are described which
may be exhibited by some embodiments and not by others.  Similarly, various
reguirements are described which may be reguirements for some embodiments but no

other embodiments.

0621} The terms used in this specification generally have their ordinary meanings in
the art, within the context of the disclosure, and in the specific conlext where each term is
used. Certain terms that are used to describe the disclosure are discussed below, or
glsewhers in the specification, to provide additional guidance to the practitioner regarding
the description of the disclosure. For convenience, certain terms may be highlighted, for
example using italics and/or quotation marks. The use of highlighting has no influence on
the scope and meaning of a term; the scope and meaning of a term is the same, in the
same context, whether or not it is highlighted. It will be appreciated that same thing can be

said in more than one way.

{0022} Consequently, alternative language and synonyms may be used for any one
or more of the terms discussed herein, nor is any special significance 1o be placed upon
whether or not a term is elaborated or discussed hersin. Synonyms for certain terms are
provided. A recital of one or more synonyms does not exclude the use of other synonyms,
The use of examples anywhere in this specification including examples of any terms
discussed hersin is fllustrative only, and is not intended to further limit the scope and
meaning of the disclosure or of any exemplified term. Likewise, the disclosure is not

fimited to various embodiments given in this specification.

{00231 Without intent fo further limit the scope of the disclosure, examples of
instruments, apparatus, methods and their related results according to the embodiments of
the present disclosure are given below. Note that tities or sublitles may be used in the
examples for convenience of a reader, which in no way should limit the scope of the
disclosure. Unless otherwise definad, all technical and scientific terms used herein have

the same meaning as commonly understood by one of ordinary skill in the art to which this

Lo
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disclosure pertains. In the case of conflict, the present document, including definitions will

control.

160247 As used herein, a “server’, an “engine”, a "module”, a “unit” or the like may be
a general purpose, dedicated or shared processor andfor, typically, firmware or software
that is executed by the processor. Depending upon implemeniation-specific or other
considerations, the server, the engine, the moedule or the unit can be centralized or s
functionality distributed. The server, the engine, the module, the unit or the lke can
include general or special purpose hardware, firmware, or software embodied in a

computer-readabile {storage) medium for exacution by the processor.

[0025] As used herein, a computsr-readable medium or computer-readable sforage
medium is intendad to include all mediums that are statutory (e.g., in the Uniled States,
under 35 U.8.C. 101), and {o specifically exclude all mediums that are non-statutory in
nature to the extent that the exclusion is necessary for a claim that includes the computer-
readable (storage) medium o be valid. Known statutory computer-readable mediums
include hardware {(e.g., registers, random access memory (RAM), non-volatile (NV)

storage, to name a few), but may or may not be limited to hardware,

10026] in a log-structured database, instead of writing fo a disk randomly, data is
temporarily stored (2.g., buffered) in memory and a log is maintained to specify the disk
iocation(s) where the data is to be written. This buffered data is flushed to the disk at a
later time. Thus, there is a delay belween the time when data comes in and when that
data gets written onto the disk. This is typically because magnetic spinning disks are slow
for random access operations. However, if data can be held temporarily in memory and
then flushed out to disk, then sequential write operations can be performad on the disk.
Because sequential write operations are faster than random write operations, this results in

faster write operations.

(00277 As new data comes in, such data first enters a memory buffer referred o as
MamRowSet, which is similar to an in-memory cache. The data in the buffer later spills to
the disk, e.g.,, a datastore such as HBase, in smaller sorted files in a memory flush
process. Thus, the data is typically sorted in memory, and then flushed on to the disk in

smaller sorted files according to a memory flush process. The sorted files are typically
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partitioned (horizontally) and stored in sorted siring tables (SS8Tables) or Hiiles that are
often referred to as tablets. Thase tablets are each portions of a much larger data table
that is stored across a distributed file system (DFS), such as a Hadoop File System
(HDFS) or BigTable.

10028] Tablets can be subdivided into smaller units called RowSets. Some RowSets
axist in memory only, termed MemRowSets, while others exist in a combination of disk and
memory, termed DiskRowSets. However, it is likely that the primary key intervals of
different RowSets may intersect or overlap. (Each rowset stores a collection of primary
keys.) The previous MemRowSet is written to disk, and becomes one or more
DiskRowSets, This flush process is fully concurrent readers can continue {o access the
old MemRowSet while it is being flushed, and updates and deletes of rows in the flushing
MemRowSet are carefully tracked and rolled forward into the on-disk data upon completion

of the flush process.

10029] in log-structured dalabases such as BigTable, Cassandra, Accumulo, and
HBase, compaction techniques are used to organize the on-disk dala into segments (or,
equivalently referred to herein as chunks or rowsets or RowSets). The segmenis are
ordered by a primary sort key. Accordingly, when servicing read workioads, these on-disk
segments are accessed using the primary sort key 1o search for the data that is being read

from the disk.

10030] {One idea behind compaction techniques is to facilifate a consistent or effective
read performance. To maintain consistent read performance, the data segments, or the
smaller sorted files are typically merged logether into larger sorted segmenis. This
improves the read performance at the time of reading/searching the data but, however,
involves sequential VO costs upfront in order to perform the merge. Thus, in order {o
service a read workload, the larger sorted segments are accessed instead of the plethora

of smaller sorted segments that were written to the disk.

{00313 in compaction, smaller, individually sorted segments or rowsets are merged to
larger sorted segments. For example, five or six of the smaller sorted segments can be
merged together into a segment that is sorted using a primary sort key. Each segment or

rowset can include a collection of rows and each row has a primary key. (In embodimenis
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where a segment includes more than one identical row, it is likely that the primary key
appears in multiple rows within that segmeni) Because the segmenis are sorted,
algorithms such as binary search or B-tree index can be used to access, or read the sorted

data, with a relatively smaller number of read operations.

[0032] in some embodiments, the contents (g.g., keys) of a segment (.g., a rowset}
are individually sorted but one segment is not related to other segments. Each rowset can
have a plurality of rows, and each row has a primary sort key. For example, when
searching for a primary sort key called "Todd,” there could be one or more segment that
includes this primary sort key. Each of these one or more (sorted) segment may not have
a relationship with other segmeants. A logarithmic dala access method such as binary
search can be used io look up the data with the primary key "Todd” in each of the one or
more individual (sorted) segments. Searching for the primary key “Todd” is of complexity
O{n}, where n is the number of the one or more (sorted) segments that include this primary

key.

[0033] Given the large amount of data stored on-disk, which can rangs in the
petabyles across the DFS and megabytes on each tablet, compacting the smaller
segments into larger segments resulls in a reduced read workload, However, servicing a
read on a large sorted file, can cause latency since the length of a row (including multiple
segments) can be significantly long and each segment in that row is {o be sequentially
accessed. Conseguently, determining a middle ground to optimize the system efficiency
thus becomes a balancing act of (a) selecting the appropriately-sized smaller sorted
segments, (b} determining a size of the larger sorted segments, and (¢} identifying the
times when compaction is {o be performed. For example, the disclosed compaction policy
results in a decrease in a height of the tablel, removes overlapping rowsets, and creates
smaller sized rowsets. Typically, rowsets that are selected for compaction are, on an
average, those rowsets that overlap, are wide (2.9., span a wide kevrange} but are not oo

large in size.

10034} Embodiments of the present disclosure provide systems and methods for
performing compaction on log-structured databases. The systems and methods disclosed

herein enable efficient data storage and retrieval for a distributed, e.g., cloud computing
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environment. Specifically, taking into consideration the various factors relating to a data
compression operation, can reduce the overall operating cost of the storage systerm.
These factors facilitate data operations to increase data quality and availability to reduce

O operations, with minimal impacts existing workloads.

