
Database Systems 
WS 08/09

Prof. Dr. Jens Dittrich
Chair of Information Systems Group 

http://infosys.cs.uni-saarland.de

http://infosys.cs.uni-saarland.de
http://infosys.cs.uni-saarland.de


WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosys.cs.uni-saarland.de

Topics (5/6)

 large systems
 global scale data management
 map/reduce
 pig
 search engines
 data warehouses and OLAP

write-optimized system concepts
 OLTP
 publish/subscribe
 streaming
 moving objects

management of geographical data
 basic concepts
 GIS, google maps
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Large Systems

Yahoo!
Google
Amazon
All in the Petabyte range
How do they store their data?
Use some distributed DBMS product and scale it, right?
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Large Systems

Yahoo!
 PNUTS
 Sherpa Data Services
 Pig

Google
 Google File System (GFS)
 BigTable
 map/reduce

Amazon
 Dynamo

Do you see the word “DBMS“ here?
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Why not use a DBMS?

 scalability in the Petabyte range?
 on ten thousands of nodes?
 transactions? for what?
SQL?
 cost for licenses?
 flexibility?

 optimized storage layout: columns, column groups, etc.
 optimized write behavior: log strutured trees/stepped merge
 design global-scale distribution and redundancy
 can remove bottlenecks inefficiencies as they arise: full control
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Common Strategy

 build system from scratch
 use existing data managing technology wherever possible

 either re-implement:
- does not exclude reinventing the wheel
- give new names to existing things

 and/or use DBMS or file system as a little component in a bigger 
architecture

 leave away unnecessary stuff
 no SQL
 no transactions
 etc.

 adapt technology to work with a very large number of 
machines
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Agenda

Yahoo!
 PNUTS (today)
 Sherpa Data Services
 Pig (next week)

Google
 Google File System (GFS)
 BigTable
 map/reduce (next week)

Amazon
 Dynamo
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What is PNUTS?

massively parallel and geographical distributed DBMS (sic!)
 used and built by Yahoo! for its Web applications
 first version out and being used
 proprietary system
 not just installing an existing DBMS product
DBMSs are just small building blocks in this architecture
makes use and recombines considerable DBMS technology
 Literature:

Brian F. Cooper, Raghu Ramakrishnan, Utkarsh Srivastava, Adam Silberstein, 
Philip Bohannon, Hans-Arno Jacobsen, Nick Puz, Daniel Weaver, Ramana 
Yerneni: PNUTS: Yahoo!'s hosted data serving platform. PVLDB 1(2):1277-1288 
(2008)

10



WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosys.cs.uni-saarland.de

Requirements: Scalability and Response Time

 scalability
 adapt to peaks and periods of rapid growth
 be able to add new resources with minimal effort

 response time
 applications must consistently meet Yahoo!ʻs internal SLAs for 

page load time
 =>response time requirements on data management platform
 users scattered across the globe
 => need replicas distributed around the globe
 otherwise latency requirements cannot be met
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Requirements: High Availability, Fault Tolerance

 high availability and fault tolerance
 downtime means money lost
 => cannot serve ads
 => do not get paid
 => disappoint users
 service must survive

- server failures
- network partitions
- power loss
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Requirements: Relaxed Consistency 
Guarantees
 relaxed consistency guarantees

 DBMS use model of serializable transactions (see week 10)
 trade-off between performance and consistency
 supporting serializability over a globally replicated and distributed 

system is very expensive
 achieving serializability for this app impractical
 also: transactions not really needed as most apps tend to 

manipulate one record at a time
 for instance: user changes avatar, post new pictures, invites 

friends to connect
 little harm is done if the new avatar is not initially visible to one 

friend, etc.
 => apps may trade consistency for performance

13
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Requirements: Eventual Consistency?

 eventual consistency?
 model used by other distributed replicated systems

(e.g. Amazonʻs Dynamo)
 idea:

- a client can update any replica of an object
- all updates to an object will eventually be applied
- but potentially in different orders at different replicas

 this model may be appropriate for some aplications
 however, this model is too weak for Yahoo!
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Eventual Consistency Counter-Example
 consider a photo sharing application
 allows users to share photos and control access
 keep ACL for each user: determines who is allowed to see 

photos
Update1: remove my mother from the list of people who can 

view my photos
Update2: post spring-break photos
Update1 can go to replica R1 while
Update2 might go to replica R2
mother may be able to see spring-break photos for a short 

time at R2 (as Update1 has not arrived yet) 
Upps!
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Eventual Consistency Counter-Example

model, however, guarantees that all updates are applied 
eventually

 still, example breaks contract with the user
 user does not want mother to see spring break pictures at 

any time
 root of the problem: order of U1 and U2 is not guaranteed!!
 => stronger guarantees are needed for these kind of apps
 transactions would do the job
 however, in this case there is another solution
 still it will be acceptable to read (slightly) stale data
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PNUTS Overview
 data model and features

 simple relational model
 point and range queries
 notifications
 bulk loading

 fault tolerance
 redundancy at multiple levels

 pub-sub message system
 message broker as log replacement

 record-level mastering
 all operations asynchronous
 per-record timeline consistency

 hosting
 centrally managed DBMS

17
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Data and Query Model

 relational model
 tables of records with attributes
 blob is a valid data type (stuff in tables handled by apps)
 new attribute can be added at any time without halting 

queries or updates
 records are not required to have values for all attributes
 simple query language
 single table queries only
 no integrity constraints, joins, group-by
 tables may be hashed or ordered (point or range queries)
 expect point queries or small scans: few tens or hundreds of 

records
18
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Consistency Model

 in between two extremes of general serializability and 
eventual consistency

 per-record timeline consistency
 idea: all replicas of a given record apply all updates to the 

record in the same order
 versioning of records
 replicas always move forward in time
 example for a particular primary key:

19

2.1 Data and Query Model
PNUTS presents a simplified relational data model to the

user. Data is organized into tables of records with attributes.
In addition to typical data types, “blob” is a valid data type,
allowing arbitrary structures inside a record, but not neces-
sarily large binary objects like images or audio. (We observe
that blob fields, which are manipulated entirely in applica-
tion logic, are used extensively in practice.) Schemas are
flexible: new attributes can be added at any time without
halting query or update activity, and records are not re-
quired to have values for all attributes.

The query language of PNUTS supports selection and pro-
jection from a single table. Updates and deletes must speci-
fiy the primary key. While restrictive compared to relational
systems, single-table queries in fact provide very flexible ac-
cess compared to distributed hash [12] or ordered [8] data
stores, and present opportunities for future optimization by
the system (see Section 3.3.1). Consider again our hypo-
thetical social networking application: A user may update
her own record, resulting in point access. Another user may
scan a set of friends in order by name, resulting in range
access. PNUTS allows applications to declare tables to be
hashed or ordered, supporting both workloads efficently.

Our system is designed primarily for online serving work-
loads that consist mostly of queries that read and write sin-
gle records or small groups of records. Thus, we expect most
scans to be of just a few tens or hundreds of records, and op-
timize accordingly. Scans can specify predicates which are
evaluated at the server. Similarly, we provide a “multiget”
operation which supports retrieving multiple records (from
one or more tables) in parallel by specifying a set of primary
keys and an optional predicate, but again expect that the
number of records retrieved will be a few thousand at most.

