wo 20177209788 A1 | 0000000 O OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

WO 2017/209788 Al

07 December 2017 (07.12.2017) WIPO I PCT
(51) International Patent Classification: (74) Agent: FRANZ, Paul E.; Fish & Richardson P.C., P.O.
GO6F 17/30 (2006.01) GO6F 9/50 (2006.01) Box 1022, Minneapolis, Minnesota 55440-1022 (US).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/US2016/064752 kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
02 December 2016 (02.12.2016) CA,CH,CL,CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
e DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(25) Filing Language: English HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR, KW,
. . KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, MG, MK,
(26) Publication Language: English MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM., PA.
(30) Priority Data: PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC, SD,
62/345,567 03 June 2016 (03.06.2016) Us SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT,
. TZ,UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant: GOOGLE LLC [US/US]; 1600 Amphitheatre
Parkway, Mountain View, California 94043 (US). (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(72) Inventors: SHRAER, Alexander; 71 BARNES CT APT

104, Stanford University, Escondido Village, Standord,
California 94305 (US). LEV-ARI, Kfir; Hagai 1, 4433510
Kfar Saba (IL). MERCHANT, Arif Abdulhusein; 1600
Amphitheatre Parkway, Mountain View, California 94043
(US). KHEMANI, Vishesh; 1600 Amphitheatre Parkway,
Mountain View, California 94043 (US). ADYA, Atul; 1600
Amphitheatre Parkway, Mountain View, California 94043
(US).

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IF, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(34

Title: WEIGHTED AUTO-SHARDING

1002

Application System
120

Load Balancer

Assignor

Request 12

Manager
122

I8

Load Monitor

Worker Computer Worker Computer Worker Computer

Partiions Partitions Parfitions
1321 1322 32:n

132-11 13221 132-n1

13212 13222 132-n2

132413 13223 132-n3

. . .
. ° eee .
. . .

1324 132K 1320

FIG. 1

(57) Abstract: Methods, systems, and apparatus for automatic sharding and
load balancing in a distributed data processing system. In one aspect, a
method includes determining workload distribution for an application across
worker computers and in response to determining a load balancing operation
is required: selecting a first worker computer having a highest load measure
relative to respective load measure of the other work computers; determin-
ing one or more move operations for a partition of data assigned to the first
worker computer and a weight for each move operation; and selecting the
move operation with a highest weight the selected move operation.
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WEIGHTED AUTO-SHARDING

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority under 35 USC §119(e) to U.S. Patent
Application Serial No. 62/345,567filed on June 3, 2016, the entire disclosure of which is

hereby incorporated by reference.

BACKGROUND
[0002] Many storage systems, and in particular databases and key-value storage
systems, partition data according to a key-space and store the partitioned data among
multiple servers. Such storage schemes are prevalent in cloud-based storage systems and
cloud-based distributed processing systems.
[0003] In the context of an application that distributes its work across multiple
computers, partitioning the data in a manner that results in a balanced work distribution
among the working computers (e.g., servers) acting on the data is desirable. One
common distribution scheme is to distribute the data randomly according to a data key.
This is ubiquitous in web services, where the distribution of the data for the application is
managed by a load balancer in front of a fleet of interchangeable application servers.
[0004] For example, consistent hashing can be used to initially balance the number of
data items stored on each server. Thereafter, a peer-to-peer load balance algorithm can
be used, where each server periodically chooses random other servers and tries to remain

balanced with respect to these servers by shedding load to the other servers.

SUMMARY
[0005] This specification describes technologies relating to sharding and load
balancing.
[0006] In general, one innovative aspect of the subject matter described in this
specification can be embodied in methods that include the actions of partitioning a data
set for an application job into a plurality of partitions according to values of a key,
wherein the key is an atomic unit of work placement; assigning, to each worker computer
in a set of worker computers, partitions of the data set to the worker computer, wherein
each worker computer receives a different set of partitions of the data set; iteratively

determining workload distribution for the application job across the worker computers
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and determining whether a load balancing operation is require based on the workload
distribution; in response to determining a load balancing operation is required: selecting a
first worker computer having a highest load measure relative to a respective load measure
of at least one other worker computer, for one or more partitions assigned to the first
worker computer, determining one or more move operations for the partition, and, for
each move operation, a weight for the move operation, selecting the move operation with
a highest weight relative to the weights of each of the other move operations and
implementing the selected move operation on the partition for which the move operation
with the highest weight was determined. Other embodiments of this aspect include
corresponding systems, apparatus, and computer programs, configured to perform the
actions of the methods, encoded on computer storage devices.