{00351 Embodiments of the present disclosure also include systems and methods for
performing a data flush into a log-structured distributed database as well as compaction
methods for merging the existent data within the database. Embodiments of the present
disclosure also provide methods for a compaction policy that selects how and which data
is compacted on log-structured databases, such as within BigTable (Google), Cassandra
{(Apache/Dynamo), HBase (Apache/Hadoop), and similar non-relational distributed
database, or DFS. These methods further define a compaction policy implemented to
determine when to perform data compaction on a log-based database. The compaction
policy includes a plurality of factors on which the compaction depends. For example, the
disclosed methods can factor in the physical layout of the rowsets to improve the efficiency
of subsequent operations. For sxample, in some scenarios, accessing multiple shorter
rows of the smaller sorted files can be more efficient than accessing a significantly long
row of these files. Also, compaction policies that result in minimum utilization of system
resources are more desirable, thereby lowering VO costs. In some exemplary
embodiments, evenly distributing the system resources during the compaction process is
desirable, such that system performance stays predictable and substantially constant. In
other words, during the compaction process, it can be desired that the system

performance shows no or relatively less spikes.

10036] Specifically, embodiments of the present disclosure propose a new
compaction policy for merging data files on-disk. The compaction policy pertains o
merging rowsets in tablets. In exemplary embodiments, a compaction policy places a soft
limit on the size of these files, and uses a cost-based analysis to select the optimal files
that are to be merged. The compaction policy improves on previous methods by
maximizing a user-directed measurement of performance while maintaining a given budgst
for YO, Additionally, the compaction policy provides a more consistent performance by

breaking all requests, e.g., the system workload, into size-bounded units.
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100371 The methods and system used to implement compaction in a distributed
database, such as in a distributed file system (DFS) are further discussed in the following

dascription, baginning with a general overview of a DFS with reference fo FiG. 1

[0038] FIG. 1 Hlustrates an exemplary environment in which the disclosed compaction
policy may be ulilized to facilitate storage in a log-structure database system.  In the
fHlustrated environment, a non-relational distributed database (datastore) in a distributed
file system (DF8) is provided. The datastore can also be referred {0 as a table or cluster,
having a master node 100 and a plurality of slave nodes 108A, 1088, and 108C. The
master node 100 may be implemented on one or more servers and may include file
management software, such as a Zookeeper 114. A slave node 108A, for example, may
include a data node 110A and 3 region server 1128 instance. A data node 1104, for
axample, can comprise a plurality of tablets, which are portions of a large distributed table
managed by the master node 100. Each tablet stores data which is tracked by the master
node 100. Although not shown in Fig. 1, the master node 100 may also inciude an iterator,
a garbage collector, and various other processes utilized within the datastore. The
datastore shown in Fig. 1, may be deployed over a cloud-based platform via a cloud-based
service provider, which may offer storage and/or other services remotely through a DFS.
in general, the cloud-based service provider hosts a cloud-based platform which enables
users o simultanecusly access stored data remotely in real-time or near real-time. Users
may additionally add, update, delete or otherwise modify the data stored in the cloud-
based platform. The cloud-based service provider may implement an architecture suited
for handling the large volume of user requests through the cloud-based platform.
Accordingly, lowering O accesses and reducing storage on associated databases

provides a more efficient system.

10039] in general, the slave nodes 108 communicate with the master node 100 via a
network. For example, an open network, such as the Internetl, or a private network, such
as an intranet and/or the extranet, or any combination or variation thereof. The network
can be any collection of distinct networks operating wholly or partially in conjunction to
provide connectivity to the DFS and may appear as one or more natworks {o the serviced

systems and devices. In one embodiment, communications can be achieved by a secure

10
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communications protocol, such as secure sockets layer (SSL), or transport layer security
(TLS).

100440} Fig. 2 shows a block diagram illustrating exemplary components of the
compaction engine. In one embodiment, the compaction engine comprises a region
manager module 202, a snapshot iterator module 204, and a compaction policy module
208. The snapshot iterator module 204 manages a snapshot for a table, including ils

creation and modification. |t can operate in either an offline mode or an online mode.

[0041] Figs. 3A and 3B illustrate exemplary snapshots of a master table in which data
is stored as different columns. For pu'rposes of this description, DiskRowSets in a table
are representad as "R’ 7, rowsels included within a DiskRowSet stored on a tablet are
represented as “R”, and rows included within a rowset are represented as v, As shown,
sach DiskRowSet, e.q., represented as diskrowsels R't, R'2, R'3, stc., can include multiple
rowsets stored within a particular row and column in the master table. Thus, diskrowset
R'1 includes rowsets R1, R2, R3, and R4, Diskrowset R'2 includes rows R5 and R6. Each
rowset can include multiple rows. For example, rowset R1 includes rows 11, 12, 13, 14, and
r5, as shown in Fig. 3B. (A DiskRowSet is a type of rowset, thus every DiskRowSet is

also, in turn, a rowset.)

[0042] This method of encapsulation of data would allow, for example, DiskRowSet
R'1 to be stored on a first tablel, and DiskRowSet R'2 to be stored on a second {ablet.
These fablets, can in turn, be managed by several region servers running on the data
nodes of a cluster. For example, a region server 1124 in fablet 108A of FIG. 1 can
manage rowset R1 (i.e., row 304) and any addenda, and region server 1128 in tablet 1088
of FIG. 1 can manage files in diskrowset R'2 and any addenda, and so on. Each
diskrowset, e.g., R'1, R'2, R'3 can be individually sorted, but they may not necessarily be

sorted with respect {o one another.

100431 Similarly and as shown in Fig. 3B, each of C1 and C2 are representative of a
column family under which numercus columns {(c1, ¢2, efc) can be associated.
Accordingly, though the master table of the DFS may have any number of DiskRowSets
{e.g., R, R'2) and columns (C1, C2), portions of the data included within that table can be

distributed for handling across varicus networked computers, hence the name of a

E
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distributed file system (DF8) and the distributed databases forming clusters within that
DFS. Fig. 3B illustrates a table on a tablet, or data node, such as R in Fig. 3A. The data
files stored within 3 given datastore may therefore be stored in any one of these rows (r1),
in a corresponding rowset (R1), and associated with a DiskRowSet row {(R'1) in a table.

The data file may also be associated with a particular column {¢1} in a column family (C1).

{0044] Typically, in datastores such as HBase, changes to existing data are
represented as addendums rather than modifying the existing data. Since the dafa is
stored sequentially on a disk, when such data is accessed, the most recent version of the
data is returned and the older version of the file is eventually discarded, or removed from

disk during a garbage collection (GC) process.

[0045] Fig. 4 illustrates an exemplary compaction process, implemenied in four
stages on a particular rowset, e.g., such as on a data node in a cluster. The compaction of
one or more rowsets can occur concurrently with an update to the rowsets. Compaction is
also referred to hersin as a merge of two or more rowsets on-disk, .q., on a particular
data node. In some embodiments, compaction can include a merge of two or more
diskrowsets. In some embodiments, a compaction can include a merge of a diskrowset

and a rowset.

10044} Starting with the first stage 402 of compaction, a data node is initialized to a
steady stata. In the steady state, all updates, i.e., data added to the system or changes to
already stored data, are applied only to a selected rowset or diskrowset. The selected
rowset may also he referred to as a source rowsel. For example, the source rowset may
be DiskRowSet R'1, in Fig. 3A, which inciudes rowsets R1, R2, R3, and R4, In other
embodiments, the source rowset may include, for example, rowset R1, or rowsets R2 and
R4, or any one or combination thereof. iIn other embodiment, entire rowseis are
compacted togesther, e.g., R1 and R2, rather than just rows r1, 12, 3, elc. within an
individual rowset.  For purposes of this discussion, and with reference to Fig 4, it is
assumed that the rows within one rowset are compacted such that one input rowset {e.q.,

Row3et,) is compacted to one output rowset (e.g., RowSelgy).

16047} During a transition state 410, which occurs between the first stage 402 and the

second stage 404, e.g., Phase |, the system may create a snapshot iterator o merge input

12
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rowsets from an in-memory cache, or buffer, that store new data and updates to add to the
source rowsel. The input rowsets include rowsets of new data files that are 1o be siored
on-disk at the corresponding data node, e.g., fablet. The snapshot iterator can also be
utilized {o save an associated snapshot taken during the transition state 410 which serves
as a static copy of the current state of the source rowset prior {o the merge. Accordingly,
any reads on the source rowset occurring concurrently with the compaction process will
reflect the same data until the merge is complete. This type of snapshot isclation is also
commonly referred to in the art as a multiversion concurrency control (MVCC) snapshot of
the source rowset at a current state. The MVCC snapshot can be saved on-disk as a
backup to the source rowset state such that any data removed, changed and/or lost during

a merge can be recovered and provided to the end-user, if necessary.