Our system, regrettably, also does not enforce constraints
such as referential integrity, although this would be very
desirable. The implementation challenges in a system with
fine-grained asynchrony are significant, and require future
work. Another missing feature is complex ad hoc queries
(joins, group-by, etc.). While improving query functionality
is a topic of future work, it must be accomplished in a way
that does not jeapardize the response-time and availability
currently guaranteed to the more “transactional” requests of
web applications. In the shorter term, we plan to provide an
interface for both Hadoop, an open source implementation of
MapReduce [11], and Pig [21], to pull data out of PNUTS for
analysis, much as MapReduce pulls data out of BigTable [8].

2.2 Consistency Model: Hiding the Complex-
ity of Replication

PNUTS provides a consistency model that is between the
two extremes of general serializability and eventual consis-
tency. Our model stems from our earlier observation that
web applications typically manipulate one record at a time,
while different records may have activity with different geo-
graphic locality. We provide per-record timeline consis-
tency: all replicas of a given record apply all updates to the
record in the same order. An example sequence of updates
to a record is shown in this diagram:

Update

v. 1.1v. 1.0 v. 1.2 v. 1.3 v. 2.0 v. 2.2v. 2.1

Insert InsertUpdate Update Delete

In this diagram, the events on the timeline are inserts, up-

dates and deletes for a particular primary key. The inter-
vals between an insert and a delete, shown by a dark line
in the diagram, represent times when the record is physi-
cally present in the database. A read of any replica will
return a consistent version from this timeline, and replicas
always move forward in the timeline. This model is im-
plemented as follows. One of the replicas is designated as
the master, independently for each record, and all updates
to that record are forwarded to the master. The master
replica for a record is adaptively changed to suit the work-
load – the replica receiving the majority of write requests for
a particular record becomes the master for that record. The
record carries a sequence number that is incremented on ev-
ery write. As shown in the diagram, the sequence number
consists of the generation of the record (each new insert is a
new generation) and the version of the record (each update
of an existing record creates a new version). Note that we
(currently) keep only one version of a record at each replica.

Using this per-record timeline consistency model, we sup-
port a whole range of API calls with varying levels of con-
sistency guarantees.

• Read-any: Returns a possibly stale version of the record.
However, unlike Example 1, the returned record is al-
ways a valid one from the record’s history. Note that
this call departs from strict serializability since with this
call, even after doing a successful write, it is possible
to see a stale version of the record. Since this call has
lower latency than other read calls with stricter guar-
antees (described next), it provides a way for the appli-
cation to explicitly indicate, on a per-read basis, that
performance matters more than consistency. For exam-
ple, in a social networking application, for displaying a
user’s friend’s status, it is not absolutely essential to get
the most up-to-date value, and hence read-any can be
used.

• Read-critical(required version): Returns a version
of the record that is strictly newer than, or the same as
the required version. A typical application of this call
is when a user writes a record, and then wants to read a
version of the record that definitely reflects his changes.
Our write call returns the version number of the record
written, and hence the desired read guarantee can be en-
forced by using a read-critical with required version
set to the version returned by the write.

• Read-latest: Returns the latest copy of the record that
reflects all writes that have succeeded. Note that read-
-critical and read-latest may have a higher latency
than read-any if the local copy is too stale and the sys-
tem needs to locate a newer version at a remote replica.

• Write: This call gives the same ACID guarantees as a
transaction with a single write operation in it. This call
is useful for blind writes, e.g., a user updating his status
on his profile.

• Test-and-set-write(required version): This call per-
forms the requested write to the record if and only if the
present version of the record is the same as required-
version. This call can be used to implement transac-
tions that first read a record, and then do a write to the
record based on the read, e.g., incrementing the value
of a counter. The test-and-set write ensures that two
such concurrent increment transactions are properly se-
rialized. Such a primitive is a well-known form of opti-
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Consistency Model Implementation
 one of the replicas is designated the master
 independently for each record
 all updates to that record are forwarded to the master
master replica for a record is adaptively changed to suit workload
 => replica receiving the majority of write-request for that record 

becomes master
 => master replica will be near the user for many apps
 record carries sequence number that is incremented on every 

write
 sequence number consists of generation of the record and version
 keep only one version of each record

at each replica (could be changed)
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2.1 Data and Query Model
PNUTS presents a simplified relational data model to the

user. Data is organized into tables of records with attributes.
In addition to typical data types, “blob” is a valid data type,
allowing arbitrary structures inside a record, but not neces-
sarily large binary objects like images or audio. (We observe
that blob fields, which are manipulated entirely in applica-
tion logic, are used extensively in practice.) Schemas are
flexible: new attributes can be added at any time without
halting query or update activity, and records are not re-
quired to have values for all attributes.

The query language of PNUTS supports selection and pro-
jection from a single table. Updates and deletes must speci-
fiy the primary key. While restrictive compared to relational
systems, single-table queries in fact provide very flexible ac-
cess compared to distributed hash [12] or ordered [8] data
stores, and present opportunities for future optimization by
the system (see Section 3.3.1). Consider again our hypo-
thetical social networking application: A user may update
her own record, resulting in point access. Another user may
scan a set of friends in order by name, resulting in range
access. PNUTS allows applications to declare tables to be
hashed or ordered, supporting both workloads efficently.

Our system is designed primarily for online serving work-
loads that consist mostly of queries that read and write sin-
gle records or small groups of records. Thus, we expect most
scans to be of just a few tens or hundreds of records, and op-
timize accordingly. Scans can specify predicates which are
evaluated at the server. Similarly, we provide a “multiget”
operation which supports retrieving multiple records (from
one or more tables) in parallel by specifying a set of primary
keys and an optional predicate, but again expect that the
number of records retrieved will be a few thousand at most.

Our system, regrettably, also does not enforce constraints
such as referential integrity, although this would be very
desirable. The implementation challenges in a system with
fine-grained asynchrony are significant, and require future
work. Another missing feature is complex ad hoc queries
(joins, group-by, etc.). While improving query functionality
is a topic of future work, it must be accomplished in a way
that does not jeapardize the response-time and availability
currently guaranteed to the more “transactional” requests of
web applications. In the shorter term, we plan to provide an
interface for both Hadoop, an open source implementation of
MapReduce [11], and Pig [21], to pull data out of PNUTS for
analysis, much as MapReduce pulls data out of BigTable [8].

2.2 Consistency Model: Hiding the Complex-
ity of Replication

PNUTS provides a consistency model that is between the
two extremes of general serializability and eventual consis-
tency. Our model stems from our earlier observation that
web applications typically manipulate one record at a time,
while different records may have activity with different geo-
graphic locality. We provide per-record timeline consis-
tency: all replicas of a given record apply all updates to the
record in the same order. An example sequence of updates
to a record is shown in this diagram:

Update

v. 1.1v. 1.0 v. 1.2 v. 1.3 v. 2.0 v. 2.2v. 2.1

Insert InsertUpdate Update Delete

In this diagram, the events on the timeline are inserts, up-

dates and deletes for a particular primary key. The inter-
vals between an insert and a delete, shown by a dark line
in the diagram, represent times when the record is physi-
cally present in the database. A read of any replica will
return a consistent version from this timeline, and replicas
always move forward in the timeline. This model is im-
plemented as follows. One of the replicas is designated as
the master, independently for each record, and all updates
to that record are forwarded to the master. The master
replica for a record is adaptively changed to suit the work-
load – the replica receiving the majority of write requests for
a particular record becomes the master for that record. The
record carries a sequence number that is incremented on ev-
ery write. As shown in the diagram, the sequence number
consists of the generation of the record (each new insert is a
new generation) and the version of the record (each update
of an existing record creates a new version). Note that we
(currently) keep only one version of a record at each replica.

Using this per-record timeline consistency model, we sup-
port a whole range of API calls with varying levels of con-
sistency guarantees.

