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Relational model

• A database is a collection of relations and each
relation is an unordered set of tuples (or rows).

• Each relation has a set of attributes (or columns).

• Each attribute has a name and a domain and each
tuple has a value for each attribute of the relation.

Figure: Edgar Frank Codd

Keys: superkey, candidate key, primary key, foreign key

https://en.wikipedia.org/wiki/Edgar_F._Codd
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Relational algebra

• Selection σp(R)

• Projection ΠA1,...,Ak
(R)

• Product R× S

• Union R ∪ S

• Difference R− S

• Renaming ρS(A1,...,Ak)(R), ρS(R)
• Join R ▷◁θ S, R ▷◁ S
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SQL

• SQL DDL
• SFW statement
• Set operations of SQL
• Aggregation and grouping
• Three-valued logic of SQL
• Various joins
• Nested Subqueries
• Integrity constraints
• Update with SQL
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Database design theory

Functional dependency
• FD’s are unique-value constraints.
• A FD X → Y requires the attributes of X functionally determining the attributes Y.
• X is a candidate key of R if (i) X → R, and (ii) Y ̸ →X for all proper subset Y of X.
• The attribute closure X+

F is the set of attributes determined by X under F.

Normal forms and decomposition algorithms
• Insertion, deletion, update anomalies
• Decomposition criteria: lossless join, dependencies preserving, anomalies avoidance
• BCNF & BCNF decomposition algorithm
• 3NF & 3NF synthesis algorithm
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Database internals

Query parsing & optimization

Operator execution

Access method

Buffer pool manager

Disk manager
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Storage structure

CS45565 Katz 75000

Physics 8700033456 Gold

CS 6500010101 Srinivasan

Physics 9500022222 Einstein

SalaryDept_nameNameID

Page 1 Page 2

Page 3 Page 4

Page 5 Page 6

Database File

Physics 9500022222 Einstein

Tuple

Varchar Varchar FloatInt

20 27 PhysicsEinstein9500022222

0 4 2012 27Header

Table

Tuple #1Tuple #2

Tuple #3Tuple #4

Slotted database page

• Tables are stored as database files.
• Each database file consists of a collection of pages.
• Each page is a block of fixed-size that contains a collection of tuples.
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Buffer pool manager

Page 1 Page 2 Page 3 Page 4 Page 5 Page 6

Frame 1 Frame 2

Frame 3 Frame 4

Database file

Buffer pool 

Read page Write page 

Page 3Page 2

Load Page 2 to Buffer pool

Page 2

Page 1

Figure: Buffer pool

Design goal: provide the illusion of operation in memory.

• A buffer pool is a memory region organized as an array of frames.
• When DBMS request a page, an exact copy is placed into one of these frames.
• Buffer pool page replacement policy: LRU & CLOCK.
• The access patterns have big impact on I/O cost.
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Index

• Search key: an attribute or a set of attributes used to look up records in a file.
• An index file consists of records (called index entries) of the form

search key pointer

• An index files is usually much smaller than the original file.

• Ordered index vs. hash index.
• Dense index vs. spare index.
• Clustering index vs. non-clustering index.
• Primary index vs. secondary index.
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B+-tree

2420 3936 665443 8278 9894

433620 94

78

1813

Root

Leaf

Non-leaf

Figure: A sample B+-tree with max_fanout= 4

A B+-tree in a self-balancing search tree with following properties.
• Balance invariant: all leaves are at the same level.
• Occupancy invariant: all nodes (except root) are at least half-full.
• Search, insertions, and deletions in logarithmic time.
• Optimized for disk-based DBMS: one node per block; large fan-out.
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Query with B+-tree index

Point query:
SELECT * FROM R WHERE K=54;

242018 3936 665443 8278 9894

4336 94

78
Look up 54

Range query:
SELECT * FROM R
WHERE k >= 37 AND K <= 90;

242018 3936 665443 8278 9894

4336 94

78

1. Look up 37 first

2. Follow the next leaf pointer until hit the upper bound 
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B+-tree insertion & deletion

2420 3936 665443 8278 9894

433620 94

78

1813

73

2420 3936 5443 8278 9894

3620 94

7843

1813 7366

66

1813 2420 3936 5443 7366

3620 66

43

X

1813 393624 5443 7366

20 66

43

Insert 73 Delete 20

12



Query processing & optimization

SQL Query Logical Plan Physical plan

• Each node of a logical plan is a relational operator.

• Each node of a physical plan represents an operator algorithm.

• Data flows from the leaves of the physical plan tree up towards the root.
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External merge sort

A divide-and-conquer approach to sort a large relation that cannot fit in memory.