[0007] Particular embodiments of the subject matter described in this specification
can be implemented so as to realize one or more of the following advantages. The
weighted auto-sharding move operations can provide improved load balancing, less key
movements, less replication, less fragmentation of assignments, and smaller assignments
than other sharding processes, such as consistent hashing. Furthermore, in
implementations in which a minimum benefit is required for a movement operation to be
implemented, the system can avoid implementing reassignments that would not achieve at
least the minimum benefit. The method works well for both large and small number of
client keys, unlike other methods that only realize efficiency for a large set of client keys,
such as consistent hashing. The method also allows users to define explicit tradeoffs
between imbalance and cost in a way that is optimal for a particular application. For
example, for some application the cost of moving keys may be expensive, e.g., cost =
#moved keys”2, while for other applications the cost may be inexpensive, e.g., cost =
Sqrt(#moved keys); for some applications the benefit for reduced imbalance may be high,
while for others the benefit for reduced imbalance may be low, etc. These advantages
result in improvements in the technological field of distributed data storage and
processing.

[0008] The details of one or more embodiments of the subject matter described in this
specification are set forth in the accompanying drawings and the description below.

Other features, aspects, and advantages of the subject matter will become apparent from

the description, the drawings, and the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0009] Fig. 11is a block diagram of a system that performs weighted auto-sharding of
data.
[0010] Fig. 2 is a flow diagram of an example process for performing weighted auto-
sharding of data.
[0011] Figs. 3A — 3D are block diagrams that illustrate move operations that can be
performed during auto-sharding.
[0012] Like reference numbers and designations in the various drawings indicate like

elements.

DETAILED DESCRIPTION

[0013] Fig. 11is a block diagram of a system that performs weighted auto-sharding of
data. A computer network 102, such as alocal area network (LAN), wide area network
(WAN), the Internet, or a combination thereof, connects a load balancer 110, and
application system 120 and a set of worker computers 130-1...n that work in connection
with the application system 120.

[0014] The application system 110 may be a single computer executing an
application, or may be multiple computers that implement an application or suite of
applications in a distributed manner. Example applications that may be implemented are
speech recognizers, document processing applications, e-mail applications, or any other
application that may require storage of a large set of data across multiple worker
computers 130. An example worker computer 130 is a sever computer that receives and
serves requests from the application system 120.

[0015] The role of the worker computers 130 is dependent on the role assigned to
them by the application system 120. For example, a worker computer 130 may perform
only storage management functions for the data that it manages, such as read operations,
write operations, deletion operations, and the like. Alternatively, a worker computer 130
may perform more complex operations, such as any number of operations that may be
assigned in a distributed parallel processing system. Examples of such operations include
search operations, sorting operations, image processing operations, etc.

[0016] Each worker computer 130 has a corresponding set of partitions 132 that are
assigned to the worker computer 130. As illustrated in Fig. 2, each set of partitions 132
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may include multiple partitions. For example, the set of partitions 132-1 may include
partitions 132-11, 132-12...132-1j; the set of partitions 132-2 may include partitions 132-
21, 132-22...132-2k, and so on. All of the partitions of all of the data sets 132 form the
data set for the application job that is executed by the application system 120.
Additionally, the number of partitions in each set need not be the same, as indicated by
theJ, k and q indices. As will be described below, because individual partitions may be
merged with other partitions, migrated, replicated, or split, the number of partitions on
any one worker computer may vary over time.

[0017] The load balancer 110 includes an assignor 112 that performs initial
assignments and causes the execution of merger operations, move operations (migrations,
replications and de-replications, as will be explained below), and split operations. The
load monitor 114 monitors the loads of the worker computers 130 to determine whether
merger operations, move operations and split operations are to be performed. The
example architecture of the load balancer 110 is illustrative, and other functional
distributions that perform operations described below may also be used.

[0018] The load balancer 110 splits the application system’s work and data across the
set of worker computers 130 within a data center such that the load is balanced across the
worker computers 130. The unit of sharding is a data key chosen by the application
running in the application system 120. Keys are an atomic unit of work placement. The
keys may be fine-grained, e.g., user IDs, or coarse-grained, e.g., languages in a speech
recognizer.

[0019] Once the data are distributed to the partitions 132, the request manager 122
allows the application system 120 to direct requests for a key to the worker computer 130
assigned that key. The request manager 122 can also provide data describing the requests
for particular key values and the addresses of the corresponding worker computers 130
for the requests to the 1oad monitor 114. Using this data, the load monitor determines
whether load balancing operations need to be performed.