• Read-any: Returns a possibly stale version of the record.
However, unlike Example 1, the returned record is al-
ways a valid one from the record’s history. Note that
this call departs from strict serializability since with this
call, even after doing a successful write, it is possible
to see a stale version of the record. Since this call has
lower latency than other read calls with stricter guar-
antees (described next), it provides a way for the appli-
cation to explicitly indicate, on a per-read basis, that
performance matters more than consistency. For exam-
ple, in a social networking application, for displaying a
user’s friend’s status, it is not absolutely essential to get
the most up-to-date value, and hence read-any can be
used.

• Read-critical(required version): Returns a version
of the record that is strictly newer than, or the same as
the required version. A typical application of this call
is when a user writes a record, and then wants to read a
version of the record that definitely reflects his changes.
Our write call returns the version number of the record
written, and hence the desired read guarantee can be en-
forced by using a read-critical with required version
set to the version returned by the write.

• Read-latest: Returns the latest copy of the record that
reflects all writes that have succeeded. Note that read-
-critical and read-latest may have a higher latency
than read-any if the local copy is too stale and the sys-
tem needs to locate a newer version at a remote replica.

• Write: This call gives the same ACID guarantees as a
transaction with a single write operation in it. This call
is useful for blind writes, e.g., a user updating his status
on his profile.

• Test-and-set-write(required version): This call per-
forms the requested write to the record if and only if the
present version of the record is the same as required-
version. This call can be used to implement transac-
tions that first read a record, and then do a write to the
record based on the read, e.g., incrementing the value
of a counter. The test-and-set write ensures that two
such concurrent increment transactions are properly se-
rialized. Such a primitive is a well-known form of opti-
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API: Reading

 read-any:
 returns a possible stale version of the record
 departs from strict serializability: even after doing a successful 

write we may see an old version of the recortd
 this call favors low latency over consistency

 read-critical( required_version ):
 returns a version of the record that is strictly newer than, or the 

same as the required_version
 typical application

- user writes a record
- wants to read a version of the record that definitely reflects his 

changes
- possible as write calls return the version number of record written
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API: Reading

 read-latest:
 returns latest copy of the record
 reflects all writes that have succeeded
 both read-critical and read-latest may have a higher latency than 

read-any
 why?
 reason: local copy may be too stale and system might need to 

locate a newer version at a remote replica

22
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API: Writing

write:
 same ACID guarantees as a TA with a single write operation in it
 useful for blind writes (= write without reading data before)
 example: user updating his status on his profile

 Test-and-set-write( required_version ):
 performs the requested write to the record if and only if the 

present version of the record is the same as the required version
 can be used to implement single-row TAs without locks 
 example: first read a record and then do a write to the record 

based on that read
 use-case: incrementing a counter
 test-and-set-write ensures that two such concurrent TAs are 

properly serialized
 this is a well-known form of optimistic concurrency control

23
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API: Discussion

API allows apps to indicate cases where it can do with some 
relaxed consistency for higher performance

 example: read-critical call
 however, no guarantees on multi-record transactions
 some extensions planned:

 what if entire region that hosts a master copy becomes 
unreachable?

 may need to branch timeline
 need automatic conflict resolution and notifications
 discarding and merging timeline branches

24
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System Architecture

 system divided into regions
 each region contains full complement of system components 

plus complete copy of each table
 regions typically geographically distributed
 no traditional database log (well, we will see...)
 pub/sub mechanism provides redo

25
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Figure 1: PNUTS system architecture

mistic concurrency control [5].

Our API, in contrast to that of SQL, may be criticized for
revealing too many implementation details such as sequence
numbers. However, revealing these details does allow the ap-
plication to indicate cases where it can do with some relaxed
consistency for higher performance, e.g., read-critical.
Similarly, a test-and-set write allows us to implement
single-row transactions without any locks, a highly desir-
able property in distributed systems. Of course, if the need
arises, our API can be packaged into the traditional BEGIN
TRANSACTION and COMMIT for single-row transactions, at the
cost of losing expressiveness. Note that our consistency
guarantees are somewhat different than traditional guaran-
tees such as serializable, repeatable read, read committed,
snapshot isolation and so on. In particular, we make no
guarantees as to consistency for multi-record transactions.
Our model can provide serializability on a per-record ba-
sis. In particular, if an application reads or writes the same
record multiple times in the same “transaction,” the appli-
cation must use record versions to validate its own reads and
writes to ensure serializability for the “transaction.”

In the future, we plan to augment our consistency model
with the following primitives:

• Bundled updates: Consistency guarantees for write op-
erations that span multiple records (see Section 6).

• Relaxed consistency: Under normal operation, if the
master copy of a record fails, our system has protocols
to fail over to another replica. However, if there are ma-
jor outages, e.g., the entire region that had the master
copy for a record becomes unreachable, updates cannot
continue at another replica without potentially violat-
ing record-timeline consistency. We will allow applica-
tions to indicate, per-table, whether they want updates
to continue in the presence of major outages, potentially
branching the record timeline. If so, we will provide au-
tomatic conflict resolution and notifications thereof. The
application will also be able to choose from several con-
flict resolution policies: e.g., discarding one branch, or
merging updates from branches, etc.

2.3 Notification
Trigger-like notifications are important for applications

such as ad serving, which must invalidate cached copies of
ads when the advertising contract expires. Accordingly, we
allow the user to subscribe to the stream of updates on a
table. Notifications are easy to provide given our underlying

pub/sub infrastructure (see Section 3.2.1), and thus have the
same stringent reliability guarantees as our data replication
mechanism.

2.4 Bulk Load
While we emphasize scalability, we seek to support impor-

tant database system features whenever possible. Bulk load-
ing tools are necessary for applications such as comparison
shopping, which upload large blocks of new sale listings into
the database every day. Bulk inserts can be done in parallel
to multiple storage units for fast loading. In the hash table
case, the hash function naturally load balances the inserts
across storage units. However, in the ordered table case,
bulk inserts of ordered records, records appended to the end
of the table’s range, or records inserted into already popu-
lated key ranges require careful handling to avoid hot spots
and ensure high performance. These issues are discussed
in [25].

3. SYSTEM ARCHITECTURE
Figure 1 shows the system architecture of PNUTS. The

system is divided into regions, where each region contains a
full complement of system components and a complete copy
of each table. Regions are typically, but not necessarily, ge-
ographically distributed. A key feature of PNUTS is the use
of a pub/sub mechanism for both reliability and replication.
In fact, our system does not have a traditional database log
or archive data. Instead, we rely on the guaranteed delivery
pub/sub mechanism to act as our redo log, replaying updates
that are lost before being applied to disk due to failure. The
replication of data to multiple regions provides additional
reliability, obviating the need for archiving or backups. In
this section, we first discuss how the components within a
region provide data storage and retrieval. We then examine
how our pub/sub mechanism, the Yahoo! Message Broker,
provides reliable replication and helps with recovery. Then,
we examine other aspects of the system, including query
processing and notifications. Finally, we discuss how these
components are deployed as a hosted database service.

3.1 Data Storage and Retrieval
Data tables are horizontally partitioned into groups of

records called tablets. Tablets are scattered across many
servers; each server might have hundreds or thousands of
tablets, but each tablet is stored on a single server within
a region. A typical tablet in our implementation is a few
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System Architecture: Inside a Region
 tables are horizontally partitioned
 a partition is termed a tablet
 tablets scattered across servers
 server might have hundreds of

thousands of tablets
 typical tablet has about few hundred or a few gigabytes
 typical tablet contains tens or thousands of records
 assignment of tablets to servers flexible
 good for load balancing
 allows for easy rebalancing
 examples:

 server gets overloaded => move some tablets to other machine
 server crashes => spread recovered tablets to working machines
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mistic concurrency control [5].

