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Agenda 

1. Parallel DBMS

2. Distributed DBMS

2



Reading Materials

Database Systems: The Complete 
Book (2nd edition)

• Chapter 20: Parallel and Distributed 
Databases

Fundamental of Database Systems 
(7th Edition)

• Chapter 23: Distributed Database 
Concepts
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1. Parallel DBMS
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Parallel vs Distributed DBMS 

Parallel Database: 
• Nodes are physically close to each other.  

• Nodes are connected via high-speed LAN (fast, reliable communication fabric). 

• The communication cost between nodes is assumed to be small. As such, one 
does not need to worry about nodes crashing or packets getting dropped when 
designing internal protocols. 

Distributed Database: 
• Nodes can be far from each other. 

• Nodes are potentially connected via a public network, which can be slow and 
unreliable. 

• The communication cost and connection problems cannot be ignored (i.e., 
nodes can crash, and packets can get dropped).
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Benefits of Parallelism

Parallelism: divide a big problem into many smaller ones to be 
solved in parallel 
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At 10 MB/s
1.2 days to scan 

1,000 x parallel 
1.5 minute to scan 

1 TB
Data

1 TB
Data



Key Metrics

Speed-up
• Increase HW, keep workload

• More resources means 
proportionally less time for given 
amount of data 

Scale-up
• Increase HW, increase workload

• If resources increased in 
proportion to increase in data size, 
time is constant. 
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Key Metrics

In practice, due to overheads in 
parallel processing:

• Start-up cost: Starting the operation on 
many processor, might need to distribute 
data 

• Interference: Different processors may 
compete for the same resources 

• Skew: The slowest processor (e.g. with a 
huge fraction of data) may become the 
bottleneck 
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Architecture (how resource is shared)

Units: a collection of processors
• Think hundreds or thousands of processors 
• assume always have local cache
• may or may not have local memory or disk (next) 

A communication facility to pass information among processors 
• a shared bus or a switch 

Different architecture: 
• Whether memory AND/OR disk are shared
• 3 main groups: shared-memory, shared-disk, shared-nothing
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Shared-Memory Architecture
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• e.g., NUMA (non uniform 
memory access)

• Easy to program

• Low communication 
overhead due to shared 
memory 

• Difficult to scale up 
(memory contention) and 
expensive to build
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Shared-Disk Architecture

11

• Centralized storage 
system (e.g., SAN or 
NAS), but compute is 
distributed 

• Better scalability than 
shared memory, but still 
subject to contention of 
disk/network bandwidth
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Shared-Nothing Architecture

12

• Excellent horizontal 
scalability; relatively 
inexpensive to build

• Minimal resource 
contention but higher 
communication overhead

• Hard to program and 
design parallel algos

* We will assume this 
architecture by default
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Types of Parallelism 
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f(x3)

g(f(x2))

Pipelining

h(g(f(x1)))

f(xh(x))

Partitioning

Any sequential program,

e.g., a relational operator

• Pipelining: each worker 
does one component of 
the calculation, then 
passes the result on to 
another worker

• Partitioning: each 
worker runs the same 
computations on a 
different set of data.

Ack: Berkeley CS186



Types of Parallelism 

• Pipelining: each machine does one component of the calculation, 
then passes the result on to another machine

• Partitioning: each machine runs the same computations on a 
different set of data.
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The same concepts 
are also used in 
distributed model 
training 

Image source: https://selamjie.medium.com/the-frontier-of-pipeline-parallelism-an-overview-d4264cc9f877
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Types of DBMS Query Parallelism

Inter-query parallelism 
• “Inter”: parallelism across queries

• Each query runs on a separate processor 

• Single thread (no parallelism per query)

• Requires concurrency control mechanism

Intra-query parallelism 
• “Intra”: parallelism within a query

• a single query is broken dup and executed in 
parallel 
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Intra-query Parallelism

Intra-operator parallelism 
• Get all workers working to compute a 

given operation (scan, sort, join)