[0020] Operation of the load balancer 110 is describe with reference to Fig. 2, which
is a flow diagram of an example process 200 for performing weighted auto-sharding of
data. In general, the process 200 considers, in some implementations, (1) minimum and
maximum number of key-ranges per worker computer; (2) a minimum and maximum
number of replications among worker computers; (3) load measure thresholds for

performing load balancing, (4) a budget limit, e.g., key churn, for a series of move
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operations, and (5) a marginal gain for each move, e.g., a key churn limit, a minimum
benefit, etc. Additional factors, or even fewer factors, can be considered when
implementing the process 200.

[0021] The process 200 partitions a data set for an application job into a plurality of
partitions according to values of a key (202). For example, the assignor 112 may
generate a hash value from the key value for data, and distribute the data to a
corresponding worker computer associated with the hash value. To illustrate, assume a
set of records are to be distributed to the worker computers, and each record includes a
User ID key value. Each User ID key value is hashed, and a modulo operation is applied
to the hash value. Each worker computer 130 is associated with a remainder value, and
receives the record for which the modulo operation generates the remainder value.

[0022] The process 200 then assigns, to each worker computer in a set of worker
computers, partitions of the data (204). The data provided to each worker computer is
divided into partitions 132, and each partition corresponds to a continuation range of
values, e.g., hashed key values. Each partition 132, in some implementations, is initially
different from each other partition 132. For example, assume that there are 10 worker
computers, and there are initially 10 partitions for each worker computers 130. If there are
1,000 modulo values generated, then each partition initially correspond to 10 contiguous
values, e.g., 1..10 for 132-11; 11 — 20 for 132...12; and so on. In other implementations,
partitions may have an initial set of replications, e.g., for redundancy or load sharing.
[0023] The process 200 then begins a series of iterative operations that perform one
or more of the operations 206 — 222. Some of the operations, such as the merger and
splitting operations, may be optional, as indicated by the dashed process boxes 208 and
222,

[0024] The process 200 determines the workload distribution (206). In operation, the
process 200 iteratively determines the workload distribution for the application job across
the worker computers periodically, e.g., n minutes, hours, or by some other periodic
metric. During each period, the load monitor 114 receives reporting data from the request
manger 122 and can also receive data from each worker computer 130 that describes the
load of the worker computer 130. In some implementations, the load measure for each
worker computer may be a processing system utilization measure. Example processing
system utilization measures may be CPU utilization, power consumption, latency, or any

other metric that indicates the load of the worker computer 130.
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[0025] In other implementations, the load measure may be independent of the
processing system utilization measure. For example, a load measure may be generated
from a constituent load measure for each partition assigned to a worker computer. This
constituent load measure may be based on the number or reads, writes, or other operations
directed to data stored in the partition.

[0026] In another implementation, the processing system utilization measure for the
worker computer 130 may be apportioned according to the constituent load measures of
the partitions. For example, assume that a processing system utilization measure
indicates the worker computer is operating at 110% of a desired load value, and there are
four partitions assigned to the worker computer. The relative percentage of operations
performed by the worker computer for each of the four partitions are 50%, 20%, 10% and
20%, respectively. Accordingly, the four partitions are determined to require the
following processing system utilization: 55%, 22%, 11% and 22%.

[0027] Other appropriate ways of determining a workload distribution can also be
used, such as by measuring latency times, number of operations per unit time period, etc.
[0028] The process 200 determines mergers (208). Mergers of partitions are optional,
and may be implemented before a load balancing operation is performed. A merger may
be performed to merge two adjacent partitions into a single partition. Two partitions are
adjacent if they collectively define a range of contiguous key hash values.

[0029] To determine if a merger is to be performed in partitions 132 assigned to a
worker computer, the process 200, for each partition of the worker computer 130,
determines a constituent load measure for the partition. The constituent load measure
may be determined as described above. The process 200 then selects pairs of adjacent
partitions, and for each pair of adjacent partitions for which a sum of the constituent load
measures of the partitions does not meet a load measure merger threshold, merges the
adjacent partitions into a single partition. An example load measure merger threshold is
an average of constituent load measures of all partitions.

[0030] Mergers may be constrained so that a merger does not result in a number of
remaining partitions on the worker computer being less than a minimum partition
threshold. The threshold is greater than unity, and may be selected according to any
number of appropriate selection criteria. The minimum partition threshold may be a
percentage of the number of initial partitions, or may be a set number (e.g., 20), etc., or

may be based on a minimum number of replicas per partition.
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[0031] In some implementations, the process 200 may merge two adjacent partitions
when one partition is on a first worker computer and the second partition is on a second
worker computer. For example, assume the partitions 131-1j on worker computer 130-1
and 132-21 on worker computer 130-2 are adjacent partitions, and that the sum of the
constituent load measures of the partitions does not meet the load measure merger
threshold. The process 200 will then merge the adjacent partitions into a single partition
and assign the merged partition one of the first and second worker computer that has a
lowest load measure.