490735282320042415133633

363313 241504 282320 493507

151304 363324 232007 493528

130704 232015 332824 493635

Pass 0

Pass 1

Pass 2

Input R

Level-0 run

Level-1 run

• Pass 0: read B pages of R each time, sort them, and write out a level-0 run.
• Pass i: merge (B− 1) level-(i− 1) runs each time, and write out a level-i run.
• Each pass read the entire relation and write it once.
• Total cost: 2P(R)∗log B−1⌈P(R)/B⌉+ P(R)
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Join algorithms

Algorithms I/O costs
Naive Nested Loop Join P(R) + |R| ∗ P(S)
Block Nested Loop Join P(R) + P(R) ∗ P(S)
Indexed Nested Loop Join P(R) + |R| ∗ C

Merge Join P(R) + P(S)
In-memory Hash Join P(R) + P(S)

Hash Join 3 ∗ (P(R) + P(S))

Table: Algorithms for R ▷◁ S

• Tables: R, S
• Number of tuples: |R|, |S|
• Number of pages: P(R), P(S)
• Cost metric: number of I/O’s
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Query processing model

A DBMS’s processing model defines how the system executes a physical query plan.
<latexit sha1_base64="8H20/hRzEFsakRKYXwRIxugAkS8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEVDwVvHisYD+giWWz3bRLdzdhd6OU0P/hxYMiXv0v3vw3btoctPXBwOO9GWbmhQln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8U3udx6p0iyW92aS0EDgoWQRI9hY6cFvsn7mK4EkFnTar9bcujsDWiZeQWpQoNmvfvmDmKSCSkM41rrnuYkJMqwMI5xOK36qaYLJGA9pz9J8iQ6y2dVTdGKVAYpiZUsaNFN/T2RYaD0Roe0U2Iz0opeL/3m91ERXQcZkkhoqyXxRlHJkYpRHgAZMUWL4xBJMFLO3IjLCChNjg6rYELzFl5dJ+6zuXdS9u/Na47qIowxHcAyn4MElNOAWmtACAgqe4RXenCfnxXl3PuatJaeYOYQ/cD5/AGSNkmw=</latexit>

⇧name

<latexit sha1_base64="hI4kQakhG/bgd7IKDDJFv895Fdw=">AAACEHicbVA9SwNBEN3zM8avqKXNYhC1CXciKlYBm2ClYDSQC2FvM2cW93aP3TklHvkJNv4VGwtFbC3t/DduYgo1Phh4vDfDzLwolcKi7396E5NT0zOzhbni/MLi0nJpZfXC6sxwqHMttWlEzIIUCuooUEIjNcCSSMJldH088C9vwFih1Tn2Umgl7EqJWHCGTmqXtsJI36IASkOT5NthrDUqjWDFHdAas116ooXa6bdLZb/iD0HHSTAiZTLCabv0EXY0zxJQyCWzthn4KbZyZlBwCf1imFlIGb9mV9B0VLEEbCsfPtSnm07p0FgbVwrpUP05kbPE2l4Suc6EYdf+9Qbif14zw/iwlQuVZgiKfy+KM0lR00E6tCMMcJQ9Rxg3wt1KeZcZxtFlWHQhBH9fHicXu5VgvxKc7ZWrR6M4CmSdbJBtEpADUiU1ckrqhJN78kieyYv34D15r97bd+uEN5pZI7/gvX8BQOOcsg==</latexit>

./ (HashJoin)

<latexit sha1_base64="PwnreC94pzda0rlbNn5TNbwlguA=">AAACF3icbVDLSsNAFJ34rPUVdelmaBHqJiQiKoJQEMRlBfuAJoTJdNIOnZmEmYlQQv/Cjb/ixoUibnXn3zhts9DWAxcO59zLvfdEKaNKu+63tbS8srq2Xtoob25t7+zae/stlWQSkyZOWCI7EVKEUUGammpGOqkkiEeMtKPh9cRvPxCpaCLu9SglAUd9QWOKkTZSaDu+on2OwtyXHEYZZT0q+vAKVtpI6URUxtAYee2GMk3k8Ti0q67jTgEXiVeQKijQCO0vv5fgjBOhMUNKdT031UGOpKaYkXHZzxRJER6iPukaKhAnKsinf43hkVF6ME6kKaHhVP09kSOu1IhHppMjPVDz3kT8z+tmOr4IcirSTBOBZ4vijEGdwElIsEclwZqNDEFYUnMrxAMkETYhqLIJwZt/eZG0ThzvzPHuTqv1yyKOEjgEFVADHjgHdXALGqAJMHgEz+AVvFlP1ov1bn3MWpesYuYA/IH1+QMAHJ8p</latexit>