10048 After the snapshot is saved during the transition state 410, the compaction
process enters the second stage, which is the merge phase, “Phase " 404 of the
compaction process. In Phase | 404, the snapshot iterator created during the transition
state 410, is utilized o create a new data set for an oulput rowsel. The oulput rowset can
include the combinad data in the source rowset and in the input rowset (e.g., from the in-
memory cache). In some embodiments, the output rowset can reflect updates or deletes
which arrived prior to the compaction process enlering FPhase | 404, In some
embodiments, updates or deletes occurring once Phase | 404 begins or during Phase |

406 are not reflected in the new data set of the oulput rowset.

100491 in some embodiments, during Phase | 404, an additional integer column {(also
referred to herein as mapping column) is also created in order {o maintain track of the rows
in the input rowset. The integer column includes an integer entry for sach row.
Accordingly, if a row is garbage collecied (GC) during the merge, the removal of those
rows can be mapped to a corresponding row 1D of the oulput rowset. For example, if the
number of rows in the input rowset is "N” and no rows are compacted {g.¢., deleted) in the
output rowset, then the integer column will reflect “1, 2, 3, 4...N”. On the other hand, f
rows are compacted during the merge phase 404, then the integer column may reflect,
eg., "1, 2, X% 3, x 4, .. N where each ¥ is a value denocting a row deleted in the output

rowset. Garbage collecting (GC) rows can provide additional on-disk space for new rowset
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flushes from the in-memory cache and can help maintain the efficiency of the reads on-
disk.

100507 in some embodiments, if any mutations arrive during Phase | 404 those
mutations are applied to the delta tracking structures, of the input rowset. Mutations, for
gxample, include any changes to the data stored in the {able. For example, adding dats,
deleting data, modifying data, re-arranging data, efc. are considered mutations. Since the
merge in Phase | operates on the snapshot taken by the snapshot Herator, the mutations
received during Phase | are not taken into account in the output rowsel. In some
embodiments, during a third stage “Phase I’ 406 of the compaction process, these

mutations are migrated into the oulput rowset.

[0051] in some embodiments, during the migration stage of Phase Il 406, the
mutations received during Phase | are handled, as well as any mutations arriving during
Phase {l. The mutations received during Phase | are simply migrated {o the cutput rowset.
This is accomplished by aggregating all the mutations not included in the snapshot iterator
and merging the ordinal indexes with the mapping, or integer column which was created
during Phase |. This merge effectively translates the old rowlD {o the new rowlD.
Accordingly, each mulation can be inserted into the oulput rowsel's delta tracking

struciures.

10082] To account for the mutation arriving in Phase Hl, the mutations are applied to
both the input rowset and the output rowset. This replication is performed in order {o
ensure that no data loss occurs during the compaction process. For example, if a mutation
is receivad for a GC'ed row as reflected in the integer column of the input rowset, then
these mutations can be migrated into the subseqguent row of the oulput rowset. The
raplication of the mutations can additionally help maintain data consistency and reliability
within the system since any reads which occur during Phase il 406 of the compaction
process are handled by the input rowsel. Thus, any mutations amriving in Phase | 406 are

still reflected in those reads.

[0053] in order to replicate the mulations received during Phase H 406 of the

compaction process, the key lookup may be duplicated into the output rowset's key
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column. Alternatively, in another embodiment, the integer column used for mapping the

rows in Phase | may be utilized.

{0054] Once all of the mutations have be handled, the input rowset and the output
rowset have logically identical data though the cutput rowset is compacted. Accordingly,
Phase I ends and the process enters a fourth stage 408. In the fourth stage 408 the two
logically identical rowsets (e.g., input rowset and output rowset) are atomically swapped.
in other words, the rowset data is swapped without any interrupts occurring in the system
and in a one-step operation. Once the output rowset is swapped with the input rowset,
e.g., the output rowset sffectively becomes the new input rowset and the input rowsst
becomes the new oulput rowset, any updates or other mutations arriving for the rowset are
only applied to the new input rowset. The new oulput rowset (i.e., the original input
rowset) and its associated mapping column may then be dropped, or discarded, providing

additional disk space for new data to be stored. Then, the compaction process ends.

[00585] The compaction process discussed in Fig. 4 may also be applied to multiple
rowsets concurrently. For example, during the transition state 410, instead of a snapshot
heing taken of just one rowset, a snapshot is taken of each rowset and a snapshot fterator
is created. A merge iterator can also be created in order to merge all of the snapshots in
ascending key order fo a new data set corresponding io the multiple output rowsets.
Similar fo the compaction process discussed in Fig. 4, the merge iterator simuitaneously
creates an integer column for each rowset during the merge of each corresponding
snapshot. The integer, or mapping column can include a rowlD for each old rowset in a

respective snapshot.

{0058} A compaction policy, or the process of selecting rowsetls to apply the above
compaction process in distributed database is now discussed with reference fo Figs. 5-9.
Though only one rowset or one keyspace is discussed in certain embodiments, it is
understood that the compaction policy may be applied to any number of keyspaces,

combined or individually, as well as any number of rowsets, tablets, or tables.

{60587} Fig. 5 is an exemplary diagram of numerous rowsets of variable size in a
plurality of keyspaces on, for example, a data node that includes a tablet 500. in

embodiments of the present disclosure, tables and corresponding sub-fables, e.g., tablets
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iocated in a cluster of a DFS can include indexed rowsets. Each rowset has rows and
columns in which keys of arbitrary byte strings are stored. Each key has a value within an
associated {ablet 500. As iflustrated in Fig. 5, rowsets 502, e.g., rowsets R1-R6, may be
stored on a tablet. Each rowset is shown as an interval occupying one or more key spaces
504, based on the first and the last key. The keyspaces each span horizontally {e.g., x-
axis) and may also be referred to by their primary sort key, represented as “Pk’. For
example, rowset R1 occupies keyspace Pk1, while rowset RS occupies keyspaces Pki-

Pk5. Thus, in this example, rowsset R1 overlaps in range with rowset RS.

[6058] Utilizing the rowsets R1-R6 and associated keyspaces Pki-PkS, in some
embodiments, a cost measure can be defined for performing a compaction on those
rowsets. This cost measure can be applied fo any rowset or rowsels, as a simple function
hased on known data, such as within a metadata file, which is maintained and updated on
each tablet 500. The cost measure can be defined based on one or more variables within
the tablet, e.g., as indicated via a hardware cost and/or a software cost associated with /O
operations. A first variable can be the widths of the selected rowsets in the tablet 500. A

second variable can be the height of each keyspace in the {ablet 500

{00589] The width of a rowset can be proportional to the percentage of a keyspace that
it spans. For example, the tablet 500 includes five keyspaces Pk1-Pk5. If each keyspace
is assumed to be equal to "W, then R1 has width 1w, R2 has width 1w, R3 has width 1w,
R4 has width 2w, R5 has width Bw, and R8 has width 1w, In numerical terms, for example,
each width “w” can represent, for example, 0.2 or 20% of the keyspace spanned in the
tablet 500. This width can be used to represent the probability that any read {(or other

operation) in a uniform random read workload will have to consult a particular rowset.

{60607 The height of a particular keyspace can be defined as the number of rowsets
that have overlapping key ranges. For example, Pk1 has a height of "2” because rowsets
Riand RS overlap in Pk1. Keyspace Pk2 has a height of "2" because rowsets 12 and RS
overlap in Pk2. Also, Pk3 has a height of "2”, Pk 4 has a height of “3”, and PKk5 has a
height of “2". The height of a particular keyspace can be used {o represent the number of
rowsets that will have to be consulted for a random read of that key. Thus, in Fig. §, the

height of the tablet ranges between two and three.
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(0081} With these two variables, e.q., a width of a rowset in a keyspace and a number
of rowsets included in a keyspace, a cost can be calculated specific to each operation
performed on the tablet 500, For example, reads on a particular tablet (or rowset) may
generally refer 10 accesses to data and may encompass specific operations such as
inserts, random reads, short scans, long scans, and other operations known in the art. For
inserts to be handled in the tablet 500, each rowset needs to be checked for a duplicate
key of the known key value included in the insert request. Accordingly, the insert is made

in the rowset having a keyspace including that key.