Our API, in contrast to that of SQL, may be criticized for
revealing too many implementation details such as sequence
numbers. However, revealing these details does allow the ap-
plication to indicate cases where it can do with some relaxed
consistency for higher performance, e.g., read-critical.
Similarly, a test-and-set write allows us to implement
single-row transactions without any locks, a highly desir-
able property in distributed systems. Of course, if the need
arises, our API can be packaged into the traditional BEGIN
TRANSACTION and COMMIT for single-row transactions, at the
cost of losing expressiveness. Note that our consistency
guarantees are somewhat different than traditional guaran-
tees such as serializable, repeatable read, read committed,
snapshot isolation and so on. In particular, we make no
guarantees as to consistency for multi-record transactions.
Our model can provide serializability on a per-record ba-
sis. In particular, if an application reads or writes the same
record multiple times in the same “transaction,” the appli-
cation must use record versions to validate its own reads and
writes to ensure serializability for the “transaction.”

In the future, we plan to augment our consistency model
with the following primitives:

• Bundled updates: Consistency guarantees for write op-
erations that span multiple records (see Section 6).

• Relaxed consistency: Under normal operation, if the
master copy of a record fails, our system has protocols
to fail over to another replica. However, if there are ma-
jor outages, e.g., the entire region that had the master
copy for a record becomes unreachable, updates cannot
continue at another replica without potentially violat-
ing record-timeline consistency. We will allow applica-
tions to indicate, per-table, whether they want updates
to continue in the presence of major outages, potentially
branching the record timeline. If so, we will provide au-
tomatic conflict resolution and notifications thereof. The
application will also be able to choose from several con-
flict resolution policies: e.g., discarding one branch, or
merging updates from branches, etc.

2.3 Notification
Trigger-like notifications are important for applications

such as ad serving, which must invalidate cached copies of
ads when the advertising contract expires. Accordingly, we
allow the user to subscribe to the stream of updates on a
table. Notifications are easy to provide given our underlying

pub/sub infrastructure (see Section 3.2.1), and thus have the
same stringent reliability guarantees as our data replication
mechanism.

2.4 Bulk Load
While we emphasize scalability, we seek to support impor-

tant database system features whenever possible. Bulk load-
ing tools are necessary for applications such as comparison
shopping, which upload large blocks of new sale listings into
the database every day. Bulk inserts can be done in parallel
to multiple storage units for fast loading. In the hash table
case, the hash function naturally load balances the inserts
across storage units. However, in the ordered table case,
bulk inserts of ordered records, records appended to the end
of the table’s range, or records inserted into already popu-
lated key ranges require careful handling to avoid hot spots
and ensure high performance. These issues are discussed
in [25].

3. SYSTEM ARCHITECTURE
Figure 1 shows the system architecture of PNUTS. The

system is divided into regions, where each region contains a
full complement of system components and a complete copy
of each table. Regions are typically, but not necessarily, ge-
ographically distributed. A key feature of PNUTS is the use
of a pub/sub mechanism for both reliability and replication.
In fact, our system does not have a traditional database log
or archive data. Instead, we rely on the guaranteed delivery
pub/sub mechanism to act as our redo log, replaying updates
that are lost before being applied to disk due to failure. The
replication of data to multiple regions provides additional
reliability, obviating the need for archiving or backups. In
this section, we first discuss how the components within a
region provide data storage and retrieval. We then examine
how our pub/sub mechanism, the Yahoo! Message Broker,
provides reliable replication and helps with recovery. Then,
we examine other aspects of the system, including query
processing and notifications. Finally, we discuss how these
components are deployed as a hosted database service.

3.1 Data Storage and Retrieval
Data tables are horizontally partitioned into groups of

records called tablets. Tablets are scattered across many
servers; each server might have hundreds or thousands of
tablets, but each tablet is stored on a single server within
a region. A typical tablet in our implementation is a few
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Storage Units

 store tablets
 respond to get(), scan(), and update()
may use any physical storage layer

that seems appropriate
 hash tables: UNIX file-system based hash table 
 ordered tables: use MySQL with InnoDB (optimized for 

updates)
 records stored as parsed JSON

objects
 JavaScript Object Notation
 needs less space than XML
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mistic concurrency control [5].

Our API, in contrast to that of SQL, may be criticized for
revealing too many implementation details such as sequence
numbers. However, revealing these details does allow the ap-
plication to indicate cases where it can do with some relaxed
consistency for higher performance, e.g., read-critical.
Similarly, a test-and-set write allows us to implement
single-row transactions without any locks, a highly desir-
able property in distributed systems. Of course, if the need
arises, our API can be packaged into the traditional BEGIN
TRANSACTION and COMMIT for single-row transactions, at the
cost of losing expressiveness. Note that our consistency
guarantees are somewhat different than traditional guaran-
tees such as serializable, repeatable read, read committed,
snapshot isolation and so on. In particular, we make no
guarantees as to consistency for multi-record transactions.
Our model can provide serializability on a per-record ba-
sis. In particular, if an application reads or writes the same
record multiple times in the same “transaction,” the appli-
cation must use record versions to validate its own reads and
writes to ensure serializability for the “transaction.”

In the future, we plan to augment our consistency model
with the following primitives:

• Bundled updates: Consistency guarantees for write op-
erations that span multiple records (see Section 6).

• Relaxed consistency: Under normal operation, if the
master copy of a record fails, our system has protocols
to fail over to another replica. However, if there are ma-
jor outages, e.g., the entire region that had the master
copy for a record becomes unreachable, updates cannot
continue at another replica without potentially violat-
ing record-timeline consistency. We will allow applica-
tions to indicate, per-table, whether they want updates
to continue in the presence of major outages, potentially
branching the record timeline. If so, we will provide au-
tomatic conflict resolution and notifications thereof. The
application will also be able to choose from several con-
flict resolution policies: e.g., discarding one branch, or
merging updates from branches, etc.

2.3 Notification
Trigger-like notifications are important for applications

such as ad serving, which must invalidate cached copies of
ads when the advertising contract expires. Accordingly, we
allow the user to subscribe to the stream of updates on a
table. Notifications are easy to provide given our underlying

pub/sub infrastructure (see Section 3.2.1), and thus have the
same stringent reliability guarantees as our data replication
mechanism.

2.4 Bulk Load
While we emphasize scalability, we seek to support impor-

tant database system features whenever possible. Bulk load-
ing tools are necessary for applications such as comparison
shopping, which upload large blocks of new sale listings into
the database every day. Bulk inserts can be done in parallel
to multiple storage units for fast loading. In the hash table
case, the hash function naturally load balances the inserts
across storage units. However, in the ordered table case,
bulk inserts of ordered records, records appended to the end
of the table’s range, or records inserted into already popu-
lated key ranges require careful handling to avoid hot spots
and ensure high performance. These issues are discussed
in [25].

3. SYSTEM ARCHITECTURE
Figure 1 shows the system architecture of PNUTS. The

system is divided into regions, where each region contains a
full complement of system components and a complete copy
of each table. Regions are typically, but not necessarily, ge-
ographically distributed. A key feature of PNUTS is the use
of a pub/sub mechanism for both reliability and replication.
In fact, our system does not have a traditional database log
or archive data. Instead, we rely on the guaranteed delivery
pub/sub mechanism to act as our redo log, replaying updates
that are lost before being applied to disk due to failure. The
replication of data to multiple regions provides additional
reliability, obviating the need for archiving or backups. In
this section, we first discuss how the components within a
region provide data storage and retrieval. We then examine
how our pub/sub mechanism, the Yahoo! Message Broker,
provides reliable replication and helps with recovery. Then,
we examine other aspects of the system, including query
processing and notifications. Finally, we discuss how these
components are deployed as a hosted database service.