[0032] The process 200 then determines if a load balancing is required (210). In
some implementations, the process 200 determines a load balancing operation is required
if at least one worker computer has a load measure that meets a maximum load measure
threshold. The maximum load measure threshold quantifies a threshold for the load
measure that is determined. For example, if the load measure is latency, and the
maximum load measure is a maximum latency time, then a worker computer 130 with a
latency time that exceeds the maximum latency time results in process 200 determining a
load balancing operation is required. Likewise, if the load measure is CPU utilization,
and the maximum load measure is a maximum CPU utilization value, then a worker
computer 130 with a CPU utilization that exceeds the maximum CPU utilization results in
process 200 determining a load balancing operation is required.

[0033] In response to determining a load balancing operation is required, the process
200 determines move operations and for each move operation, a move weight to
determine the best move (212). In some implementations, the process 200 determines
move operations for only a worker computer having a highest load measure relative to
respective load measure of the other work computers. In other implementations,
however, move operations can be considered for worker computers that are in a top
subset of worker computers with high load measures, e.g., the top x%, or all worker
computers with loads above a threshold load measure. This may include the top n worker
computers, or even a second-most loaded worker computer instead of a first-most loaded
worker computer. In a variation of this implementation, the partitions in all worker
computers with loads above a threshold load measure may be considered for moves.
[0034] For example, with reference to Fig. 1, assume that the worker computer 130-1
has the highest load measure, and assume for this example the partitions for only the

worker computer with the highest load measure are processed for possible moves. The
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process 200 then determines, for one or more partitions 132 assigned to the first worker
computer 130-1, one or more move operations for the partition. Furthermore, for each
move operation, the process 200 determines a weight based on benefits and costs
determined for the move operation.

[0035] For example, the process 200 may determine for each of the partitions 132-11
a migration move that migrates the partition 132-11 from the first worker computer 130-1
to a second worker computer. In some implementations, the second worker computer 130
is the worker computer with the lowest load measure relative to respective load measure
of the other work computers. In other implementations, two or more worker computers
with the lowest relative load measures may be considered as possible recipients of
partitions for move operations. Finally, the second worker computer may, in some
situations, be a worker computer that does not have the lowest relative load measure.
[0036] The benefit may be determined based on the estimate reduction in the load on
the worker computer from which the partition is migrated. The benefit is thus
proportional to a reduction in load measure in the worker computer that will result from
the move operation. For example, if moving the partition 132-11 from the worker
computer 130-1 will decrease the latency by 0.5 microseconds, the benefit is then a 0.5
microsecond decrease in latency. Other ways of measuring benefits can also be used.
[0037] The cost may be measured in proportional to an amount of key values that will
be reassigned from the move operation. For example, if the benefit obtained by moving a
relatively large number of keys is very small, then the cost associated with overhead of
the move effectively reduces the gain realized by the benefit.

[0038] The weight for the move is based on the cost and the benefit. In some

implementations, the weight is the ratio of the benefit to the cost, i.e.,

[0039] Weight(move) = Benefit(move)/Cost(move)

[0040] Other functions for determine a weight may be used. Additionally, in some
implementations, the weight may simply be the reciprocal of the cost and the benefit is
ignored, or the weight may simply be the benefit and the cost is ignored.

[0041] Another move is a replication move. A replication occurs when a partition is
copied from one worker computer to another worker computer, and the worker computer

on which the replication is made shares in the workload for that partition. For example, if
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a partition exists only for one worker computer, replicating the partition on another
worker computer reduces the load on the original worker computer by 50% of the load for
the partition. A replication may occur on another worker computer when that worker
computer does not already have the partition assigned to it.

[0042] Another possible move is a de-replication move. A de-replication move
eliminates the partition on a computer. De-replication moves have little cost relative to
other moves, as there is no requirement for migration or copying of the partition to
another worker computer store. Instead, the partition assigned to the worker computer
with the highest load measure is simply deleted.

[0043] The move operations and weights may be determined for only the partition
with the highest constituent load measure, or, alternatively, may be determined for each
partition assigned to the worker computer with the highest relative load measure. In yet
another implementation, the top y% of partitions in the worker computer(s) being
processed for possible moves may be considered.

[0044] Moves, replications and de-replications are described in more detail with
reference to Figs. 3A — 3D below.

[0045] The move operation with highest weight relative to the weights of each of the
other move operations is selected. The move may then be implemented by instructing the
worker computers to perform the move operations (216). Altematively, the process 200
may optionally determine whether the selected move meets a minimum benefit (214).