10062} To more efficiently determine this result, by not querying each rowset, the
rowset key ranges can be stored within an interval tree. Referring to Fig. 5, if, for example,
data is to be inseried in a keyspace covered in the interval Pk4, then querying each rowsset
for a duplicate key would return the rowseis R4, R5 and RE&. In some embodiments,
consulting the interval tree can quickly return that R4, RS, and RE may include the key
corresponding to the insert without having {o query rowsets R1 and R2. The associated
cost measure 1o determine which of the three rowsets (R4, RS, or R8) includes the key for
the insert is linear in those three rowsets. For example, the entire rowsets R4, RS and R8
and keyspaces spanned by those rowsets will need fo be queried fo locate the

corresponding key for the insert.
10063] This cost measure can be represented in the following equation 1.
Costinsen = N{Cps + B Cu) {equation 1)

in equation 1, “n” can represent the height (i.e., the number of rowsets accessed during a
scan} of the tablet at the keyspace including the given key, e.g., Pk4, the "Cy can
represent the cost to run a bloom filter check on the rowsets R4, R5 and R6 in the
keyspace, the “Bf" can represent the bloom filter false positive rate, and the "Gy can

represent the cost of a primary key lookup (e.g., one seek in the interval tree).

(0064} In some embodiments, the bloom filter misses "B equal to approximately one
percent (1%) or lower, so the bloom filter checks dominates the cost measure equation
and the second term (BfCu) can be ignored and would not drastically change the cost

measuwre. In some embodiments, however, the primary key column {Cpy) is very large and
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every primary key check incurs a disk seek. This causes the “Cy” value o be orders of
magnitude higher than “Cy", which is likely stored in the random access memory (RAM)
alement or solid-state drive (SSD). In the aforementioned embodiment, the term resulling
from the bloom filtler misses (By) would then be indispensable and would noticeably alter
the cost measure. Accordingly, in embodiments in which a larger keyspace is {0 be

accassed, the impact of the second term in the cost measure can be significant.

[6068] To process a random read, the cost measure approximates the cost measure
for an insert.  Accordingly, given a known key for the read, sach potentially overlapping
rowset in that keyspace is gueried. Conversely, for short scans, bloom filters are not
utifized. Short scans can include, for example, a sesk with a primary key in one rowsst
retrieving one or more short data segments. Furthermore, in a short scan, the sequential
O cost after finding the start key is small compared to the seek cost. For example, this
comparison may include a fen millisecond (10ms) seek time and one megabyte (1MB) or

less of sequential I/O.

{00687 For short scans, the cost measure is similar to the inserts and reads, except
that all overlapping rowsets need o be locked up by the primary key. This can be

represented in the following equation 2
Costanon = N"Cpx {equation 2}

Comparing equation 2 with equation 1, the only difference is that all bioom filter terms are
removed, resulting in a direct relationship with the number of overlapping rowset in key

column Cpy.

10087] in the case of long scans, computing a cost measure for long scans requires
additional terms to be factored info equation 2. For example, the disk space spanned by
the scan and the disk bandwidth spanned by the scan are accounted for since,
comparatively, a scan on 1MB (short) is going to be nominally faster than a scan on 10MB
(long}. In order to cover such a large amount of data, long scans can include full table
scans or seeks on data from numerous rowsets. Facloring in the size of the rowsets in the
long scan is therefore important to determine the cost measure, as represented in the

following eguation 3;
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Cosliong = N Cp + S/By {equation 3}

The additional term “S/B, accounts for the rowset size, where "8” can be the number of
magabytes (MB) covered by the scan and “B,)” can be the disk bandwidth (MB/sec}. The

term “n” indicates the number of rowsels accessed during the scan.

[6068] The commonality shared among each of the aforementioned cost measure
operations is that each rely significantly on the number of rowsets accessed in order fo
perform the operation, e.q9., ‘n". Therefore, in accordance with embodiments disclosed
herein, the cost of sequential YOs to perform an operation on the log structured database
directly correlates to the number of rowsets accessed. Based on this correlation,
embodiments of the proposed compaction policy aim to minimize this cost by minimizing
the number of rowsets accessed, while also taking into consideration that performing a

read on a substantially large rowset causes increased latency for returm.

[0068] Since minimizing the number of rowsets accessed during a read is not usually
plausible, two strategies may be considered fo account for this factor within the
compaction policy. A first strategy includes merging rowsets with overlapping keyspaces
in order to improve the cost for point queries, such as short scans, inserts and random
reads, thereby reducing the overall height of the tablet. This strategy produces linear
returns. The taller the tablet height becomes, the longer the retumn for one seek. In other
words, the more number of rowsets on which o perform a seek, the longer it takes o
return for one seek. A second strategy includes merging all rowsets {o improve the ratic of
sequential O to seeks, e.g., minimizing the number of rowsets, in order to improve the
cost for long scans. In the latter sirategy, the end result is an extremely large rowset
(=10MB) spanning an entire keyspace, assuming that the original rowsets are reasonably
large. Accordingly, the cost is optimal, since any given access requires ong sesk and one
bloom filter, at most. However, as mentioned previcusly, performing sequential /O on a
rowset this large resulls in diminished return time for one read. For example, one seek on
10MB of seguential /O may take one hundred milliseconds {100ms) as opposed to fen
milliseconds (10ms) for a seek on 1MB. Though either strategy may be implementad, the

first strategy is therefore preferable over the second strategy since one factor, e.g., retum
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time, is not significantly diminished for the sake of the second factor, e.g., cost for

performing a seek on the rowsets.

100707 An additional consideration for implementing the second strategy is the cost of
performing a compaction on such a large rowset and the wasted /O on performing a
compaction on all rowsets during each compaction in order fo maintain the large rowset.
Compacting such a large rowset alsc causes immense write amplification because each
compaction rewrites the entire rowset. To summarize, in some embodiments, the
efficiency gain of improving the ratio of sequential YO to seeks by compacting the rowsets
into a large rowset does not ocutweigh the diminished efficiency and increased cost of
performing the compaction, nor the increased return time. Therefore, the first strategy of

compacting overlapping rowsets can be the preferable approach.

0071} Determining a candidate rowset on which to perform a compaction thus
bacomes a balancing act between the cost of performing a compaction on the rowset and
the efficiency of the rowset prior to and after performing the compaction. in embodiments
discussed herein, the cost of performing the compaction may be the sum of O performed
by the compaction {e.g., Quiput (input size)), assuming deletions are rare and the
compaction inputs are iargé{ encugh that sequential VO outweighs any segks reguired. By
weighing these two factors of compaction cost and rowset efficiency against one another,
the implemented compaction policy can selectively determine which rowsets should be

compacted at any given time.

(00723 A final factor considered within the compaction policy is the way in which the
compaction is performed. For example, performing a large compaction at longer time
intervals decreases system performance during those compactions, whereas incrementally
parforming compactions more frequently maintains a consistent performance profile for the
end-user applications. Incrementally performing the compactions on smaller data sets
also allows the system to react more quickly to changes in the workload. For example, if
an area of a keyspace becomes overloaded, the system is able to compact that area within
a short time frame. This is because only one incremental compaction needs {o occur prior
to compacting the overloaded area rather than a very large and time consuming

compaction.
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10073} To facilitate incremental compaction, the system may impart bounds on the
data size for each compaction to read and write. For example, the bounds may include
data sizes in the range of several hundred megabytes, which allows the compaction o
occur in ten seconds (10s) or less. These bounds also help to maintain a consistent and
iower cost for each compaction o cccur in addition to a consistent time to compilete the

compaction.

[0074] Fig. 6 is an example diagram of numerous rowsets of bounded size stored in a
plurality of keyspaces. In order for the system to limit a size of a rowset within predefined
bounds, the DiskRowSet writer code may be maodified {o roll over {0 a new rowset once a
threshold (e.g., upper bound) rowset size is met. In the example illustrated in Fig. 6, the

maximum rowset size is 64MB, e.g., DiskRowSet max = 64MB.

{8078} When the new dataset stored in the MemRowSet 506 buffer is flushed to disk,
this data is then distributed to a keyspace, e.g., Pk1, within the pradefined bounds of
DiskRowSet. For example, given a 200MB data flush from MemRowSet, R1 is 64MB, R2
is 64MB, R3 is 84MB, and R4 is the remaining 8MB. In some embodiments, the system
may estimate the on-disk data size such that each rowset receives equal or approximately

equal data sizes during the flush.