3.1 Data Storage and Retrieval
Data tables are horizontally partitioned into groups of

records called tablets. Tablets are scattered across many
servers; each server might have hundreds or thousands of
tablets, but each tablet is stored on a single server within
a region. A typical tablet in our implementation is a few
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Routers
 determines which storage unit is

responsible for a given record
 which tablet contains the record?
 which storage unit contains that tablet?

 both for reads and writes
 for ordered tables primary-key space is divided into intervals
 each interval corresponds to one tablet
 example mapping of interval range to tablets:

 binary search on intervals to find tablet
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mistic concurrency control [5].

Our API, in contrast to that of SQL, may be criticized for
revealing too many implementation details such as sequence
numbers. However, revealing these details does allow the ap-
plication to indicate cases where it can do with some relaxed
consistency for higher performance, e.g., read-critical.
Similarly, a test-and-set write allows us to implement
single-row transactions without any locks, a highly desir-
able property in distributed systems. Of course, if the need
arises, our API can be packaged into the traditional BEGIN
TRANSACTION and COMMIT for single-row transactions, at the
cost of losing expressiveness. Note that our consistency
guarantees are somewhat different than traditional guaran-
tees such as serializable, repeatable read, read committed,
snapshot isolation and so on. In particular, we make no
guarantees as to consistency for multi-record transactions.
Our model can provide serializability on a per-record ba-
sis. In particular, if an application reads or writes the same
record multiple times in the same “transaction,” the appli-
cation must use record versions to validate its own reads and
writes to ensure serializability for the “transaction.”

In the future, we plan to augment our consistency model
with the following primitives:

• Bundled updates: Consistency guarantees for write op-
erations that span multiple records (see Section 6).

• Relaxed consistency: Under normal operation, if the
master copy of a record fails, our system has protocols
to fail over to another replica. However, if there are ma-
jor outages, e.g., the entire region that had the master
copy for a record becomes unreachable, updates cannot
continue at another replica without potentially violat-
ing record-timeline consistency. We will allow applica-
tions to indicate, per-table, whether they want updates
to continue in the presence of major outages, potentially
branching the record timeline. If so, we will provide au-
tomatic conflict resolution and notifications thereof. The
application will also be able to choose from several con-
flict resolution policies: e.g., discarding one branch, or
merging updates from branches, etc.

2.3 Notification
Trigger-like notifications are important for applications

such as ad serving, which must invalidate cached copies of
ads when the advertising contract expires. Accordingly, we
allow the user to subscribe to the stream of updates on a
table. Notifications are easy to provide given our underlying

pub/sub infrastructure (see Section 3.2.1), and thus have the
same stringent reliability guarantees as our data replication
mechanism.

2.4 Bulk Load
While we emphasize scalability, we seek to support impor-

tant database system features whenever possible. Bulk load-
ing tools are necessary for applications such as comparison
shopping, which upload large blocks of new sale listings into
the database every day. Bulk inserts can be done in parallel
to multiple storage units for fast loading. In the hash table
case, the hash function naturally load balances the inserts
across storage units. However, in the ordered table case,
bulk inserts of ordered records, records appended to the end
of the table’s range, or records inserted into already popu-
lated key ranges require careful handling to avoid hot spots
and ensure high performance. These issues are discussed
in [25].

3. SYSTEM ARCHITECTURE
Figure 1 shows the system architecture of PNUTS. The

system is divided into regions, where each region contains a
full complement of system components and a complete copy
of each table. Regions are typically, but not necessarily, ge-
ographically distributed. A key feature of PNUTS is the use
of a pub/sub mechanism for both reliability and replication.
In fact, our system does not have a traditional database log
or archive data. Instead, we rely on the guaranteed delivery
pub/sub mechanism to act as our redo log, replaying updates
that are lost before being applied to disk due to failure. The
replication of data to multiple regions provides additional
reliability, obviating the need for archiving or backups. In
this section, we first discuss how the components within a
region provide data storage and retrieval. We then examine
how our pub/sub mechanism, the Yahoo! Message Broker,
provides reliable replication and helps with recovery. Then,
we examine other aspects of the system, including query
processing and notifications. Finally, we discuss how these
components are deployed as a hosted database service.

3.1 Data Storage and Retrieval
Data tables are horizontally partitioned into groups of

records called tablets. Tablets are scattered across many
servers; each server might have hundreds or thousands of
tablets, but each tablet is stored on a single server within
a region. A typical tablet in our implementation is a few
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Figure 2: Interval mappings: (a) ordered table, (b) hash table.

hundred megabytes or a few gigabytes, and contains thou-
sands or tens of thousands of records. The assignment of
tablets to servers is flexible, which allows us to balance load
by moving a few tablets from an overloaded server to an
underloaded server. Similarly, if a server fails, we can divide
its recovered tablets over multiple existing or new servers,
spreading the load evenly.

Three components in Figure 1 are primarily responsible
for managing and providing access to data tablets: the stor-
age unit, the router, and the tablet controller. Storage
units store tablets, respond to get() and scan() requests by
retrieving and returning matching records, and respond to
set() requests by processing the update. Updates are com-
mitted by first writing them to the message broker, as
described in the next section. The storage unit can use any
physical storage layer that is appropriate. For hash tables,
our implementation uses a UNIX filesystem-based hash table
implemented originally for Yahoo!’s user database. For or-
dered tables, we use MySQL with InnoDB because it stores
records ordered by primary key. Schema flexibility is pro-
vided for both storage engines by storing records as parsed
JSON objects.

In order to determine which storage unit is responsible for
a given record to be read or written by the client, we must
first determine which tablet contains the record, and then
determine which storage unit has that tablet. Both of these
functions are carried out by the router. For ordered tables,
the primary-key space of a table is divided into intervals,
and each interval corresponds to one tablet. The router
stores an interval mapping, which defines the boundaries of
each tablet, and also maps each tablet to a storage unit. An
example is shown in Figure 2a. This mapping is similar to a
very large root node of a B+ tree. In order to find the tablet
for a given primary key, we conduct a binary search over
the interval mapping to find the tablet enclosing the key.
Once we find the tablet, we have also found the appropriate
storage server.

For hash-organized tables, we use an n-bit hash function
H() that produces hash values 0 ≤ H() < 2n. The hash
space [0...2n) is divided into intervals, and each interval cor-
responds to a single tablet. An example is shown in Fig-
ure 2b. To map a key to a tablet, we hash the key, and then
search the set of intervals, again using binary search, to lo-
cate the enclosing interval and thus the tablet and storage
unit. We chose this mechanism, instead of a more traditional
linear or extensible hashing mechanism, because of its sym-
metry with the ordered table mechanism. Thus, we can use
the same code to maintain and search interval mappings for
both hash and ordered tables.

The interval mapping fits in memory, making it inexpen-
sive to search. For example, our planned scale is about 1,000

servers per region, with 1,000 tablets each. If keys are 100
bytes (which is on the high end for our anticipated appli-
cations) the total mapping takes a few hundred megabytes
of RAM (containing one key and storage unit address per
tablet.) Note that with tablets that are 500 MB on average,
this corresponds to a database that is 500 terabytes in size.
For much larger databases, the mapping may not fit in mem-
ory, and we will have to use a mapping that is optimized for
disk-based access.