• Achieved via partitioning

Inter-operator parallelism 
• each operator may run concurrently on 

a different site

• Achieved via pipelining

16
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Common Data Partitioning Schemes
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Range Hash Round-Robin

Good for:

• Point look up

• Range queries 

• Parallel SMJ

Good for:

• Point look up (but not 

for range queries)

• Parallel HJ

Good for:

• Spreading the load 

• When the entire 

relation is accessed

Shared disk and memory less sensitive to partitioning, 
Shared nothing benefits from "good" partitioning 

Ack: Berkeley CS186



In-class Exercise

Assume that we have 5 machines and a 1000 page students(sid, 
name, gpa)table. Assume pages are 1KB.

• How many IOs will it take to execute the above query under round-
robin partitioning?

• Suppose that we hash partition on the name column instead. How 
many IOs will the query take? 

• Assume that an IO takes 1ms and the network cost is negligible. How 
long will the query take if the data is round-robin partitioned and if the 
data is hash partitioned on the name column. 
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SELECT *
FROM   students
WHERE  name = ‘Jane Doe’



Parallel Algorithms - Sorting

A simple idea:

• Have each CPU sort the part of the relation that is on its local disk 

• Merge the sorted results 

A better idea:

• Redistribute relation using range partitioning 

• Perform local sort on each machine

19

1 pass

Performance bottleneck



Parallel Algorithms – Sort Merge Join

Two Steps:

• Range partition each 
table using the same 
ranges on the join column

• Perform local sort merge 
join on each machine

20
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Parallel Algorithms – Hash Join

Two steps

• Hash partition each 
table using the same 
hash function on the join 
column

• Perform local grace 
hash join on each 
machine
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Parallel Algorithms – Broadcast Join
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• Sometimes, one join table is tiny 
and another table is huge.

• Too expensive to hash/range 
partition the large table 

• “Broadcast” the small table to 
every machine; each machine will 
then perform a local join

More compute, less network 



MR vs Parallel DBMS
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Many commonalities:
• Designed for large-scale data 

processing

• Use data partitioning

Reading: A Comparison of 

Approaches to Large-Scale Data 

Analysis

https://www.cs.princeton.edu/courses/archive/fall09/cos518/papers/mapreduce-vs-sql.pdf
https://www.cs.princeton.edu/courses/archive/fall09/cos518/papers/mapreduce-vs-sql.pdf
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Map Reduce vs Parallel DBMS

MapReduce Parallel DBMS

Programming Imperative Declarative

Indexing No native support B+ tree, hashing

Schema Not required Required upfront

Execution 

Strategy

Materializes intermediate 

data to disk; pull-based 

shuffle

Optimizer-driven plans; push-

based data transfer

Fault Tolerance Fine-grained: rerun failed 

Map/Reduce tasks

Course-grained: restart entire 

query on failure
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2. Distributed DBMS
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Design Issues

Databases are hard; distributed DBMSs are even harder…

How to store data in distributed DBMS?
• Partitioning and Replication 

Distributed query optimization 
• Distributed join algorithms 

Distribution transaction
• Two-Phase Commit
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Storing Data in a Distributed DBMS

A single relation may be partitioned or fragmented across 
several sites

• typically at sites where they are most often accessed 

The data can be replicated as well – when the relation is in high 
demand or for robustness

27Adapted from Duke CompSci 516 from Sudeepa Roy



Storing Data in a Distributed DBMS

Horizontal Partitioning (Sharding):
• Usually disjoint

• Can often be identified by a selection query 

• To retrieve the full relation, need a union 

Vertical Partitioning:
• Identified by projection queries 

• Typically unique TIDs added to each tuple 

• TIDs replicated in each fragments

• Ensures that we have a Lossless Join 

28Adapted from Duke CompSci 516 from Sudeepa Roy



Replication

Storing multiple copies of a relation 

Motivation
• Increased availability: If a site that contains a replica goes down, we can 

find the same data at other sites 

• Faster query evaluation: Queries can execute faster by using a local copy 
of a relation instead of going to a remote site. 