{0076} After several MemRowSet flushes, keyspaces often include various rowsets
with small files spanning the entirety of the keyspace because these bounds cause roll
over rowsets of lesser length. For example, in Fig. 6, R4 includes only 8MB of the 84MB
maximum. These small sized rowset commonly occurs in, for example, uniform random

insert load.

(00771 After several MemRowSet flushes, various smaller sized rowsets may be
overlapping within a particular keyspace. For example, with respect to Fig. 8, Pk1 may
additionally include rowset R5 (22MB) and rowset R6 (8MB). Rowset R5 and RE can both
overlap with rowset R4, causing the depth of the Pk1 to be three which, in turn, causes the
average rowset depth in that keyspace to be three. Thus, each access {o the tablet
requires a guery to each of the rowsets in that keyspace which decreases the performance
of the tablet. Once the compaction policy is able to identify these rowsets to compact, then

the output rowset, e.g., R7 (38MB) created from rowsets R4, R5, and R& maybe
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reorganized within the keyspace and include a single, non-overlapping rowset occupying
the space of R4, assuming the range of R4 {o be encompassing the ranges of rowsets RS
and RB. The average rowset depth in that keyspace then equals one. In the
aforementioned embodiment, the improvement to the tablet performance cutweighs the VO
cost of performing the compaction. The tablet configuration cost may then be optimized

under a given /O budget.

[0078] in order to faciiitate identifying rowsets having overlapping key ranges for the
compaction policy, the tablet code may be modified to store the rowsets in interval frees
instead of simple lists. An interval may include a data structure which provides an efficient
guery for a set of intervals overlapping a given guery point or query interval. Hence, any

overlapping rowset within a particular keyspace may be identifled within the tree,

16079} Fig. 7 illustrates various overlapping rowsets within a keyspace Pkt 700,
which may be identified by an interval free (llustrated with the help of vertical dashed
fines). In the embodiments illustrated in Figs. 7-9, each of tha rowsets are assumed o be
the same size, with overlapping portions appearing to span less range within the keyspace
Pk1 700. However, with numerous overlapping rowsets in the keyspace, the efficiency of
the system decreases because each access o the tablet queries each level of the
rowsets, which equals the height of the keyspace. For example, in Fig. 7 the rowset depth,

or keyspace height 702, ranges between two (h=2) and four {h=4).

{00807 As discussed previously, the height of a rowsst being queried in a particular
keyspace is linear {o the cost of a single read or insert. Thus, o caloulate the average cost
of /O operations on rowsets in a particular keyspace, the tablet height is integrated across
that keyspace. This integration equates to summing the widths of all rowsets in that
keyspace. For example, in Fig. 7, the cost (R1+R2+R3+R4+R5} eguals approximately
sixty-five (85). To decrease the height of the keyspace and, subsequently, the cost of
performing an O operation, the compaction may be used to identify and select rowsets for
compaction. These rowsets may be chosen based on the given /O budget and the cost of

optimal tablet configuration.

10081] Fig. 8 flustrates an exemplary compaction of various rowsets in Pkt 800

shown in Fig. 7. For example, R1, R2, R4, may be selected for compaction in order o
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reduce the height of the tablet by two. These rowsets may be selected as good
candidates for compaction because each of the rowsets spans a smaller range {e.g., In
comparison to the keyranges of compacting rowsets R1, R2, and RS ) within keyspace PK1
800 and is included in the maximum height range (e.g., 3} of the keyspace. A compaction
process may be performed on the selected rowsets as described with reference to Fig. 4.
Once compacted, the rowsets R1, R2, and R4 can map to rowsets R8, R7 and R8 in order
to decrease depth in the tablet's rowsets, 1o remove overlapping rowsets, and create
smalier sized rowsets. Each of these factors improve the performance and related VO
costs of the tablet. For example, the cost of performing 1O operations, such as inserts, is
now reduced to forty (40). As mentioned previously, this is calculated by integrating the
height of tablet across all rowsets. The compaction benefit for cost is therefore twenty-five
{25) for @ budget of three (3) VO operations {e.g., 1 for seek and 2 for compaction
process). To calculate the cost benefit, e.g., reduction, the cost of the compacted rowssts
{e.g., sum of the output widths) is subtracted from the cost of the original rowsets {(e.g.,
sum of the input widths). For example, the original cost (i.e., the sum of the input widths)
in Fig. 7 is {685) and the output cost (e, the sum of the culput widths) is (40), the
difference of which equals (25). Additionally, because each of the oulpul rowsets no
longer overiap, the total width of those rowsets spans the union of the input rowsel ranges.
Thus, the aforementionad cost difference can also be computed as the cost of the original

rowsets {e.g., sum of the input widths) minus the union width of the original rowsets.

10082} it should also be noted that, though compacied, the total number of bytes
have not changed in the tablet. Rather, the bytes have been a"earraréged in a more
compact form and the height of the tablet is now equal to two (2). Additionally, it is noted
that the aforementionad cost calculation may similarly be applied o string keys by treating
the string data as unsigned integers, just as the key ranges within the embodiments

described above are treated as integers {o sum the widths of the rowsels.

[0083] Fig. 9 illustrates an alternate embodiment in which an incremental compaction
is performed on the rowsets depicted in FIG. 7. Instead of selecting rowsets R1, R2, and
R4 for compaction, the compaction policy may select rowsets R2, R4, and RS, By

selecting RS, it can be assumed that at least one level of depth is removed from the tablet,

3]
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since the rowset spans the entire keyspace Pkl 800, Additionally, the selection of rowsets
R2, R4, and R5 compacts sach of the widest rowsets in the tablet, thereby reducing the
range of keyspace spanned by each rowsetl in the iablef, which improves tablet

performance for shorts scans, inserts, reads, etc.

{0084} After compacting rowsets RZ2, R4 and R5, the rowsets may be merged into
rowsets RE, R7, and R8 as shown in Fig. 9. The height of the tablet is reduced to two
{e.g., h=2), improving the performance of the tablet. Additionally, the cost of performing /O
operations is now reduced fo thirty-five (35) based on the summed widths of each
compacted rowsel. Accordingly, the benefit of compaction is thirty (30}, which is a slight
impmvemem fo the benefit in the embodiment illustrated in Fig. 8 while still operating
under the same /O budget of three (3). Accordingly, the compaction performed in Fig. 9 is

the preferable option.

{0085] Fig. 10 includes a method for selecting rowsets on which to perform a
compaction using the compaction policy described with reference fo Figs. 7-8. The
method may be implemented in an algorithm that includes instructions for a process
executed on a server computer of the data node. The algorithm, for example, may be
based on constant sized rowsets (e.g., bounded rowsets) as inputs and may be axeculed
given a /0O budgst for operations performed on the rowsets. The budget may include the
number of VO operations to perform the compaction on the selected rowsets. Accordingly,

the algorithm for the mathod may include:

10086] Given budget N rowsets:
For each pair of rowsets (A, B):
Fvaluate BestForPair(A, B):
BestForPair(A, B):
Let union width = max{A.max_key, B.max_key) - min{A.min_key,
B.min_key)
Determine the subset R of rowsets that are fully included within the
range A, B
Evaluate PickRowsetsWithBudget(R, N}

Set objective = sum{rowset width) - union width
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if objective > best objective:

hest solution = this set

{0087} An instance of the aforementioned algorithm may be implemented on each
tablet in order fo maintain an efficient tablet that provides optimal operations, such as
reads, scans and inseris, af the lowest possible cost. The inputs include a number "N” of
rowsets in a tablet being analyzed for compaction. Specifically, in step 1002, a set of two
rowsets “A" and “B", ie., a rowsetl pair, is analyzed in one iteration of the algorithm o
determine if those rowsets should be selected for compaction. This rowset pair may be
sequentially selected in the tablet and the compaction policy may be implemented
continuously during each FO in order to determine the rowset pair for the next compaction.
Each step within the algorithm is further detailed in the following corresponding steps

within the method illustrated in Fig. 10.