Routers contain only a cached copy of the interval map-
ping. The mapping is owned by the tablet controller,
and routers periodically poll the tablet controller to get any
changes to the mapping. The tablet controller determines
when it is time to move a tablet between storage units for
load balancing or recovery and when a large tablet must be
split. In each case, the controller will update the authori-
tative copy of the mapping. For a short time after a tablet
moves or splits, the routers’ mappings will be out of date,
and requests will be misdirected. A misdirected request re-
sults in a storage unit error response, causing the router
to retrieve a new copy of the mapping from the controller.
Thus, routers have purely soft state; if a router fails, we
simply start a new one and do not perform recovery on the
failed router. The tablet controller is a single pair of ac-
tive/standby servers, but the controller is not a bottleneck
because it does not sit on the data path.

The primary bottleneck in our system is disk seek capacity
on the storage units and message brokers. For this reason,
different PNUTS customers are currently assigned different
clusters of storage units and message broker machines (as
a simple form of quality-of-service and isolation from other
customers). Customers can share routers and tablet con-
trollers. In the future, we would like all customers to be
able to share all components, so that sudden load spikes can
be absorbed across all of the available server machines. How-
ever, this requires us to examine flexible quota and admis-
sion control mechanisms to ensure each application receives
its fair share of the system.

3.2 Replication and Consistency
Our system uses asynchronous replication to ensure low-

latency updates. We use the Yahoo! message broker, a
publish/subscribe system developed at Yahoo!, both as our
replacement for a redo log and as our replication mechanism.

3.2.1 Yahoo! Message Broker

Yahoo! Messsage Broker (YMB) is a topic-based pub/sub
system, which together with PNUTS, is part of Yahoo!’s
Sherpa data services platform. Data updates are consid-
ered “committed” when they have been published to YMB.
At some point after being committed, the update will be
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Routers

 hash functions produce hash in 
RANGE 0 <= H() < 2n

 hash space [0...2n] divided into intervals
 each interval corresponds to a single tablet
 example:

 first apply hash function
 then again binary search on intervals to find tablet
 system does not use linear or extensible hashing
 as method very similar to interval range search (same code)
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Figure 2: Interval mappings: (a) ordered table, (b) hash table.

hundred megabytes or a few gigabytes, and contains thou-
sands or tens of thousands of records. The assignment of
tablets to servers is flexible, which allows us to balance load
by moving a few tablets from an overloaded server to an
underloaded server. Similarly, if a server fails, we can divide
its recovered tablets over multiple existing or new servers,
spreading the load evenly.

Three components in Figure 1 are primarily responsible
for managing and providing access to data tablets: the stor-
age unit, the router, and the tablet controller. Storage
units store tablets, respond to get() and scan() requests by
retrieving and returning matching records, and respond to
set() requests by processing the update. Updates are com-
mitted by first writing them to the message broker, as
described in the next section. The storage unit can use any
physical storage layer that is appropriate. For hash tables,
our implementation uses a UNIX filesystem-based hash table
implemented originally for Yahoo!’s user database. For or-
dered tables, we use MySQL with InnoDB because it stores
records ordered by primary key. Schema flexibility is pro-
vided for both storage engines by storing records as parsed
JSON objects.

In order to determine which storage unit is responsible for
a given record to be read or written by the client, we must
first determine which tablet contains the record, and then
determine which storage unit has that tablet. Both of these
functions are carried out by the router. For ordered tables,
the primary-key space of a table is divided into intervals,
and each interval corresponds to one tablet. The router
stores an interval mapping, which defines the boundaries of
each tablet, and also maps each tablet to a storage unit. An
example is shown in Figure 2a. This mapping is similar to a
very large root node of a B+ tree. In order to find the tablet
for a given primary key, we conduct a binary search over
the interval mapping to find the tablet enclosing the key.
Once we find the tablet, we have also found the appropriate
storage server.

For hash-organized tables, we use an n-bit hash function
H() that produces hash values 0 ≤ H() < 2n. The hash
space [0...2n) is divided into intervals, and each interval cor-
responds to a single tablet. An example is shown in Fig-
ure 2b. To map a key to a tablet, we hash the key, and then
search the set of intervals, again using binary search, to lo-
cate the enclosing interval and thus the tablet and storage
unit. We chose this mechanism, instead of a more traditional
linear or extensible hashing mechanism, because of its sym-
metry with the ordered table mechanism. Thus, we can use
the same code to maintain and search interval mappings for
both hash and ordered tables.

The interval mapping fits in memory, making it inexpen-
sive to search. For example, our planned scale is about 1,000

servers per region, with 1,000 tablets each. If keys are 100
bytes (which is on the high end for our anticipated appli-
cations) the total mapping takes a few hundred megabytes
of RAM (containing one key and storage unit address per
tablet.) Note that with tablets that are 500 MB on average,
this corresponds to a database that is 500 terabytes in size.
For much larger databases, the mapping may not fit in mem-
ory, and we will have to use a mapping that is optimized for
disk-based access.

Routers contain only a cached copy of the interval map-
ping. The mapping is owned by the tablet controller,
and routers periodically poll the tablet controller to get any
changes to the mapping. The tablet controller determines
when it is time to move a tablet between storage units for
load balancing or recovery and when a large tablet must be
split. In each case, the controller will update the authori-
tative copy of the mapping. For a short time after a tablet
moves or splits, the routers’ mappings will be out of date,
and requests will be misdirected. A misdirected request re-
sults in a storage unit error response, causing the router
to retrieve a new copy of the mapping from the controller.
Thus, routers have purely soft state; if a router fails, we
simply start a new one and do not perform recovery on the
failed router. The tablet controller is a single pair of ac-
tive/standby servers, but the controller is not a bottleneck
because it does not sit on the data path.

The primary bottleneck in our system is disk seek capacity
on the storage units and message brokers. For this reason,
different PNUTS customers are currently assigned different
clusters of storage units and message broker machines (as
a simple form of quality-of-service and isolation from other
customers). Customers can share routers and tablet con-
trollers. In the future, we would like all customers to be
able to share all components, so that sudden load spikes can
be absorbed across all of the available server machines. How-
ever, this requires us to examine flexible quota and admis-
sion control mechanisms to ensure each application receives
its fair share of the system.

3.2 Replication and Consistency
Our system uses asynchronous replication to ensure low-

latency updates. We use the Yahoo! message broker, a
publish/subscribe system developed at Yahoo!, both as our
replacement for a redo log and as our replication mechanism.

3.2.1 Yahoo! Message Broker

Yahoo! Messsage Broker (YMB) is a topic-based pub/sub
system, which together with PNUTS, is part of Yahoo!’s
Sherpa data services platform. Data updates are consid-
ered “committed” when they have been published to YMB.
At some point after being committed, the update will be
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Routers

 interval mappings are kept in main memory
 inexpensive to search
 planned scale:

 100 servers per region
 100 tablets each
 assume keys are 100 bytes (high end of apps)
 => mapping will take a few hundred MB of RAM on a server
 tablet contains about 500 MB
 => DB of about 500 Terabytes
 for larger mappings may need disk-based mapping

 remember the discussion we had on how to map record IDs 
to pages?
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Indirect Addressing: Mapping Table

! Idea:
! 1. keep a separate mapping table

! 2. hide physical addresses

(outside world only knows logical addresses)

! no forwarding

! if tuple needs to be moved: change entry in mapping table

13

 In the context of PNUTS:
 router = mapping table 
 move from tablet to other tablet

= move tuple from one page to another
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Tablet Controllers

 owns the master copy of the mapping
 routers only get replicas
 routers need to poll the tablet

controller periodically to receive update
 tablet controller decides on tablet-> storage unit mapping

 load balancing
 recovery
 large tablet must be split

 if tablet controller updates mappings, router mapping may be 
out of date for a short period of time

 => requests will be misdirected
misdirected request to a storage unit triggers error at st. unit
 => forces router to get a new copy from the tablet controller
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mistic concurrency control [5].