Two types of replication: synchronous vs asynchronous
• how replicas are kept current when the relation is modified 
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Partitioning vs Sharding vs Replication

• Partitioning: Split a table into smaller pieces (by rows or 
columns); can be within a single machine or across 
machines

• Sharding: Partitioning specifically across different servers — 
each shard is an independent node; the term emphasizes 
horizontal scalability

• Replication: Creating copies (replicas) of the same data 
across multiple servers
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Horizontal Partitioning

Example: Hash Partitioning
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101 a XXX …

102 a XXY …

103 b XYZ …

104 c XYX …

105 d XZY …

Partitions
Hash(a) % 4 = P2

Hash(a) % 4 = P2

Hash(b) % 4 = P4

Hash(c) % 4 = P3

Hash(d) % 4 = P1

What are some potential 
problems with this?

P1 P2

P3 P4



Horizontal Partitioning

Example: Hash Partitioning
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101 a XXX …

102 a XXY …

103 b XYZ …

104 c XYX …

105 d XZY …

Hash(a) % 4 = P2

Hash(a) % 4 = P2

Hash(b) % 4 = P4

Hash(c) % 4 = P3

Hash(d) % 4 = P1

What are some potential 
problems with this?

Partitions

P1 P2

P3 P4

P5



Consistent Hashing
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0
Key range: 

- [0,1] 

- mapped to a ring

1

0.5
STOC’97



Consistent Hashing
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01

0.5

P1

P2

P3

hash(key1)

hash(key2)



Consistent Hashing
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01

0.5

P1

P2

P3

P1

P4New partition

If hash(key)=P4



Consistent Hashing
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01

0.5

P1

P2

P3

P1

P4

New partition P5

If hash(key)=P5



Consistent Hashing
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01

0.5

P1

P2

P3

P1

P4

P5

Replication factor = 
3



Consistent Hashing
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01

0.5

P1

P2

P3

P1

P4

P5

hash(key3)

Replication factor = 
3



Updating Distributed Data

Synchronous Replication: Transaction waits for replicas to confirm 
before committing

• 2PC (strict): Every replica must acknowledge the write before the 
transaction commits. This guarantees all copies are identical at all times.

• Quorum voting (relaxed): Write Quorum (W) + Read Quorum (R) > Total 
Replicas (N)

Asynchronous Replication: Commit locally, propagate to replicas 
later; copies may be temporarily out of sync

• More efficient – many current products follow this approach

• Primary site (one master copy) or peer-to-peer (multiple master copies)

39Adapted from Duke CompSci 516 from Sudeepa Roy



Distributed Query Optimization 

Similar to centralized optimization, but have differences 
• Communication costs must be considered. If we have several 

copies of a relation, must decide which copy to use

• Local site autonomy must be respected 

• New distributed join methods should be considered

Query site constructs global plan, with suggested local plans 
describing processing at each site

• If a site can improve suggested local plan, free to do so

40Adapted from Duke CompSci 516 from Sudeepa Roy



Joins in Distributed DBMS 

Can be very expensive if relations are stored at different sites!

Goal: Ship R to London, then do join with S at London. 

41Adapted from Duke CompSci 516 from Sudeepa Roy

S 
(500 pages)

R 
(1000 pages)

London Paris

⋈



Semijoin (⋉)

1. At London, project S onto join columns and ship this to Paris

2. At Paris, join S-projection with R
• Result is the reduction of R w.r.t. S (only these tuples are needed)

3. Ship reduction of R to back to London

4. At London, join S with reduction of R

42

S 
(500 pages)

R 
(1000 pages)

London Paris

Adapted from Duke CompSci 516 from Sudeepa Roy

Tradeoff the cost of computing and shipping 
projection for cost of shipping full R relation



Bloomjoin

1. At London, compute a bit-vector of some size k:
• Hash column values into range 0 to k-1

• If some tuple hashes to p, set bit p to 1 (p from 0 to k-1) 

• Ship bit-vector to Paris

2. At Paris, hash each tuple of R similarly
• discard tuples that hash to 0 in S’s bit-vector 

• Result is called reduction of R w.r.t S

3. Ship “bit-vector-reduced” R to London

4. At London, join S with reduced R

43

S 
(500 pages)

R 
(1000 pages)

London Paris
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Distributed Transaction

A given transaction is submitted at one site, but it can access data 
at other sites.