�building=”Waston”(Filter) <latexit sha1_base64="LZNRCWKxiaaLCHaV037Op9oZUkw=">AAACA3icbVC7SgNBFJ31GeNr1U6bwSDEJuxKUMuAjXaRmAckS5idzCZDZmfXmbtCWAI2/oqNhSK2/oSdf+Mk2UITT3U4517uucePBdfgON/W0vLK6tp6biO/ubW9s2vv7Td0lCjK6jQSkWr5RDPBJasDB8FasWIk9AVr+sOrid98YErzSN7BKGZeSPqSB5wSMFLXPkw7KsQ3UoNKKEQKF2vsvkaJPB137YJTcqbAi8TNSAFlqHbtr04voknIJFBBtG67TgxeShRwKtg430k0iwkdkj5rGypJyLSXTn8Y4xOj9HBgEgSRBDxVf2+kJNR6FPpmMiQw0PPeRPzPaycQXHopl3ECTNLZoSARGCI8KQT3uGIUxMgQQhU3WTEdEEUomNrypgR3/uVF0jgruecl97ZcqJSzOnLoCB2jInLRBaqga1RFdUTRI3pGr+jNerJerHfrYza6ZGU7B+gPrM8fbgCXVg==</latexit>

Instructor(SeqScan)

<latexit sha1_base64="IhG6zUkL7NhBuacAY1iHVYacBFk=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUmkqMuCLlxWah/QljKZ3rRDZ5I4MxFKKLjxV9y4UMStP+HOv3HSZqGtBy4czn0fL+JMacf5tpaWV1bX1nMb+c2t7Z1de2+/ocJYUqjTkIey5REFnAVQ10xzaEUSiPA4NL3RVZpvPoBULAzu9DiCriCDgPmMEm2knn2YdKTA1xARqQUEGhdrcF+jJDid9OyCU3KmwIvEzUgBZaj27K9OP6RxOoZyolTbdSLdTcxkRjlM8p1YmT10RAbQNjQgAlQ3mf4wwSdG6WM/lCbMGVP1d0dChFJj4ZlKQfRQzedS8b9cO9b+ZTdhQRRrCOhskR9zrEOcGoL7TALVfGwIoZKZWzEdEkmoNrbljQnu/MuLpHFWcs9L7m25UClnduTQETpGReSiC1RBN6iK6oiiR/SMXtGb9WS9WO/Wx6x0ycp6DtAfWJ8/LRiXLQ==</latexit>

Department(SeqScan)

Materialization model

• Evaluate the physical query plan tree bottom-up.
• Children write intermediate results to temporary files.
• Parents read temporary files.
• Good for OLTP queries, not good for OLAP queries with large intermediate results.
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Query processing model

A DBMS’s processing model defines how the system executes a physical query plan.

Projection OP
next_tuple()

HashJoin OP
next_tuple()

Filter OP
next_tuple()

SeqScan OP
next_tuple()

SeqScan OP
next_tuple()

Control Flow

Data Flow
1

2

3

4

5

<latexit sha1_base64="8H20/hRzEFsakRKYXwRIxugAkS8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEVDwVvHisYD+giWWz3bRLdzdhd6OU0P/hxYMiXv0v3vw3btoctPXBwOO9GWbmhQln2rjut1NaWV1b3yhvVra2d3b3qvsHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8U3udx6p0iyW92aS0EDgoWQRI9hY6cFvsn7mK4EkFnTar9bcujsDWiZeQWpQoNmvfvmDmKSCSkM41rrnuYkJMqwMI5xOK36qaYLJGA9pz9J8iQ6y2dVTdGKVAYpiZUsaNFN/T2RYaD0Roe0U2Iz0opeL/3m91ERXQcZkkhoqyXxRlHJkYpRHgAZMUWL4xBJMFLO3IjLCChNjg6rYELzFl5dJ+6zuXdS9u/Na47qIowxHcAyn4MElNOAWmtACAgqe4RXenCfnxXl3PuatJaeYOYQ/cD5/AGSNkmw=</latexit>

⇧name

<latexit sha1_base64="hI4kQakhG/bgd7IKDDJFv895Fdw=">AAACEHicbVA9SwNBEN3zM8avqKXNYhC1CXciKlYBm2ClYDSQC2FvM2cW93aP3TklHvkJNv4VGwtFbC3t/DduYgo1Phh4vDfDzLwolcKi7396E5NT0zOzhbni/MLi0nJpZfXC6sxwqHMttWlEzIIUCuooUEIjNcCSSMJldH088C9vwFih1Tn2Umgl7EqJWHCGTmqXtsJI36IASkOT5NthrDUqjWDFHdAas116ooXa6bdLZb/iD0HHSTAiZTLCabv0EXY0zxJQyCWzthn4KbZyZlBwCf1imFlIGb9mV9B0VLEEbCsfPtSnm07p0FgbVwrpUP05kbPE2l4Suc6EYdf+9Qbif14zw/iwlQuVZgiKfy+KM0lR00E6tCMMcJQ9Rxg3wt1KeZcZxtFlWHQhBH9fHicXu5VgvxKc7ZWrR6M4CmSdbJBtEpADUiU1ckrqhJN78kieyYv34D15r97bd+uEN5pZI7/gvX8BQOOcsg==</latexit>