Our API, in contrast to that of SQL, may be criticized for
revealing too many implementation details such as sequence
numbers. However, revealing these details does allow the ap-
plication to indicate cases where it can do with some relaxed
consistency for higher performance, e.g., read-critical.
Similarly, a test-and-set write allows us to implement
single-row transactions without any locks, a highly desir-
able property in distributed systems. Of course, if the need
arises, our API can be packaged into the traditional BEGIN
TRANSACTION and COMMIT for single-row transactions, at the
cost of losing expressiveness. Note that our consistency
guarantees are somewhat different than traditional guaran-
tees such as serializable, repeatable read, read committed,
snapshot isolation and so on. In particular, we make no
guarantees as to consistency for multi-record transactions.
Our model can provide serializability on a per-record ba-
sis. In particular, if an application reads or writes the same
record multiple times in the same “transaction,” the appli-
cation must use record versions to validate its own reads and
writes to ensure serializability for the “transaction.”

In the future, we plan to augment our consistency model
with the following primitives:

• Bundled updates: Consistency guarantees for write op-
erations that span multiple records (see Section 6).

• Relaxed consistency: Under normal operation, if the
master copy of a record fails, our system has protocols
to fail over to another replica. However, if there are ma-
jor outages, e.g., the entire region that had the master
copy for a record becomes unreachable, updates cannot
continue at another replica without potentially violat-
ing record-timeline consistency. We will allow applica-
tions to indicate, per-table, whether they want updates
to continue in the presence of major outages, potentially
branching the record timeline. If so, we will provide au-
tomatic conflict resolution and notifications thereof. The
application will also be able to choose from several con-
flict resolution policies: e.g., discarding one branch, or
merging updates from branches, etc.

2.3 Notification
Trigger-like notifications are important for applications

such as ad serving, which must invalidate cached copies of
ads when the advertising contract expires. Accordingly, we
allow the user to subscribe to the stream of updates on a
table. Notifications are easy to provide given our underlying

pub/sub infrastructure (see Section 3.2.1), and thus have the
same stringent reliability guarantees as our data replication
mechanism.

2.4 Bulk Load
While we emphasize scalability, we seek to support impor-

tant database system features whenever possible. Bulk load-
ing tools are necessary for applications such as comparison
shopping, which upload large blocks of new sale listings into
the database every day. Bulk inserts can be done in parallel
to multiple storage units for fast loading. In the hash table
case, the hash function naturally load balances the inserts
across storage units. However, in the ordered table case,
bulk inserts of ordered records, records appended to the end
of the table’s range, or records inserted into already popu-
lated key ranges require careful handling to avoid hot spots
and ensure high performance. These issues are discussed
in [25].

3. SYSTEM ARCHITECTURE
Figure 1 shows the system architecture of PNUTS. The

system is divided into regions, where each region contains a
full complement of system components and a complete copy
of each table. Regions are typically, but not necessarily, ge-
ographically distributed. A key feature of PNUTS is the use
of a pub/sub mechanism for both reliability and replication.
In fact, our system does not have a traditional database log
or archive data. Instead, we rely on the guaranteed delivery
pub/sub mechanism to act as our redo log, replaying updates
that are lost before being applied to disk due to failure. The
replication of data to multiple regions provides additional
reliability, obviating the need for archiving or backups. In
this section, we first discuss how the components within a
region provide data storage and retrieval. We then examine
how our pub/sub mechanism, the Yahoo! Message Broker,
provides reliable replication and helps with recovery. Then,
we examine other aspects of the system, including query
processing and notifications. Finally, we discuss how these
components are deployed as a hosted database service.

3.1 Data Storage and Retrieval
Data tables are horizontally partitioned into groups of

records called tablets. Tablets are scattered across many
servers; each server might have hundreds or thousands of
tablets, but each tablet is stored on a single server within
a region. A typical tablet in our implementation is a few
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Tablet Controllers

 if a router fails, simply start a new one
 no recovery for router needed
 new router retrieves copy of the 

mapping from tablet controller
 in addition: tablet controller kept redundantly
 actually a pair of tablet controllers:

 one active
 one hot standby
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mistic concurrency control [5].

Our API, in contrast to that of SQL, may be criticized for
revealing too many implementation details such as sequence
numbers. However, revealing these details does allow the ap-
plication to indicate cases where it can do with some relaxed
consistency for higher performance, e.g., read-critical.
Similarly, a test-and-set write allows us to implement
single-row transactions without any locks, a highly desir-
able property in distributed systems. Of course, if the need
arises, our API can be packaged into the traditional BEGIN
TRANSACTION and COMMIT for single-row transactions, at the
cost of losing expressiveness. Note that our consistency
guarantees are somewhat different than traditional guaran-
tees such as serializable, repeatable read, read committed,
snapshot isolation and so on. In particular, we make no
guarantees as to consistency for multi-record transactions.
Our model can provide serializability on a per-record ba-
sis. In particular, if an application reads or writes the same
record multiple times in the same “transaction,” the appli-
cation must use record versions to validate its own reads and
writes to ensure serializability for the “transaction.”

In the future, we plan to augment our consistency model
with the following primitives:

• Bundled updates: Consistency guarantees for write op-
erations that span multiple records (see Section 6).

• Relaxed consistency: Under normal operation, if the
master copy of a record fails, our system has protocols
to fail over to another replica. However, if there are ma-
jor outages, e.g., the entire region that had the master
copy for a record becomes unreachable, updates cannot
continue at another replica without potentially violat-
ing record-timeline consistency. We will allow applica-
tions to indicate, per-table, whether they want updates
to continue in the presence of major outages, potentially
branching the record timeline. If so, we will provide au-
tomatic conflict resolution and notifications thereof. The
application will also be able to choose from several con-
flict resolution policies: e.g., discarding one branch, or
merging updates from branches, etc.

2.3 Notification
Trigger-like notifications are important for applications

such as ad serving, which must invalidate cached copies of
ads when the advertising contract expires. Accordingly, we
allow the user to subscribe to the stream of updates on a
table. Notifications are easy to provide given our underlying

pub/sub infrastructure (see Section 3.2.1), and thus have the
same stringent reliability guarantees as our data replication
mechanism.

2.4 Bulk Load
While we emphasize scalability, we seek to support impor-

tant database system features whenever possible. Bulk load-
ing tools are necessary for applications such as comparison
shopping, which upload large blocks of new sale listings into
the database every day. Bulk inserts can be done in parallel
to multiple storage units for fast loading. In the hash table
case, the hash function naturally load balances the inserts
across storage units. However, in the ordered table case,
bulk inserts of ordered records, records appended to the end
of the table’s range, or records inserted into already popu-
lated key ranges require careful handling to avoid hot spots
and ensure high performance. These issues are discussed
in [25].