For example, if a selected move operation which has the highest weight does not realize a
minimum benefit, it may be ignored. This ensures that move operations that result in
only marginal increases that are considered to not be worth an attendant cost are not
implemented. In another implementation, the process 200 may determine whether the
selected move exceeds a maximum cost. For example, if a selected move operation
which has the highest weight exceeds a maximum cost, it may be ignored. This ensures
that move operations that have a very high cost can be ignored, even if their resulting
weight is the highest.

[0046] Another gating function of a move operation is a comparison of a new
estimated load measure of a second worker computer to which a partition is moved or
replicated (or workload increased by a de-replication on first worker computer) to the
original load measure of the first worker computer before the move operation. If the new

estimated load measure of the second worker computer is equal to or exceeds the original
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load measure of the first worker, then the move is not executed. This is because that
while the first worker computer may benefit from the move, the overall benefit to the set
of worker computers 130 would be offset by the even higher resulting load measure on
the second worker computer.

[0047] In some implementations, a move budget may be used to limit the number of
moves that may be implemented. For example, a key churn metric may be used to
determine a maximum number of keys that may be moved during a series of move
operations. Key churn indicates the percentage of the entire key space (and thus the
percentage of the entire data set) that is affected by and assignment change. Each time a
move is implemented, the cost of the move in terms of key values is subtracted from the
budget. The use of move budget reflects the backend and overhead costs associated with
move operations that may not be directly reflected by the resulting costs and benefits of
each selected move that is implemented.

[0048] In some implementations, the budget cost for a move can also be considered
when determining to select a move. For example, the process 200 can impose a
maximum budget cost per move, e.g., 10% or the entire budget, or some other percentage.
If the maximum budget cost for the move is exceeded, the move is ignored. This ensures
that move operations that have a very high budget cost can be ignored, even if their
resulting weight is the highest. The rationale is that multiple less-budget costly moves in
the aggregate are more likely to realize a better overall load balancing improvement than
a single, very high-budget cost move.

[0049] In another implementation, instead of a maximum cost per move criterion, a
bound on aggregate cost criterion may be used. In this implementation, the process 200
may determine whether the cost of the move with the highest weight together with the
cost of the moves that have already been made, in aggregate, exceeds the move budget.
If not, the move may be made. If so, then an alternate move with a lower weight is
considered.

[0050] The process 200 determines if the move budget is exhausted (218). If there is
remaining move budget, then the process 200 returns to step 212. However, if the budget
is exhausted, then the move budget is reset (220), and the workload distribution is again
determined after a period of time.

[0051] Optionally, the process may determine splits of partitions (222). Partitions

that have a high constituent load measure may be split to provide additional load
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balancing options for the next round of load balancing. A partition may be split when the
partition’s constituent load measure exceeds a load measure split threshold. An example
load measure split threshold is a double of an average of constituent load measures of all
partitions.

[0052] For each partition for which the constituent load measure exceeds the load
measure split threshold, the process 200 splits the partition into two separate partitions. In
some implementations, the splitting of the partition occurs only if the splitting will not
result in a number of partitions on the worker computer being greater than a maximum
partition threshold.

[0053] More generally, a partition may be split into N parts, where N is 2 or greater.
In some implementations, the value of N may depend on the constituent load of the
partition to be split, and N is proportional to the constituent load. For example, if a
partition has a constituent load of three times the average constituent load, the partition is
split into three separate partitions. Even more generally, the number of partitions may be
determined by a rounding function that takes as input the multiple of the average
constituent load, e.g.,

[0054]  N(P)=Round(A(P), 0)

[0055] where:

[0056] P is the partition; and

[0057] A(P) is the multiple of the partition’s P constituent load relative to the average
constituent load.

[0058] Other ways of determining split thresholds and a split cardinality can also be
used.

[0059] In some implementations, the partition is split at split points that result in
equal sized partitions. For example, a split at the mid-point of a partition is used for a
split into two partitions; splits at the third and two-thirds points of a partition is used for a
split into three partitions; and so on.

[0060] In other implementations, the constituent load of a partition is attributed to the
individual key values of the partition, and split(s) that result in a substantially equal
constituent load for each split partition are calculated and implemented. For example,
assume a partition has a constituent load of 3.1 times the average constituent load, and the

partitions includes 10,000 key values ranging from 1 to 10,000. To equally divide the

11
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partition into partitions that will have substantially equal ranges, the following ranges are
determined:

[0061] Partition 1: Keys 1 —4,000;

[0062] Partition 2: Keys 4,001 — 8,000; and

[0063] Partition 3: Keys 8,001 — 10,000.