./ (HashJoin)

<latexit sha1_base64="LZNRCWKxiaaLCHaV037Op9oZUkw=">AAACA3icbVC7SgNBFJ31GeNr1U6bwSDEJuxKUMuAjXaRmAckS5idzCZDZmfXmbtCWAI2/oqNhSK2/oSdf+Mk2UITT3U4517uucePBdfgON/W0vLK6tp6biO/ubW9s2vv7Td0lCjK6jQSkWr5RDPBJasDB8FasWIk9AVr+sOrid98YErzSN7BKGZeSPqSB5wSMFLXPkw7KsQ3UoNKKEQKF2vsvkaJPB137YJTcqbAi8TNSAFlqHbtr04voknIJFBBtG67TgxeShRwKtg430k0iwkdkj5rGypJyLSXTn8Y4xOj9HBgEgSRBDxVf2+kJNR6FPpmMiQw0PPeRPzPaycQXHopl3ECTNLZoSARGCI8KQT3uGIUxMgQQhU3WTEdEEUomNrypgR3/uVF0jgruecl97ZcqJSzOnLoCB2jInLRBaqga1RFdUTRI3pGr+jNerJerHfrYza6ZGU7B+gPrM8fbgCXVg==</latexit>

Instructor(SeqScan)

<latexit sha1_base64="IhG6zUkL7NhBuacAY1iHVYacBFk=">AAACA3icbVDLSsNAFJ34rPUVdaebwSLUTUmkqMuCLlxWah/QljKZ3rRDZ5I4MxFKKLjxV9y4UMStP+HOv3HSZqGtBy4czn0fL+JMacf5tpaWV1bX1nMb+c2t7Z1de2+/ocJYUqjTkIey5REFnAVQ10xzaEUSiPA4NL3RVZpvPoBULAzu9DiCriCDgPmMEm2knn2YdKTA1xARqQUEGhdrcF+jJDid9OyCU3KmwIvEzUgBZaj27K9OP6RxOoZyolTbdSLdTcxkRjlM8p1YmT10RAbQNjQgAlQ3mf4wwSdG6WM/lCbMGVP1d0dChFJj4ZlKQfRQzedS8b9cO9b+ZTdhQRRrCOhskR9zrEOcGoL7TALVfGwIoZKZWzEdEkmoNrbljQnu/MuLpHFWcs9L7m25UClnduTQETpGReSiC1RBN6iK6oiiR/SMXtGb9WS9WO/Wx6x0ycp6DtAfWJ8/LRiXLQ==</latexit>

Department(SeqScan)

<latexit sha1_base64="PwnreC94pzda0rlbNn5TNbwlguA=">AAACF3icbVDLSsNAFJ34rPUVdelmaBHqJiQiKoJQEMRlBfuAJoTJdNIOnZmEmYlQQv/Cjb/ixoUibnXn3zhts9DWAxcO59zLvfdEKaNKu+63tbS8srq2Xtoob25t7+zae/stlWQSkyZOWCI7EVKEUUGammpGOqkkiEeMtKPh9cRvPxCpaCLu9SglAUd9QWOKkTZSaDu+on2OwtyXHEYZZT0q+vAKVtpI6URUxtAYee2GMk3k8Ti0q67jTgEXiVeQKijQCO0vv5fgjBOhMUNKdT031UGOpKaYkXHZzxRJER6iPukaKhAnKsinf43hkVF6ME6kKaHhVP09kSOu1IhHppMjPVDz3kT8z+tmOr4IcirSTBOBZ4vijEGdwElIsEclwZqNDEFYUnMrxAMkETYhqLIJwZt/eZG0ThzvzPHuTqv1yyKOEjgEFVADHjgHdXALGqAJMHgEz+AVvFlP1ov1bn3MWpesYuYA/IH1+QMAHJ8p</latexit>

�building=”Waston”(Filter)

Iterator Model (a.k.a. volcano model)
• Do not materialize intermediate results; children pipeline their results to parents.
• Every operator maintains its own execution state and implements a next_tuple method.
• Pull-based execution: (i) Call next_tuple() repeatedly on the root; (ii) Iterators
recursively call next_tuple() on the inputs.
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Rule-based query optimization

Rewrite query via RA equivalence rules.