3. SYSTEM ARCHITECTURE
Figure 1 shows the system architecture of PNUTS. The

system is divided into regions, where each region contains a
full complement of system components and a complete copy
of each table. Regions are typically, but not necessarily, ge-
ographically distributed. A key feature of PNUTS is the use
of a pub/sub mechanism for both reliability and replication.
In fact, our system does not have a traditional database log
or archive data. Instead, we rely on the guaranteed delivery
pub/sub mechanism to act as our redo log, replaying updates
that are lost before being applied to disk due to failure. The
replication of data to multiple regions provides additional
reliability, obviating the need for archiving or backups. In
this section, we first discuss how the components within a
region provide data storage and retrieval. We then examine
how our pub/sub mechanism, the Yahoo! Message Broker,
provides reliable replication and helps with recovery. Then,
we examine other aspects of the system, including query
processing and notifications. Finally, we discuss how these
components are deployed as a hosted database service.

3.1 Data Storage and Retrieval
Data tables are horizontally partitioned into groups of

records called tablets. Tablets are scattered across many
servers; each server might have hundreds or thousands of
tablets, but each tablet is stored on a single server within
a region. A typical tablet in our implementation is a few
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Message Brokers

message broker: pub/sub system 
 log replacement
 an update is considered committed if and only if

the update has been published to the message broker
Note: this is WAL replacing the log by a message broker
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mistic concurrency control [5].

Our API, in contrast to that of SQL, may be criticized for
revealing too many implementation details such as sequence
numbers. However, revealing these details does allow the ap-
plication to indicate cases where it can do with some relaxed
consistency for higher performance, e.g., read-critical.
Similarly, a test-and-set write allows us to implement
single-row transactions without any locks, a highly desir-
able property in distributed systems. Of course, if the need
arises, our API can be packaged into the traditional BEGIN
TRANSACTION and COMMIT for single-row transactions, at the
cost of losing expressiveness. Note that our consistency
guarantees are somewhat different than traditional guaran-
tees such as serializable, repeatable read, read committed,
snapshot isolation and so on. In particular, we make no
guarantees as to consistency for multi-record transactions.
Our model can provide serializability on a per-record ba-
sis. In particular, if an application reads or writes the same
record multiple times in the same “transaction,” the appli-
cation must use record versions to validate its own reads and
writes to ensure serializability for the “transaction.”

In the future, we plan to augment our consistency model
with the following primitives:

• Bundled updates: Consistency guarantees for write op-
erations that span multiple records (see Section 6).

• Relaxed consistency: Under normal operation, if the
master copy of a record fails, our system has protocols
to fail over to another replica. However, if there are ma-
jor outages, e.g., the entire region that had the master
copy for a record becomes unreachable, updates cannot
continue at another replica without potentially violat-
ing record-timeline consistency. We will allow applica-
tions to indicate, per-table, whether they want updates
to continue in the presence of major outages, potentially
branching the record timeline. If so, we will provide au-
tomatic conflict resolution and notifications thereof. The
application will also be able to choose from several con-
flict resolution policies: e.g., discarding one branch, or
merging updates from branches, etc.

2.3 Notification
Trigger-like notifications are important for applications

such as ad serving, which must invalidate cached copies of
ads when the advertising contract expires. Accordingly, we
allow the user to subscribe to the stream of updates on a
table. Notifications are easy to provide given our underlying

pub/sub infrastructure (see Section 3.2.1), and thus have the
same stringent reliability guarantees as our data replication
mechanism.

2.4 Bulk Load
While we emphasize scalability, we seek to support impor-

tant database system features whenever possible. Bulk load-
ing tools are necessary for applications such as comparison
shopping, which upload large blocks of new sale listings into
the database every day. Bulk inserts can be done in parallel
to multiple storage units for fast loading. In the hash table
case, the hash function naturally load balances the inserts
across storage units. However, in the ordered table case,
bulk inserts of ordered records, records appended to the end
of the table’s range, or records inserted into already popu-
lated key ranges require careful handling to avoid hot spots
and ensure high performance. These issues are discussed
in [25].

3. SYSTEM ARCHITECTURE
Figure 1 shows the system architecture of PNUTS. The

system is divided into regions, where each region contains a
full complement of system components and a complete copy
of each table. Regions are typically, but not necessarily, ge-
ographically distributed. A key feature of PNUTS is the use
of a pub/sub mechanism for both reliability and replication.
In fact, our system does not have a traditional database log
or archive data. Instead, we rely on the guaranteed delivery
pub/sub mechanism to act as our redo log, replaying updates
that are lost before being applied to disk due to failure. The
replication of data to multiple regions provides additional
reliability, obviating the need for archiving or backups. In
this section, we first discuss how the components within a
region provide data storage and retrieval. We then examine
how our pub/sub mechanism, the Yahoo! Message Broker,
provides reliable replication and helps with recovery. Then,
we examine other aspects of the system, including query
processing and notifications. Finally, we discuss how these
components are deployed as a hosted database service.

3.1 Data Storage and Retrieval
Data tables are horizontally partitioned into groups of

records called tablets. Tablets are scattered across many
servers; each server might have hundreds or thousands of
tablets, but each tablet is stored on a single server within
a region. A typical tablet in our implementation is a few



WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosys.cs.uni-saarland.de

Message Brokers

 logs messages on multiple disks on multiple servers
messages are not purged from a broker until PNUTS has 

applied the update to all replicas
messages sent to one broker will be distributed to other 

brokers
 these brokers then send messages to the routers and tablets
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Consistency via YMB and Mastership

 problem: messages published to different brokers may be 
delivered in any order

 thus does not provide timeline consistency
 therefore use per-record mastership
 idea:

 one copy of a record is considered the master
 all updates are directed to that master copy
 updates are propagated by publishing them to the message 

broker
 master record publishes updates to a single broker (in order)
 thus updates are delivered to replicas in commit order
 once the update is published, we treat it as committed
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Consistency via YMB and Mastership
 updates for records may originate in a non-master region
 these updates must be forwarded to the master replica 

before being committed
 each record also keeps in a hidden metadata field identity of 

its current master
 this field is checked whenever an update arrives
mastership of a record may migrate
 example: user moves from Wisconsin to California
 same ideas used for tablets in order to enforce primary key 

constraints when inserting records
 one tablet is the tablet master
 tablet master decides on order of inserts

37



WS 08/09 Prof. Dr. Jens Dittrich / Information Systems Group / infosys.cs.uni-saarland.de

Recovery
 how to recover in case of a storage unit failure?
 simply copy lost tablet from another replica
 three steps
1. tablet controller requests copy from a remote replica termed the 

“source tablet“
2. a checkpoint message is published to YMB

ensures that updates that are coming in while copying are later 
applied to the tablets

3.source tablet is copied to the destination region
 to make this more efficient, PNUTS keeps tablet boundaries 

in synch across regions!
 tablet splits are performed by having all regions split the 

tablet at the same time 
 uses two-phase-commit (2PC) between regions
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Hosted Database Service

PNUTS is hosted
 centrally managed
multiple apps run on this platform
 apps may have different workloads
 needs performance isolation:

 one heavyweight application should not have an impact on other 
applications

 currently handled by assigning diferent apps to different sets of 
storage units within a region
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PNUTS Applications: User Database

 hundreds of millions of active IDs
 billions of total IDs
 contains user preferences
 profile information, usage statistics, etc.
 record timeline model a good fit:

 user should see his/her own changes immediately
 others do not need to see it immediately

 also useful in the hosted model
 => different Yahoo! apps may share the user database
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Conclusions

PNUTS: globally distributed database system
 nice re-combination of existing DBMS-technology
 redundancy at multiple levels to support recovery
 extremely scalable
 flexible addition removal of resources due to interval mapping
 per-record timeline consistency 
 in-between eventual consistency and serializable
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