[0064] While splits and mergers have been illustrated being separate from the other
moves of replication, de-replication and migration, in other implementations they can
instead be candidate moves that are weighted and evaluated against the replication, de-
replication and migration moves. Furthermore, the moves described above are not
exhaustive, and other types of moves, or combinations of moves, can be implemented as
long as weights are calculated for comparison. For example, another type of move may
be a combination of a migration and replication: a partition may be migrated from one
worker computer to two or more other worker computers, essentially combining a
migration and replication. Yet another move may be an allocation of another worker
computer to be added to the set of worker computers and to be assigned one or more
partitions by the moves described above. Still other types of moves may be used as well.
[0065] Figs. 3A — 3D are block diagrams that illustrate move operations that can be
performed during auto-sharding. Each rectangle graphically represents a constituent load
(vertical) and a number of key values (horizontal) associated with a respective partition.
[0066] Fig. 3A represents the workload distribution for a first worker computer and a
second worker computer determined by the load monitor. The first worker computer has
three partitions 302, 304 and 306-1, and the second worker computer has one partition,
306-2. The partitions 306-2 is a replication of the partition 306-1, and being as there is
only one replication, the workload for the partition is shared equally by the first and
second worker computers. As indicated by Fig. 1, the load measure for the first worker
computer is much higher than the load measure for the second worker computer. Assume
that the first worker computer has a highest load measure of multiple different worker
computers, some of which are not depicted in Fig. 3A, and that the second worker
computer has the lowest load measure of the multiple different worker computers.

[0067] Fig. 3B illustrates the result of a migration of the partition 302 from the first
worker computer to the second worker computer. This results in a decrease in the load on

the first worker computer and a corresponding increase on the second worker computer.

12



WO 2017/209788 PCT/US2016/064752

[0068] Fig. 3C illustrates the result of a replication of the partition 302 on the second
worker computer. This results in a 50% decrease in the constituent load of the partition
302 on the first worker computer and a corresponding increase on the second worker
computer.

[0069] Fig. 3D illustrates the result of a de-replication of the partition 306-2 on the
first worker computer. This results in a decrease in the constituent load of the partition
306 on the first worker computer and a corresponding increase on the second worker
computer.

While each move in Figs. 3B — 3D has a corresponding benefit, the corresponding cost is
also taken into account when selecting the move. Accordingly, a move operation with a
highest raw benefit may not always be the move operation that is selected. For example,
a migration operation is likely to be the selected move operation when the partition being
moved does not have an extremely high constituent load measure. Conversely, a
replication operation of a partition is likely to be the selected move operation when the
partition being replicated does have an extremely high constituent load measure. Finally,
the de-replication has very little cost, and this is very likely to be chosen over other move
operations unless the de-replication operation results in the new load measure of the
second worker computer (shown in Fig. 3D) exceeding the original load measure of the
first worker computer (shown in Fig. 3A).

[0070] Embodiments of the subject matter and the operations described in this
specification can be implemented in digital electronic circuitry, or in computer software,
firmware, or hardware, including the structures disclosed in this specification and their
structural equivalents, or in combinations of one or more of them. Embodiments of the
subject matter described in this specification can be implemented as one or more
computer programs, i.e., one or more modules of computer program instructions, encoded
on computer storage medium for execution by, or to control the operation of, data
processing apparatus.

[0071] A computer storage medium can be, or be included in, a computer-readable
storage device, a computer-readable storage substrate, a random or serial access memory
array or device, or a combination of one or more of them. Moreover, while a computer
storage medium is not a propagated signal, a computer storage medium can be a source or
destination of computer program instructions encoded in an artificially-generated

propagated signal. The computer storage medium can also be, or be included in, one or
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more separate physical components or media (e.g., multiple CDs, disks, or other storage
devices).

[0072] The operations described in this specification can be implemented as
operations performed by a data processing apparatus on data stored on one or more
computer-readable storage devices or received from other sources.

[0073] The term “data processing apparatus™ encompasses all kinds of apparatus,
devices, and machines for processing data, including by way of example a programmable
processor, a computer, a system on a chip, or multiple ones, or combinations, of the
foregoing. The apparatus can include special purpose logic circuitry, e.g., an FPGA (field
programmable gate array) or an ASIC (application-specific integrated circuit). The
apparatus can also include, in addition to hardware, code that creates an execution
environment for the computer program in question, e.g., code that constitutes processor
firmware, a protocol stack, a database management system, an operating system, a cross-
platform runtime environment, a virtual machine, or a combination of one or more of
them. The apparatus and execution environment can realize various different computing
model infrastructures, such as web services, distributed computing and grid computing
infrastructures.