When a transaction is submitted at some site, the transaction 
manager at that site breaks it up into a collection of sub-
transactions that can be executed at different sites.

New questions:

• Distributed CC: How can locks for objects stored across several 
sites be managed?

• Distributed Recovery: how to ensure transaction atomicity when 
data is distributed across sites?
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Distributed Concurrency Control

Lock management can be distributed across sites in many ways:

• Centralized: A single site is in charge of handling lock and unlock 
requests for all objects.

• Primary copy: One copy of each object is designated as the primary 
copy.
• All requests to lock or unlock a copy of this object are handled by the lock 

manager at the site where the primary copy is stored.

• Fully distributed: Requests to lock or unlock a copy of an object 
stored at a site are handled by the lock manager at the site where the 
copy is stored.
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Distributed Recovery 

Two new issues:
• New kinds of failure, e.g., network/remote site failures

• If “sub-transactions” of a transaction execute at different sites, all or none 
must commit 

Need a commit protocol to achieve this 
• Goal: Ensures atomicity (all-or-nothing commits) for transactions spanning 

multiple sites in a distributed database.

• Most widely used: Two Phase Commit (2PC) 

46

This is not to be confused with 2PL! 
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Two-phase Commit (2PC) 

Distributed transaction protocol that ensures all participants in a 
distributed system either commit or abort a transaction atomically

A log is maintained at each site – as in a centralized DBMS – 
commit protocol actions are additionally logged

Site at which transaction originates is coordinator

Other sites at which it executes are subordinates
• w.r.t. coordination of this transaction

47Adapted from Duke CompSci 516 from Sudeepa Roy



Two-phase Commit (2PC) 

Prepare Phase: asking other 
nodes whether they can commit 
the proposed transaction.
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Coordin
ator

Subor
dinate 

1

Subor
dinate 

2

1. Prepare

1. Prepare

3. yes

3. yes

2. Acquire 
lock

2. Acquire 
lock



Two-phase Commit (2PC) 
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Coordin
ator

Subor
dinate 

1

Subor
dinate 

2

1. Prepare

1. Prepare

2. Acquire 
lock

2. Acquire 
lock

3. yes

3. yes

Prepare Phase: asking other 
nodes whether they can commit 
the proposed transaction.

Commit Phase: commanding 
other nodes to either commit or 
abort the proposed transaction

4. Commit

4. Commit

6. ok

6. ok

5. Commit
TXN

5. Commit
TXN



2PC comments

Two rounds of communication 
• voting => termination

• Both initiated by the coordinator 

Any site (coordinator or subordinate) can unilaterally decide to abort 
a transaction

• but consensus needed to commit 

Every message reflects a decision by the sender
• to ensure that this decision survives failures, it is first recorded in the local 

log and is force-written to disk

50Adapted from Duke CompSci 516 from Sudeepa Roy



Weakness of 2PC

2PC is often called a “blocking” atomic commit protocol (or “anti-
availability” protocol) because all nodes/members must be up for 
it to work. 

• In particular, if a coordinator dies, all nodes would have to wait to hear 
the final decision (commit or abort)

• Participant nodes cannot simply time out and abort the transaction 
because it promised to follow the final decision from the coordinator

• Real systems mitigate this: e.g., Google Spanner replaces each 2PC 
member with a replicated group (using a consensus protocol like 
Paxos), so no single node failure can block progress
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