• (i) R ▷◁ S = S ▷◁ R. (ii) (R ▷◁ S) ▷◁ T = R ▷◁ (S ▷◁ T).

• σθ(R× S) = R ▷◁θ S. This rule converts a cross product to a theta join.
• ΠL1(ΠL2(R)) = ΠL1(R), where L1 ⊆ L2.
• σθ1(σθ2(R)) = σθ1∧θ2(R).
• Push down selection: σθ1∧θ2(R ▷◁θ S) = σθ1(R) ▷◁θ σθ2(S).
Here θ1 (resp. θ2) involves only attributes of R (resp. S).

• Push down projection
1. ΠL(σθ(R)) = ΠL(σθ(ΠL∪L′(R)))
– L ′ is the set of attributes that referenced by θ and not in L.

2. ΠL(R ▷◁θ S) = ΠL(ΠL′(R) ▷◁θ S).
– L ′ consists of the set of attributes from R that either in L or referenced by θ.

3. A symmetric version of (2).
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Rule-based query optimization

Rewrite query via RA equivalence rules.
<latexit sha1_base64="EY7L3JQyD4Vy9+uyC39aXeLs3UM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHqMj4PHCOYhyRJmJ7PJkJnZZWZWCMt+hRcPinj1c7z5N06SPWhiQUNR1U13VxBzpo3rfjuFpeWV1bXiemljc2t7p7y719RRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGN1M/NYTVZpF8sGMY+oLPJAsZAQbKz1266yXXp3cZr1yxa26U6BF4uWkAjnqvfJXtx+RRFBpCMdadzw3Nn6KlWGE06zUTTSNMRnhAe1YKrGg2k+nB2foyCp9FEbKljRoqv6eSLHQeiwC2ymwGep5byL+53USE176KZNxYqgks0VhwpGJ0OR71GeKEsPHlmCimL0VkSFWmBibUcmG4M2/vEiap1XvvOrdn1Vq13kcRTiAQzgGDy6gBndQhwYQEPAMr/DmKOfFeXc+Zq0FJ5/Zhz9wPn8AHqOP9w==</latexit>

⇧A,D

<latexit sha1_base64="Lm63t8602Wl6WbJUO/YKx86HpBE=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQiPsBF1Y3LCvYBTQg300k7dCYJMxOhhPorblwo4tYPceffOG2z0OqBC4dz7uXee8KUM6Ud58sqLS2vrK6V1ysbm1vbO/buXlslmSS0RRKeyG4IinIW05ZmmtNuKimIkNNOOLqZ+p0HKhVL4ns9TqkvYBCziBHQRgrsqqfYQECQe0oA5/jq8mIS2DWn7syA/xK3IDVUoBnYn14/IZmgsSYclOq5Tqr9HKRmhNNJxcsUTYGMYEB7hsYgqPLz2fETfGiUPo4SaSrWeKb+nMhBKDUWoekUoIdq0ZuK/3m9TEfnfs7iNNM0JvNFUcaxTvA0CdxnkhLNx4YAkczciskQJBBt8qqYENzFl/+S9nHdPa27dye1xnURRxntowN0hFx0hhroFjVRCxE0Rk/oBb1aj9az9Wa9z1tLVjFTRb9gfXwDOuiUfg==</latexit>�A<9

<latexit sha1_base64="bYfyespWnu/zR/qvhay+N8HdMGE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNlJJxkyO7PMzCphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHdFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRqWaYZ0poXQrogYFl1i33ApsJRppHAlsRqPbqd98RG24kg92nGAY04Hkfc6odVKzE6kny7FbKvsVfwayTIKclCFHrVv66vQUS2OUlglqTDvwExtmVFvOBE6KndRgQtmIDrDtqKQxmjCbnTshp07pkb7SrqQlM/X3REZjY8Zx5Dpjaodm0ZuK/3nt1Pavw4zLJLUo2XxRPxXEKjL9nfS4RmbF2BHKNHe3EjakmjLrEiq6EILFl5dJ47wSXFaC+4ty9SaPowDHcAJnEMAVVOEOalAHBiN4hld48xLvxXv3PuatK14+cwR/4H3+AH0uj6w=</latexit>

./

<latexit sha1_base64="bYfyespWnu/zR/qvhay+N8HdMGE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNlJJxkyO7PMzCphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHdFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRqWaYZ0poXQrogYFl1i33ApsJRppHAlsRqPbqd98RG24kg92nGAY04Hkfc6odVKzE6kny7FbKvsVfwayTIKclCFHrVv66vQUS2OUlglqTDvwExtmVFvOBE6KndRgQtmIDrDtqKQxmjCbnTshp07pkb7SrqQlM/X3REZjY8Zx5Dpjaodm0ZuK/3nt1Pavw4zLJLUo2XxRPxXEKjL9nfS4RmbF2BHKNHe3EjakmjLrEiq6EILFl5dJ47wSXFaC+4ty9SaPowDHcAJnEMAVVOEOalAHBiN4hld48xLvxXv3PuatK14+cwR/4H3+AH0uj6w=</latexit>

