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Today’s Paper: C-Store

VLDB 2005
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Row store vs. column store

C-store
– Architecture

– Data model

– Data encoding

– Query execution

– Transaction updates

– Evaluation
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Relational Database
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Record 1

Record 2

Record 3

…

…

A relation (table) has rows and columns



Row Store vs. Column Store
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Row Store

Row store: fields in a row are contiguously stored on disk 
– Write optimized 

M 100 fall …

F 95 fall …

F 98 spring …

M 79 spring …
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Row Store Column Store
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Row Store Column Store

Advantages of column store
– Only needed attributes are loaded into memory 
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Row Store Column Store

Advantages of column store
– Only needed attributes are loaded into memory 

– Store data in more compact layout (avoid word and page alignment)
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Column Store

Advantages of column store
– Only needed attributes are loaded into memory 

– Store data in more compact layout (avoid word and page alignment)

– Easier to compress data 
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Column Store

Advantages of column store
– Only needed attributes are loaded into memory 

– Store data in more compact layout (avoid word and page alignment)

– Easier to compress data 

Disadvantages of column store
– Updates are less efficient 

update 

one row

update all columns
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Row store vs. column store
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C-Store Architecture — Shared Nothing

• Data is partitioned across servers in a cluster
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C-Store Architecture — Shared Nothing

• Data is partitioned across servers in a cluster

• Each piece of data is stored in multiple replicas for high availability 
– If one replica fails, can read from other replicas 

14
Network

A A’ A’’
B B’’ B’



C-Store Architecture — Shared Nothing

• Data is partitioned across servers in a cluster

• Each piece of data is stored in multiple replicas for high availability 
– If one replica fails, can read from other replicas 

• Separate reads and writes to different stores

15
Network

A A’ A’’
B B’’ B’
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Row store vs. column store

C-store
– Architecture

– Data model

– Data encoding

– Query execution

– Transaction updates

– Evaluation



C-Store Data Model

Projection: A group of columns sorted on the same attributes

Example: 
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EMP1(name, age| age)

EMP2(dept, age, DEPT.floor| DEPT.floor) 

EMP3(name, salary| salary) 

DEPT1(dname, floor| floor) 



C-Store Data Model

Projection: A group of columns sorted on the same attributes

Example: 
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EMP1(name, age| age)

EMP2(dept, age, DEPT.floor| DEPT.floor) 

EMP3(name, salary| salary) 

DEPT1(dname, floor| floor) 

Sort key



C-Store Data Model 

Projection: A group of columns sorted on the same attributes

Example: 

Same attribute can belong to multiple projections, and be sorted in 
different orders
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EMP1(name, age| age)

EMP2(dept, age, DEPT.floor| DEPT.floor) 

EMP3(name, salary| salary) 

DEPT1(dname, floor| floor) 



C-Store Data Model

Segment: Each projection is horizontally partitioned into segments 
– Called row groups in parquet format 
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EMP1(name, age| age)

name age

Segment 1

Segment 2



C-Store Data Model

Storage Key: Each segment associates every data value of every 
column with a storage key, SK

– For records in RS, SK is the physical position in the column 
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Segment 1

Segment 2

name age SK
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C-Store Data Model

Join Indices store the mapping between projections that are 
anchored at the same table (one-to-one mapping)
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C-Store Data Model

Join Indices store the mapping between projections that are 
anchored at the same table (one-to-one mapping)

– (segment_ID, SK) to locate the matching record 
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EMP3(name, salary| salary) EMP1(name, age| age)

Segment 1
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name salary SK

Segment 2
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8

Join index
(seg2, SK=3)
(seg1, SK=5)
(seg1, SK=2)
…
…
…
…
…

…
…
…
…
…
…
…
…
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Row store vs. column store

C-store
– Architecture

– Data model

– Data encoding

– Query execution

– Transaction updates

– Evaluation



Data Encoding 

Type 1: Self-order, few distinct values 
– (value, first-appear-position, number-of-appearance)

– Similar to run length encoding (RLE)
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– Bitmap encoding (value, bitmap)
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Data Encoding 

Type 1: Self-order, few distinct values 
– (value, first-appear-position, number-of-appearance)

– Similar to run length encoding (RLE)

Type 2: Foreign-order, few distinct values 
– Bitmap encoding (value, bitmap)
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Discussion Question: 

Is there an encoding scheme that can achieve 

higher compression ratio than bitmap encoding? 

(Hint: consider 4 unique values)



Data Encoding 

Type 1: Self-order, few distinct values 
– (value, first-appear-position, number-of-appearance)

– Similar to run length encoding (RLE)

Type 2: Foreign-order, few distinct values 
– Bitmap encoding (value, bitmap)

Type 3: Self-order, many distinct values 
– Delta encoding 
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Data Encoding 

Type 1: Self-order, few distinct values 
– (value, first-appear-position, number-of-appearance)

– Similar to run length encoding (RLE)

Type 2: Foreign-order, few distinct values 
– Bitmap encoding (value, bitmap)

Type 3: Self-order, many distinct values 
– Delta encoding 

Type 4: Foreign-order, many distinct value 
– No encoding
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Other Data Encoding Schemes

Bitpacking 

Frame of reference (FOR)

Dictionary encoding 
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Row store vs. column store

C-store
– Architecture

– Data model

– Data encoding

– Query execution

– Transaction updates

– Evaluation



Query Execution

• Decompress

• Select

• Mask

• Project

• Sort 

• Aggregation 

• Concat

• Permute

• Join

• Bitstring operators
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Query Execution

• Decompress

• Select

• Mask

• Project

• Sort 

• Aggregation 

• Concat

• Permute
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• Bitstring operators
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Impact on query optimizers 
– Choose the best projections to run queries

– Cost model includes the compression type



Query Execution Example
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⨝

select select

Join in row store



Query Execution Example

35

⨝

select select

Join in row store

⨝

select
0
1
1
0

select
0
1
0
0

Mask Mask

(SID, SK)

Use (SID, SK) pairs to join with other columns 

(late materialization)

Join in column store
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Row store vs. column store

C-store
– Architecture

– Data model

– Data encoding

– Query execution

– Transaction updates

– Evaluation



Transaction Updates

Write Store (WS)
– 1:1 mapping between RS and WS

– Storage keys are explicitly stored 

– No compression 

– Snapshot isolation 

37



Transaction Updates

Write Store (WS)
– 1:1 mapping between RS and WS

– Storage keys are explicitly stored 

– No compression 

– Snapshot isolation 

Tuple mover
– Periodically merge WS and RS into a new RS’

38



Agenda

39

Row store vs. column store
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Evaluation
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No materialized view in baselines



Evaluation
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No materialized view in baselines With materialized view in baselines



Questions
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• Why join index, why not having all columns in one projection?

• Real-world implementation? Vertica 

• More details on tuple mover

• Columnar benefits shrink for SELECT *? 

• How does C-store work in cloud-native databases? 

• How are projections chosen in practice? 

https://en.wikipedia.org/wiki/Vertica


Before Next Lecture

Submit review for

Laurens Kuiper, et al., Robust External Hash Aggregation in the Solid 
State Age. ICDE 2024
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https://pages.cs.wisc.edu/~yxy/cs764-f25/papers/duckdb-buffer.pdf
https://pages.cs.wisc.edu/~yxy/cs764-f25/papers/duckdb-buffer.pdf
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