[0074] A computer program (also known as a program, software, software
application, script, or code) can be written in any form of programming language,
including compiled or interpreted languages, declarative or procedural languages, and it
can be deployed in any form, including as a stand-alone program or as a module,
component, subroutine, object, or other unit suitable for use in a computing environment.
A computer program may, but need not, correspond to a file in a file system. A program
can be stored in a portion of a file that holds other programs or data (e.g., one or more
scripts stored in a markup language document), in a single file dedicated to the program
in question, or in multiple coordinated files (e.g., files that store one or more modules,
sub-programs, or portions of code). A computer program can be deployed to be executed
on one computer or on multiple computers that are located at one site or distributed across
multiple sites and interconnected by a communication network.

[0075] The processes and logic flows described in this specification can be performed
by one or more programmable processors executing one or more computer programs to
perform actions by operating on input data and generating output. The processes and

logic flows can also be performed by, and apparatus can also be implemented as, special
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purpose logic circuitry, e.g., a FPGA (field programmable gate array) or an ASIC
(application-specific integrated circuit).

[0076] Processors suitable for the execution of a computer program include, by way
of example, both general and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive
instructions and data from a read-only memory or a random access memory or both. The
essential elements of a computer are a processor for performing actions in accordance
with instructions and one or more memory devices for storing instructions and data.
Generally, a computer will also include, or be operatively coupled to receive data from or
transfer data to, or both, one or more mass storage devices for storing data, e.g., magnetic,
magneto-optical disks, or optical disks. However, a computer need not have such
devices. Moreover, a computer can be embedded in another device, e.g., a mobile
telephone, a personal digital assistant (PDA), a mobile audio or video player, a game
console, a Global Positioning System (GPS) receiver, or a portable storage device (e.g., a
universal serial bus (USB) flash drive), to name just a few. Devices suitable for storing
computer program instructions and data include all forms of non-volatile memory, media
and memory devices, including by way of example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices; and magnetic disks.

[0077] Embodiments of the subject matter described in this specification can be
implemented in a computing system that includes a back-end component, e.g., as a data
server, or that includes a middleware component, e.g., an application server, or that
includes a front-end component, e.g., a user computer having a graphical user interface or
a Web browser through which a user can interact with an implementation of the subject
matter described in this specification, or any combination of one or more such back-end,
middleware, or front-end components. The components of the system can be
interconnected by any form or medium of digital data communication, e.g., a
communication network. Examples of communication networks include a local area
network (“LAN”) and a wide area network (“WAN™), an inter-network (e.g., the
Internet), and peer-to-peer networks (e.g., ad hoc peer-to-peer networks).

[0078] The computing system can include users and servers. A user and server are
generally remote from each other and typically interact through a communication
network. The relationship of user and server arises by virtue of computer programs

running on the respective computers and having a user-server relationship to each other.
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[0079] While this specification contains many specific implementation details, these
should not be construed as limitations on the scope of any features or of what may be
claimed, but rather as descriptions of features specific to particular embodiments. Certain
features that are described in this specification in the context of separate embodiments
can also be implemented in combination in a single embodiment. Conversely, various
features that are described in the context of a single embodiment can also be implemented
in multiple embodiments separately or in any suitable subcombination. Moreover,
although features may be described above as acting in certain combinations and even
initially claimed as such, one or more features from a claimed combination can in some
cases be excised from the combination, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

[0080] Similarly, while operations are depicted in the drawings in a particular order,
this should not be understood as requiring that such operations be performed in the
particular order shown or in sequential order, or that all illustrated operations be
performed, to achieve desirable results. In certain circumstances, multitasking and
parallel processing may be advantageous. Moreover, the separation of various system
components in the embodiments described above should not be understood as requiring
such separation in all embodiments, and it should be understood that the described
program components and systems can generally be integrated together in a single
software product or packaged into multiple software products.

[0081] Thus, particular embodiments of the subject matter have been described.
Other embodiments are within the scope of the following claims. In some cases, the
actions recited in the claims can be performed in a different order and still achieve
desirable results. In addition, the processes depicted in the accompanying figures do not
necessarily require the particular order shown, or sequential order, to achieve desirable
results. In certain implementations, multitasking and parallel processing may be

advantageous.
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CLAIMS
1. A computer implemented method, comprising:
a data processing apparatus that includes one or more processors; and
a non-transitory computer readable medium in data communication with the data
processing apparatus and storing instructions executable by the data processing apparatus
and that when executed cause the data processing apparatus to perform operations
comprising: partitioning a data set for an application job into a plurality of
partitions according to values of a key, wherein the key is an atomic unit of work
placement;
assigning, to each worker computer in a set of worker computers,
partitions of the data set to the worker computer, wherein each worker computer receives
a different set of partitions of the data set;
iteratively determining workload distribution for the application job across
the worker computers and determining whether a load balancing operation is required
based on the workload distribution;
in response to determining a load balancing operation is required:
selecting a first worker computer having a highest load measure
relative to a respective load measure of at least one other worker computer;
for one or more partitions assigned to the first worker computer,
determining one or more move operations for the partition, and, for each move operation,
a weight for the move operation; and
selecting the move operation with a highest weight relative to the
weights of each of the other move operations and implementing the selected move
operation on the partition for which the move operation with the highest weight was

determined.