10088} in step 1004, the union width is calculated for a pair of rowsets “A” and "B’
being comparad to determine the best rowset to compact within that pair. Accordingly, the
union width, as discussad with reference to Fig. 9, is determined for the pair of rowsets by
finding the maximum range of the keyspace spannad by the rowset pair. For example, in
Fig. 7, the maximum key values of R1 and R2 are equal.  However, the minimum key
value for R1 is greater than the minimum key value of R2. Accordingly, the union is simply
the range of keyspace Pk1 coveraed by R2. This corresponds with the compaction
performed on these rows in Fig. 8 in which the width of the compacted rows R, R7 and
R8 equals the width of RZ.

16089} in step 1008, a variable R, including a subset of the rowsets fully included
within the range of keyspace covered by the rowset pawr A and B, is determined. The
subset R includes the combined rowsels in the keyspace within the keyspace range
covered by A and B. Accordingly, referring back to Fig. 7, if A=R1 and B=R2, both R3 and
RS would not be included within the subset R because both include rowsets outside the
range covered by R2. However, R4 includes rowsets fully included within the keyspace
range covered by R2. Therefore, the rowsets within R1, R2 and R4 would be included in
the subset R.

N
o
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(00807 in step 1008, the subset of rowsets R is  evalusted via
PickRowsetsWithBudget over the input rowsets N {o determine if the subset R provided
the best rowset selection for compaction. This evaluation includes a sub-routing which
calculatas the cost change for variable R in N rowsets to determine which has the best
cost change. For the highest pair, it is determined that the compaction policy selects that
rowset pair for compaction because the cost benefit is worth the budgeted /O, If the cost
change of subset R is less than a cost change calculated for other pair of rowsets in N,
then the budgeted /O is not worth spending on the compaction of those rowsets. For
example, calculating the “objective” for R with reference to Fig.7, where A=R1 and B=R2,
would be 40-15=25. Referencing the same Fig. 7, calculating the objective for R', where
A=R4 and B=R5, would include 65-20=45. Thus, in the aforementionsd example, the
rowsets in subset R' are the better rowset pair to compact. This is clearly demonstrated by
the better cost change for the compaction performed in Fig. 8 than the cost change in Fig.
8.

{0081] PickRowsetWithBudget is evaluated in order to select the best rowsets {o
compact. For example, choosing the N rowsets in R which maximize the sum{rowset
width) vields the highest objective. Thus, the PickRowsetWithBudget function can be
solved by simply sorting the rowsets by their width and choosing the top N. For example,
in Fig. 7, the rowsets having the largest widths were compacted in Fig. 8, illustrating that

minimizing rowset range in the keyspace provides an improved cost benefit.

{6092} The aforementioned method described with reference {o Fig. 10 may also be
extended o rowsets which are not a constant size. For example, while still maintaining
bounds (e.g., 8 max threshold value) on the rowset size, many smaller rowsets may be
stored in keyspaces due to more frequent flushes of smaller size datasets. For example,
in Fig. 8, the smaller rowset R4 only includes 8MB of data and the flush included 64MB

max size rowsets.

{00831 To properly account for these smaller rowsset sizes while still complying with
the aforementioned compaction policy, the given budget for performing the compaction is
changed to a number of MB of /O rather than the number of input rowsets (N). However,

making this adjustment to the compaction policy also affects the PickRowsetWithBudget

25



WO 2016/149552 PCT/US2016/022968

function in which N is a variable. To handle this issue, a set of rowsels are chosen such
that their entire file size falls within a budgst and maximizes their total widths. This may be
solved using a 0-1 knapsack problem solver in place of PickRowsstWithBudget in the
algorithm referenced in Fig. 10. For example, the algorithm includes O{n"2) calls o
BestForPair. Each of these calls includes a 0-1 knapsack problem, which can result in a
complexity of O(n*max_budget). It logically follows then that the total complexity is cubic
in the number of rowsets. Considering that any given {ablet may have thousands of
rowsets, the cubic complexity causes the pair selection process to become quite
expensive. Thus, to optimize the approach 1o implementing the compaction policy on
smaller rowsets, the order in which the aach rowset pair (A, B) is considered is switched.

For example, the previously stated algorithm can be modified as follows:

10094] For each rowset A:
candidates = all rowsets B such that B.min_key >= Amin_key
sort candidates B by increasing B.max
For each pair of rowsets (A, B):
Evaluate BestForPair(A, B):
BestForPair(A, B):
Let union width = max{(A.max_key, Bmax key} - min{A.min_key,
B.min_key)
Determine the subset R of rowsats that are fully included within the
range A, B
Evaluate PickRowsetsWithBudget(R, N}
Set objective = sum{rowset width} - union widih
if objective > best objective:

best solution = this set

100385} in some embodiments of the compaction policy algorithm, changing the order
in which the pairs are considered can simplify the BestForPair call. For example, because
B.max_key does not decrease, the variable R in the step of “Determining the subset R’
can remain identical to the previous call except that it includes B at the end. Thus, no

additional looping is reguired.  Additionally, the step of “Evaluating” including an
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instantiation of the knapsack problem, is identical {o the previous instantiation except the
one additional tem. Thus, this instantiation may be computed incrementally from the

previous solution.

[6086] in some embodiments, upper bounds may aiso be calculated by solving the
fractional knapsack problem and subsequently used to short circuit the more complex
calculations.  In some embodiments, the compaction policy is implemented on uniform
workloads with equal sized rowsets. However, in additional embodiments, the compaction
policy may be extended to non-uniform workloads, which may be experienced during use
of a DFS. In practics, if a particular area of a key space is experiencing a higher workioad,
e.g., more accesses, those areas may be compacted prior (o other areas in that keyspace.
To implement compaction in those high workload areas, in some embodiments, the
compaction policy algorithm may be modified fo change all references to the “width” of a
rowset to a cumulative distribution function (CDF). For example, width = (Amax_key,
B.max_key) - (A.min_key, B.min_key} can be replaced by COF(max_key) - CDF{min_key).

The cumulative distribution function accounts for accesses over a lagging time window.

[0087] Fig. 11 illustrates a screenshot showing an example compaction policy log and
a collection of exemplary rowsets. In a completely ideal scenario, upon compaction, data
in a tablet would be arranged in a manner such that there would be a single rowset
spanning a keyspace horizontally or mulliple non-overlapping rowsets spanning a
keyspace horizontally. But that would consume significant /O operational cost associated
with reading and re-writing all of the data in all the rowsets. Thus, the purpose of a
compaction policy is to determine which rowsets fo compact and when to compact so that
more gueries will hit fewer rowsets on an average. Thus, a compaction policy as disclosed
herein, achieves a tradeoff of not doing compactions too ofien and yet doing enough
compactions so as to achieve a reasonably compacted tablel. The disclosed compaction
policy selects those rowsets in a collection of rowsets which when compacted would result
in the improvement of the oulput metric {(e.g., the average height of the tablet), given a
fixed /O budget. The speed (2.9., cost) of a query {e.g., an insert or an update) is linearly
relatad to the number of rowsets that need to be crossed for a given key (e.9., the height of
the table).
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(0098} in Fig. 11, exemplary rowsets, their respective sizes, and their respective key
ranges are shown as part of a compaction policy log in region 1152 of Fig. 11. These
rowsets are also illustrated visually in region 1150 of Fig. 11. Rowset 85, rowset 71,
rowset 41, and rowset 42 are indicated with the numerals 1102, 1104, 1108, and 1108
respectively. These rowsets are shown highlighted {dotied) in region 1150, As an intuitive
example, it would result in a greater reduction in the height of the tablet in FIG. 11 if the
rowsets in the left part of the tablet are compacted as opposed o the rowsets in the right
side of the tablet. Accordingly, the disclosed compaction policy has selecied the rowsets
(illustrated with highlights) in the left to be compacted. The highlighted rowsets indicate
those rowsets included in the collection of rowseis that would be compacted i a
compaction were to run on the tablet. Thus, for a fixed (e.g., constrained) ¥0 budget, and
considering the key ranges included in the rowsets, the size (g.g., in MB) of the rowsets,
and other such parameters, the disclosed system has delermined that the operational cost
{e.g., resulfant height of the tablet} of compacting the highlighted rowsets would result in
the minimurmn operational cost (g.g., the minimum haight) in comparison {o compacting the
other rowsets. Rowseis that are compacted are, on an average, those rowsets that
overiap, are wide {(e.g., span a wide keyrange) but are not {oo large in size. In some
embodiments, the keyrange can be expressed as a difference of the maximum key vaiue