./

<latexit sha1_base64="FpZdyF9AMbMuwnY49/NGTcTrm00=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJUkLIrouKp6sVjFfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut7OwuLS8sppby69vbG5tF3Z261omitAakVyqZoA15UzQmmGG02asKI4CThvB4GbsN56o0kyKBzOMqR/hnmAhI9hYqX5fujq+PuoUim7ZnQDNEy8jRchQ7RS+2l1JkogKQzjWuuW5sfFTrAwjnI7y7UTTGJMB7tGWpQJHVPvp5NoROrRKF4VS2RIGTdTfEymOtB5Gge2MsOnrWW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShvQ/BmX54n9ZOyd1b27k6LlcssjhzswwGUwINzqMAtVKEGBB7hGV7hzZHOi/PufExbF5xsZg/+wPn8AexujgY=</latexit>

R(A,B)
<latexit sha1_base64="zJKGPQJLRoZsHfZ9l9LD3F4OH+I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdERVPxV48VrQf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQasPBh7vzTAzL4g508Z1v5zc0vLK6lp+vbCxubW9U9zda2qZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo9rUbz1SpZkU92YcUz/CA8FCRrCxUvOufH1SO+4VS27FnQH9JV5GSpCh3it+dvuSJBEVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSwWOqPbT2bUTdGSVPgqlsiUMmqk/J1IcaT2OAtsZYTPUi95U/M/rJCa89FMm4sRQQeaLwoQjI9H0ddRnihLDx5Zgopi9FZEhVpgYG1DBhuAtvvyXNE8r3nnFuz0rVa+yOPJwAIdQBg8uoAo3UIcGEHiAJ3iBV0c6z86b8z5vzTnZzD78gvPxDfEDjgk=</latexit>

S(B,C)

<latexit sha1_base64="sLmxjDL8zXA5GDa+K7lDZRLpHYw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdERVPhXrwWKFf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQasPBh7vzTAzL4g508Z1v5zcyura+kZ+s7C1vbO7V9w/aGmZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H49rMbz9SpZkUDTOJqR/hoWAhI9hYqdUo185uT/vFkltx50B/iZeREmSo94ufvYEkSUSFIRxr3fXc2PgpVoYRTqeFXqJpjMkYD2nXUoEjqv10fu0UnVhlgEKpbAmD5urPiRRHWk+iwHZG2Iz0sjcT//O6iQmv/ZSJODFUkMWiMOHISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXjLL/8lrfOKd1nx7i9K1ZssjjwcwTGUwYMrqMId1KEJBB7gCV7g1ZHOs/PmvC9ac042cwi/4Hx8A/WYjgw=</latexit>

T (C,D)

=⇒ <latexit sha1_base64="/72PaHyR4dwPYMSUhVi7eDdjeVw=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4kGFmrNbuqt24rGAf0g4lk2ba0CQzJBmhDP0KNy4UcevnuPNvzLQVVPTAhcM593LvPUHMqNKO82HllpZXVtfy64WNza3tneLuXktFicSkiSMWyU6AFGFUkKammpFOLAniASPtYFzP/PY9kYpG4lZPYuJzNBQ0pBhpI931GrSfXp7Up/1iybErXvX0zIOO7cyQkapXdjzoLpQSWKDRL773BhFOOBEaM6RU13Vi7adIaooZmRZ6iSIxwmM0JF1DBeJE+ens4Ck8MsoAhpE0JTScqd8nUsSVmvDAdHKkR+q3l4l/ed1Ehxd+SkWcaCLwfFGYMKgjmH0PB1QSrNnEEIQlNbdCPEISYW0yKpgQvj6F/5OWZ7vntntTLtWuFnHkwQE4BMfABRVQA9egAZoAAw4ewBN4tqT1aL1Yr/PWnLWY2Qc/YL19Al60kCM=</latexit>