2. The method of claim 1, wherein the weight for each move is based on a benefit

determined for the move and a cost determined for the move.
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3. The method of claim 2, wherein determining one or more move operations for the
partition, and, for each move operation, a weight based on benefits and costs determined
for the move comprises, for each of the one or more partitions:

determining a migration move that migrates the partition from the first worker
computer to a second worker computer;

if the partition is not replicated on the second worker computer, determining a
replication move that replicates the partition on the second worker computer; and

if the partition is replicated on another worker computer, determining a de-

replication move that eliminates the partition on the first worker computer.

4, The method of claim 3, wherein determining the migration move comprises
selecting a worker computer having a lowest load measure relative to respective load

measure of the other work computers.

5. The method of any of claims 2 to 4, wherein determining, for each move
operation, the weight based on benefits and costs of the determined for the move
operation comprises:

determining a benefit that is proportional to a reduction in load measure in the
worker computer that will result from the move operation;

determining a cost that is proportional to an amount of key values that will be
reassigned from the move operation; and

determining the weight based on a ratio of the benefit to the cost.

6. The method of any preceding claim, wherein determining whether the load
balancing operation is require based on the workload distribution comprises:
determining that at least one worker computer has a load measure that meets a

maximum load measure threshold.
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7. The method of any preceding claim, the operations further comprising, for each
worker computer:

determining, for each partition of the worker computer, a constituent load measure
for the partition;

determining pairs of adjacent partitions, where each pair is two partitions that
collectively have a contiguous range of key values; and

for each pair of adjacent partitions for which a sum of the constituent load
measures of the partition does not meet load measure merger threshold, merging the

adjacent partitions into a single partition.

8. The method of claim 7, wherein merging the adjacent partitions into a single
partition occurs prior to an iteration to determine the workload distribution for the

application job.

9. The method of claim 7 or 8, wherein:

determining pairs of adjacent partitions includes determining one or more pairs of
adjacent partitions that includes a first partition on a first worker computer and a second
partition on a second worker computer; and

merging the adjacent partitions into a single partition includes merging the
adjacent partitions that includes the first partition on the first worker computer and the
second partition on the second worker computer into the single partition onto the worker

computer of the first and second worker computer that has a lowest load measure.

10.  The method of any of claims 7 to 9, wherein the load measure merger threshold is

an average of constituent load measures of all partitions.

11. The method of any of claims 7 to 10, wherein merging the adjacent partitions into
a single partition comprises merging the partition into a single partition only if the merger
will not result in a number of partitions on the worker computer being less than a

minimum partition threshold that is greater than unity.
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12, The method of any preceding claim, the operations further comprising, for each
worker computer:

determining, for each partition of the worker computer, a constituent load measure
for the partition;

determining, for each partition, whether the constituent load measure exceeds a
load measure split threshold; and

for each partition for which the constituent load measure exceeds the load measure

split threshold, splitting the partition into two separate partitions.

13.  The method of claim 12, wherein splitting the partition occurs after implementing

the selected move operation.

14. The method of claim 12 or 13, wherein the load measure split threshold is a

double of an average of constituent load measures of all partitions.

15.  The method of any of claims 12 to 14, wherein splitting the partition occurs only
if the splitting will not result in a number of partitions on the worker computer being

greater than a maximum partition threshold.

16.  The method of any preceding claim, wherein determining one or more move
operations for one or more partitions assigned to the first worker computer comprises
determining the one or more move operations for only the partition with the highest

constituent load measure.

17.  The method of any preceding claim, wherein implementing the selected move
operation on the partition for which the move operation with the highest weight was
determined comprises implementing the selected move operation only is a determined

benefit for the move meets a minimum benefit threshold.

18. A computer storage medium encoded with a computer program, the program
comprising instructions that when executed by data processing apparatus cause the data

processing apparatus to perform the operations of any preceding claim.
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19. A system comprising:

a data processing apparatus that includes one or more processors; and

a non-transitory computer readable medium in data communication with the data
processing apparatus and storing instructions executable by the data processing apparatus
and that when executed cause the data processing apparatus to perform operations

comprising the steps of any of claims 1 to 17.
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