and the minimum key value in a rowsetl

160897 In some embcdiments, the size of the rowsels are bounded by a
predetermined maximum size {e.g., 32 MB or 128MB). Depending on the storage
characteristics or the workload characteristics, the predetermined maximum can be
changed. Seguential spinning disks spend a constant amount of time during a seek
operation and a linear amount of time doing the /0. If the predetermined maximum is very
small, then a small amount of YO would be necessary on a sequential spinning disk. Thus,
a very small predeterminad maximum size would be inefficient (e.g., low throughput for the
drive) as it would result in wasted /O because sequential spinning disks are faster for

large amounts of /O,

{60160} in some workloads however, a relatively small predetermined maximum size,

e.g., a 32 MB limit can be chosen if the data is fine-grained in nature and the hardware is
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maore amenable to sequential VO such as flash. An example of fine-grained data can be
keyranges that include time-stamped data and such data is more likely to cause
dynamically inserting recently-written data rather than inserling data that was written
sometime back. Thus, there might be a sufficiently large amount of compaction activily
(e.g., several incremental compactions) with respect to the recently-written data.
Accordingly, if this maximum is chosen to be a very large number, then a large amount of
data would be read and written every time compaction is performed. This might cause
delays in insertion of the data (thereby slowing system performance) while compactions
are being performed. This implies that several incremental compactions are redundant in
such scenarios. Thus, a relatively small maximum size can be beneficial in adapting to
rapid insertions of the data. For example, if the predetermined maximum size is 1 GB,
most {(or, even all) of the rowsets might be selected as candidates for compaction.
However, if the workload is more static, and does not require too many insertions, then a
single compaction of all the rowsets can be beneficial, and which can be achieved by a

larger maximum size of the rowset.

100101} Fig. 12 depicts an exemplary computer system architecture to perform one or
more of the methodologies discussed herein.  In the example of Fig. 12, the computer
system 1200 includes a processor, memory, non-volatile memory, and an interface device,
Various commaon components {e.g., cache memory) are omitted for illustrative simplicity.
The computer system 1200 is intended to illustrate a hardware device on which any of the
components depicted in the example of Fig. 1 (and any other components described in this
specification) can be implemented. The computer system 1200 can be of any applicable
known or convenient type. The components of the computer system 1200 can be coupled

together via a bus or through some cother known or convenient device.

[00102] The processor may be, for example, a conventional microprocessor such as
an intel Pentium microprocessor or Motorola power PC microprocessor. One of skill in the
relevant art will recognize that the terms “machine-readable {storage) medium’ or
‘computer-readable (storage) medium” include any type of device that is accessible by the

processor.

30



WO 2016/149552 PCT/US2016/022968

100103} The memory is coupled to the processor by, for example, a bus. The memory
can include, by way of example but not limitation, random access memory (RAM), such as
dynamic RAM (DRAM) and static RAM (SRAM}. The memory can be local, remote, or
distributed.

100104} The bus also couples the processor {o the non-volatile memory and drive unit.
The non-volatile memory is often a magnetic floppy or hard disk, a magnetic-optical disk,
an optical disk, a read-only memaory (ROM), such as a CD-ROM, EPROM, or EEPROM, a
magnetic or optical card, or another form of storage for large amounts of data, Some of
this data is often written, by a direct memory access process, into memory during
exacution of software in the computer 1200, The non-volatile storage can be local,
remote, or distributed. The non-volatile memory is optional because systems can be
created with all applicable data available in memory. A typical computar system will
usually include at least a processor, memory, and a device {e.g., a bus) coupling the

memory io the processor.

{60105] Software is typically stored in the non-volatile memory and/or the drive unit.
indeed, for large programs, it may not even be possible fo store the entire program in the
memory. Nevertheless, it should be understood that for software to run, if necessary, it is
moved {o a computer readable location appropriate for processing, and for illustrative
purposes, that location is referred to as the memory in this paper. Even when software is
moved to the memory for execution, the processor will typically make use of hardware
registers fo store values associated with the soflware, and local cache that, ideally, serves
{0 speed up execution. As used hersin, a software program is assumed 10 be stored at
any known or convenient location (from non-volatile storage to hardware registers) when
the software program is referred to as "implemented in a8 computer-readable medium”™ A
processor is considered to be “configured to execute a program” when at least one value

associated with the program is stored in a register readable by the processor.

[00106] The bus also couples the processor to the network interface device. The
interface can include one or more of a modem or network interface. | will be appreciated
that a modem or network interface can be considered to be part of the computer system,

The interface can include an analog modem, isdn modem, cable modem, token ring
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interface, satellite fransmission interface (e.g. "direct PC"), or other interfaces for coupling
a computer system {o other computer systems. The interface can include one or more
input and/or output devices. The VO devices can include, by way of example but not
fimitation, a keyboard, a mouse or cother pointing device, disk drives, printers, a scanner,
and other input and/or cutput devices, including a display device. The display device can
include, by way of example but not limitation, a cathode ray tube (CRT), liquid crystal
display (LCD), or some other applicable known or convenient display device. For
simplicity, it is assumed that confrollers of any devices not depicted in the example of

Figure 8 reside in the interface.

1001071 in operation, the computer system 1200 can be controlled by operating system
software that includes a file management system, such as a disk operating system. One
example of operating system software with associated file management system software is
the family of operating systems known as Windows® from Microsoft Corporation of
Redmond, Washington, and their associated file management systems. Another example
of operating system software with its associated file management system software is the
Linux operating system and its associated file management system. The file management
system is typically stored in the non-volatile memory and/or drive unit and causes the
processor to execute the various acts required by the operating system o input and cutput
data and to store data in the memory, including storing files on the non-volatite memory

and/or drive unit.

{60108} Some portions of the detailed description may be presented in terms of
algorithms and symbolic representations of operations on data bits within a computer
memory. These algorithmic descriptions and representations are the means used by
those skilled in the data processing arts to most effectively convey the substance of their
waork to others skilled in the art.  An algorithm is here, and generally, conceived to be a
self-consistent sequence of operations leading to a desired result. The operations are
those requiring physical manipulations of physical quantities.  Usuaslly, though not
necessarily, these quantities take the form of electrical or magnetic signals capable of

being stored, transferred, combined, compared, and otherwise manipulated. Ut has proven
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convenient at times, principally for reasons of common usage, o refer {o these signals as

bits, values, elements, symbols, characters, terms, numbers, or the like.

100108} it should be borne in mind, however, that all of these and similar terms are 1o
be associated with the appropriate physical quantities and are merely convenient labels
applied to these quantities. Unless specifically slated otherwise as apparent from the
following discussion, it is appreciated that throughout the description, discussions utilizing
terms such as “processing” or “computing” or “calculating” or “determining” or “displaying”
or the like, refer to the action and processes of a computer system, or similar electronic
computing device, that manipulates and transforms data represented as physical
{(electronic) quantities within the computer system's registers and memories into other data
similarly represented as physical guantities within the computer system memories or

registers or other such information storage, transmission or display devices.

1001107 The algorithms and displays presented hersin are not inherently related o any
particular computer or other apparatus. Various general purpose systems may be used
with programs in accordance with the teachings herein, or it may prove convenient to
construct more specialized apparatus to perform the methods of some embodiments. The
required structure for a variety of these systems will appear from the description below. in
addition, the techniques are not described with reference o any particular programming
language, and various embodiments may thus be implemented using a varety of

programming languages.

(001111 in alternative embodiments, the machine operates as a standalone device or
may be connected {(e.g., networked) to other machines. In a networked deployment, the
machine may operale in the capacity of a server or a client maching in a client-server
network environment, or as a peer machine in a peer-to-peer (or distributed) network

anvironiment.

00112) The machine may be a server computer, a client computer, a personal
computer (PC), a tablet PC, a laptop compuler, a set-top box (8T8), a personal digital
assistant (PDA), a celiular telephone, an iPhone, a Blackberry, a processor, a telephone, a

web appliance, a network router, switch or bridge, or any maching capable of executing a
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set of instructions (sequential or otherwise) that specify actions to be taken by that

machine.