⇧A,C

<latexit sha1_base64="EY7L3JQyD4Vy9+uyC39aXeLs3UM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgQcKuiHqMj4PHCOYhyRJmJ7PJkJnZZWZWCMt+hRcPinj1c7z5N06SPWhiQUNR1U13VxBzpo3rfjuFpeWV1bXiemljc2t7p7y719RRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGN1M/NYTVZpF8sGMY+oLPJAsZAQbKz1266yXXp3cZr1yxa26U6BF4uWkAjnqvfJXtx+RRFBpCMdadzw3Nn6KlWGE06zUTTSNMRnhAe1YKrGg2k+nB2foyCp9FEbKljRoqv6eSLHQeiwC2ymwGep5byL+53USE176KZNxYqgks0VhwpGJ0OR71GeKEsPHlmCimL0VkSFWmBibUcmG4M2/vEiap1XvvOrdn1Vq13kcRTiAQzgGDy6gBndQhwYQEPAMr/DmKOfFeXc+Zq0FJ5/Zhz9wPn8AHqOP9w==</latexit>

⇧A,D

<latexit sha1_base64="bYfyespWnu/zR/qvhay+N8HdMGE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNlJJxkyO7PMzCphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHdFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRqWaYZ0poXQrogYFl1i33ApsJRppHAlsRqPbqd98RG24kg92nGAY04Hkfc6odVKzE6kny7FbKvsVfwayTIKclCFHrVv66vQUS2OUlglqTDvwExtmVFvOBE6KndRgQtmIDrDtqKQxmjCbnTshp07pkb7SrqQlM/X3REZjY8Zx5Dpjaodm0ZuK/3nt1Pavw4zLJLUo2XxRPxXEKjL9nfS4RmbF2BHKNHe3EjakmjLrEiq6EILFl5dJ47wSXFaC+4ty9SaPowDHcAJnEMAVVOEOalAHBiN4hld48xLvxXv3PuatK14+cwR/4H3+AH0uj6w=</latexit>

./

<latexit sha1_base64="bYfyespWnu/zR/qvhay+N8HdMGE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Rj04jGCeUCyhNlJJxkyO7PMzCphyUd48aCIV7/Hm3/jJNmDJhY0FFXddHdFieDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRqWaYZ0poXQrogYFl1i33ApsJRppHAlsRqPbqd98RG24kg92nGAY04Hkfc6odVKzE6kny7FbKvsVfwayTIKclCFHrVv66vQUS2OUlglqTDvwExtmVFvOBE6KndRgQtmIDrDtqKQxmjCbnTshp07pkb7SrqQlM/X3REZjY8Zx5Dpjaodm0ZuK/3nt1Pavw4zLJLUo2XxRPxXEKjL9nfS4RmbF2BHKNHe3EjakmjLrEiq6EILFl5dJ47wSXFaC+4ty9SaPowDHcAJnEMAVVOEOalAHBiN4hld48xLvxXv3PuatK14+cwR/4H3+AH0uj6w=</latexit>

./

<latexit sha1_base64="FpZdyF9AMbMuwnY49/NGTcTrm00=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJUkLIrouKp6sVjFfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut7OwuLS8sppby69vbG5tF3Z261omitAakVyqZoA15UzQmmGG02asKI4CThvB4GbsN56o0kyKBzOMqR/hnmAhI9hYqX5fujq+PuoUim7ZnQDNEy8jRchQ7RS+2l1JkogKQzjWuuW5sfFTrAwjnI7y7UTTGJMB7tGWpQJHVPvp5NoROrRKF4VS2RIGTdTfEymOtB5Gge2MsOnrWW8s/ue1EhNe+CkTcWKoINNFYcKRkWj8OuoyRYnhQ0swUczeikgfK0yMDShvQ/BmX54n9ZOyd1b27k6LlcssjhzswwGUwINzqMAtVKEGBB7hGV7hzZHOi/PufExbF5xsZg/+wPn8AexujgY=</latexit>

R(A,B)
<latexit sha1_base64="zJKGPQJLRoZsHfZ9l9LD3F4OH+I=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdERVPxV48VrQf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQasPBh7vzTAzL4g508Z1v5zc0vLK6lp+vbCxubW9U9zda2qZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo9rUbz1SpZkU92YcUz/CA8FCRrCxUvOufH1SO+4VS27FnQH9JV5GSpCh3it+dvuSJBEVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSwWOqPbT2bUTdGSVPgqlsiUMmqk/J1IcaT2OAtsZYTPUi95U/M/rJCa89FMm4sRQQeaLwoQjI9H0ddRnihLDx5Zgopi9FZEhVpgYG1DBhuAtvvyXNE8r3nnFuz0rVa+yOPJwAIdQBg8uoAo3UIcGEHiAJ3iBV0c6z86b8z5vzTnZzD78gvPxDfEDjgk=</latexit>

S(B,C)