100113} While the machine-readable medium or machine-readable storage medium is
shown in an exemplary embodiment 1o be a single medium, the ferm “machine-readable
medium” and “machine-readable siorage medium” should be faken io include a single
medium or multiple media {e.q., 8 ceniralized or distributed database, and/or associated
caches and servers) that store the one or more sets of instructions. The term “machine-
readable medium” and “machine-readable storage medium” shall also be taken to include
any medium that is capable of storing, encoding or carmrying a set of instructions for
axecution by the machine and that cause the machine to perform any one or more of the

methodologies of the presently disclosed technigue and innovation.

[00114] In general, the routines executed fo implement the embodiments of the
disclosure, may be implemenied as part of an operating system or a specific application,
component, program, object, module or sequence of instructions referred {0 as "computer
programs.” The computer programs typically comprise one or more instructions set at
various times in varicus memory and storage devices in a computer, and that, when read
and executed by one or more procassing units or processors in a computer, cause the
computer to perform operations {o execute elements involving the various aspects of the

disclosure.

(00115} Morgsover, while embodiments have been described in the context of fully
functioning computers and computer systems, those skilled in the art will appreciate that
the various embodimants are capable of being distributed as a program product in a
varigty of forms, and that the disclosure applies equally regardiess of the particular type of

machine or computer-readable media used 1o actually effect the distribution.

{60116} Further examples of machine-readable storage media, machine-readable
media, or computer-readable (storage) media include but are not limited {o recordable type
media such as volatile and non-volatile memory devices, floppy and other removable
disks, hard disk drives, optical disks {g.g., Compact Disk Read-Only Memory (CD ROMS),
Digital Versatile Disks, (DVDs), stc.}), among others, and transmission type media such as

digital and analog communication links.
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1001177 Unless the context clearly requires otherwise, throughout the description and
the claims, the words “comprise,” "comprising,” and the like are to be construed in an
inclusive sense, as opposed to an exclusive or exhaustive sense; that is {0 say, in the

Hou

sense of “including, but not imited to.” As used herein, the terms “connected,” “coupled,”
or any variant thereof, means any connection or coupling, either direct or indirect, belween
fwo or more elements; the coupling of connection between the slements can be physical,

N

logical, or a combination thereof. Additionally, the words “herein,” "above,” “below.” and
words of similar import, when used in this application, shall refer to this application as a
whole and not to any particular portions of this application. Where the context permits,
words in the above Detailed Description using the singular or plural number may also
include the plural or singular number respectively. The word “or,” in reference to a list of
fwo or more items, covers all of the following interpretations of the word: any of the items in

the list, ali of the items in the list, and any combination of the tems in the list.

{00118] The asbove detailed description of embodiments of the disclosure is not
intended to be exhaustive or to limit the teachings to the precise form disciosed above.
While specific embodiments of, and examples for, the disclosure are described above for
flustrative purposes, various equivalent modifications are possible within the scope of the
disclosure, as those skilled in the relevant art will recognize. For example, while
processes or blocks are presented in a given order, alternative embodiments may perform
routines having steps, or employ systems having blocks, in a different order, and some
processes or blocks may be deleted, moved, added, subdivided, combined, and/or
maodified to provide alternative or sub-combinations. Each of these processes or blocks
may be implemented in a variety of different ways. Also, while processes or blocks are at
times shown as being performed in series, these processes or blocks may insiead be
performed in parallel, or may be performed at different times. Further any specific
numbers noted herein are only examples: alternative implementations may employ

differing values or ranges.

[00119] The teachings of the disclosure provided herein can be applied to other
systems, not necessarily the system described above. The elements and acts of the

various embodiments described above can be combined to provide further embodiments.
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1001207 Any patents and applications and other references noted above, including any
that may be listed in accompanying filing papers, are incorperated herein by reference.
Aspects of the disclosure can be modified, if necessary, {0 employ the systems, functions,
and concepts of the various references described above to provide yet further

embodiments of the disclosure.

100121} These and other changes can be made to the disclosure in light of the above
Detailled Description. While the above description describes certain embodiments of the
disclosure, and describes the best mode contemplated, no matter how detailed the above
appears in text, the teachings can be practiced in many ways. Details of the system may
vary considerably in its implementation details, while still being encompassed by the
subject matter disclosed herein.  As noled above, particular terminology used when
describing certain features or aspects of the disclosure should not be taken to imply that
the terminclogy is being redefined herein to be restricted to any specific characteristics,
features, or aspecits of the disclosure with which that terminclogy is associated. In
general, the terms used in the following claims should not be construed to limit the
disclosure to the specific embodiments disclosed in the specification, unless the above
Detailed Description section explicitly defines such terms. Accordingly, the actual scope of
the disclosure encompasses not only the disclosed embodiments, but also all equivalent

ways of practicing or implementing the disclosure under the claims.
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CLAIMS

What is claimed is!

1. A server-implemented method of selecting rowsets to compact in a tablet
storing data associated with a distributed file system (DFS), the method comprising:

restricting, by a server, each rowset in a plurality of rowsets included in the tablet to
have a size less than a predetermined size threshold, wherein the each
rowset stores keys spanning a range that is less than or equal {o the
keyspace of the tablet;

determining a height of the tablet across the keyspace, wherein the height of the
tablet is based on a number of rowssts having overlapping key ranges;

determining a rowset width of the each rowset in the keyspace of the tablet, wherein
the rowset width of the each rowset is proportional to the percentage of the
keyspace spanned by the rowset;

untit a minimum operational cost is reached, iteratively calculating, by the server, an
operational cost assaciateﬁ with compaction of two or more rowsets in the
keyspace, wherein the cost is calculated by integrating the rowset width of
the each rowset included in the tablet across the height of the tablet, wherein
the operational cost depends on the size of the each rowset, and

selecting, by the server, the two or more rowsets for compaction based on the two
or more rowsets resulting in the minimum operational cost over the each

rowset included in the workspace.

2. The method of claim 1, further comprising:
receiving new data for the tablet in a memory element stored on a data node
associated with the tablet; and

flushing the new data into a new rowset storad on the tablsat.
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3. The method of claim 2, further comprising:
if a new rowset reaches the size threshold, creating a new rowset in the keyspace

to include any data overflow,

4. The method of claim 2, wherein the new data includes a first data and a
second data, the new rowset is a first rowset, further comprising:

flushing the first data info the first rowset stored on the {ablet;

flushing the second data into the second rowset stored on the tablet, wherein the
first rowset and the second rowset are squally sized;

estimating an on-disk size for the first data and the second data prior 1o the flush,
whergin the estimating is (i) based on the amount of the first data and the
second data in the memory element and (i) based on a range spannead by

the first rowset and a range spanned by the second rowset.

5. The method of claim 4, further comprising:
sending a command to the data node o flush the first data and the second data in
the memory element o the tablet, wherein the first rowset and the second

rowset have non-overlapping key ranges.

8. The method of claim 1, further comprising:
transiating the keyspace of the tablel into an interval tree for determining the height

of the tablet based on an union of the overlapping key ranges.

7. The method of claim 6, further comprising:
determining a rowset height of the each rowset included in the tablet, wherein
rowset heights and rowset widths of the two or more rowsets are greatest in

the pluraiity of rowsets.

8. The method of claim 1, wherein the plurality of rowsets includes a first rowset

and a second rowset with overlapping ranges, wherein the minimum operational cost
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involves merging the first rowset and the second rowset resulting in a reduction in the

height of the tablet, upon compaction and for a given inputfoutput (#O) budget.

8. The method of claim 8, wherein the operational cost is applicable for point

gueries, short scans, inserts, and random reads.

10.  The meathod of claim 1, whersin the operational cost for long scans is directly
proportional {0 a number of megabyles covered by a scan and inversely proportional {o a
disk bandwidth.

11, The method of claim 1, wherein the operational cost for long scans includes
a direct proportionalily {0 a cost of a key lockup and a number of rowsets accessed during

the scan.
12. The method of claim 1, wherein the operational cost for short scans is

directly proportional to 2 number of rowsets accessed during a scan and a cost of a key

lookup, wherein overlapping rowsets are looked up by a respective primary key.
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