<latexit sha1_base64="sLmxjDL8zXA5GDa+K7lDZRLpHYw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdERVPhXrwWKFf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQasPBh7vzTAzL4g508Z1v5zcyura+kZ+s7C1vbO7V9w/aGmZKEKbRHKpOgHWlDNBm4YZTjuxojgKOG0H49rMbz9SpZkUDTOJqR/hoWAhI9hYqdUo185uT/vFkltx50B/iZeREmSo94ufvYEkSUSFIRxr3fXc2PgpVoYRTqeFXqJpjMkYD2nXUoEjqv10fu0UnVhlgEKpbAmD5urPiRRHWk+iwHZG2Iz0sjcT//O6iQmv/ZSJODFUkMWiMOHISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXjLL/8lrfOKd1nx7i9K1ZssjjwcwTGUwYMrqMId1KEJBB7gCV7g1ZHOs/PmvC9ac042cwi/4Hx8A/WYjgw=</latexit>

T (C,D)<latexit sha1_base64="mGHTNDwOoZ9+AFDFIbM/p06ebVg=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiSxWgsuqm5cVrAPaEqYTKft0JkkzEyEEuqvuHGhiFs/xJ1/46SNoKIHLhzOuZd77wliRqWy7Q+jsLS8srpWXC9tbG5t75i7e20ZJQKTFo5YJLoBkoTRkLQUVYx0Y0EQDxjpBJOrzO/cESFpFN6qaUz6HI1COqQYKS35ZtmTdMSRn3qSI8bgxXl95psV26q59eMTF9qWPUdG6m7VdqGTKxWQo+mb794gwgknocIMSdlz7Fj1UyQUxYzMSl4iSYzwBI1IT9MQcSL76fz4GTzUygAOI6ErVHCufp9IEZdyygPdyZEay99eJv7l9RI1POunNIwTRUK8WDRMGFQRzJKAAyoIVmyqCcKC6lshHiOBsNJ5lXQIX5/C/0nbtZxTy7mpVhqXeRxFsA8OwBFwQA00wDVoghbAYAoewBN4Nu6NR+PFeF20Fox8pgx+wHj7BHx+lKs=</latexit>�A<9

• Push down selection: σθ1∧θ2(R ▷◁θ S) = σθ1(R) ▷◁θ σθ2(S).
Here θ1 (resp. θ2) involves only attributes of R (resp. S).

• Push down projection
1. ΠL(σθ(R)) = ΠL(σθ(ΠL∪L′(R)))
– L ′ is the set of attributes that referenced by θ and not in L.

2. ΠL(R ▷◁θ S) = ΠL(ΠL′(R) ▷◁θ S).
– L ′ consists of the set of attributes from R that either in L or referenced by θ.

3. A symmetric version of (2).
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Cost-based query optimization

• Enumerate “all” possible physical plans and pick the one with
“lowest” cost.

• In practice, the goal is often not getting the optimal one,
but instead avoiding really bad one.

• We have discussed the first cost-based query optimizer.
◦ Use Selinger statistics for cost estimation.
◦ Consider left-deep joins only for plan enumeration.
◦ Generate optimal plans in a bottom-up fashion. Figure: Patricia Selinger

P. Selinger et al. (1979). Access Path Selection in a Relational Database Management System.
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Transaction processing

A transaction (“TXN”) is a collection of database operations that servers as a single,
indivisible logical unit of work.

• Atomicity: Each TXN is all-or-nothing, i.e., no partial TXN is allowed.

• Consistency: Each TXN should leave the database in a consistent state.

• Isolation: Each TXN is executed as if it were executed in isolation.

• Durability: Effects of a committed TXN are resilient against failures.

19



Transaction processing

A transaction (“TXN”) is a collection of database operations that servers as a single,
indivisible logical unit of work.

Query parsing & optimization

Operator execution

Access method

Buffer pool manager

Disk manager
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• Concurrency control: ensure isolation in concurrent database access.

• Recovery: ensure atomicity and durability via logging.
19



Concurrency control

Goal: to ensure isolation of transactions.
Serializability: a desired property ensuring isolation.

Two-Phase Locking (2PL)

• A pessimistic approach: need to acquire
a lock before every shared data access.

• The serializability order of conflicting
operations is determined at runtime
(according to the lock point).

Timestamp Ordering (T/O)
• An optimistic approach: (i) no locking,
(ii) each TXN is assigned a unique
timestamp before execution.

• Use the timestamps to determine the
serializability order of TXNs.
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Recovery

Goal: to ensure atomicity and durability via logging.

Write-ahead logging
• Enable “No-Force + Steal” buffer pool
policy for performance.

• Require both REDO and UNDO logging.

• Reduce recovery cost by checkpointing.

Recovery: REDO + UNDO
• REDO: repeat history for durability.

• UNDO: cancel incomplete TXNs for
atomicity.

• Write compensation log during UNDO.
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Thanks & Good Luck!
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