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Overview

SELECT name, title
FROM instructor natural join teaches

natural join course
WHERE dept_name ='Music';

1. Parse, check and verify the SQL
2. Translate into an RA query plan.
3. Query optimization: from an RA logical query plan

to an optimized physical plan.

Query parsing & optimization

Operator execution

Access method

Buffer pool manager

Disk manager

Figure: DBMS architecture
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Agenda

SQL Query Logical Plan Physical plan

• Rule-based query rewriting: find better logical plans via RA equivalence rules.

• Cost-based query optimization: cost estimation and optimal join order search
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Query optimizer

• Recall that SQL is declarative.
◦ Users specify what tuples they want.
◦ The query optimizer searches and picks the best query plan.

• Cost difference between query plans for a query can be huge.
• The first query optimizer was implemented in System R, in the 1970s.
• Many concepts and design decisions from the System R optimizer are still used today.

P. Selinger et al. (1979). Access Path Selection in a Relational Database Management System.
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Rule-based Query Rewriting



RA equivalence rules (1)

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

– Natural join is commutative and associative (except for attributes ordering).

• 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).
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RA equivalence rules (2)

• 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).

Intuition: Have fewer tuples in a plan.
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Rewrite logical plan via equivalence rules

SQL query
-- R(A,B), S(B,C), T(C,D)
SELECT R.A, S.D
FROM R,S,T
WHERE R.B = S.B
AND S.C = T.C
AND R.A < 9;

RA expression

ΠA,D(σA<9((R ▷◁ S) ▷◁ T))

<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)
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Rewrite logical plan via equivalence rules

SQL query
-- R(A,B), S(B,C), T(C,D)
SELECT R.A, S.D
FROM R,S,T
WHERE R.B = S.B
AND S.C = T.C
AND R.A < 9;

RA expression

ΠA,D(σA<9((R ▷◁ S) ▷◁ T))

<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)

Push down 
selection
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Rewrite logical plan via equivalence rules

SQL query
-- R(A,B), S(B,C), T(C,D)
SELECT R.A, S.D
FROM R,S,T
WHERE R.B = S.B
AND S.C = T.C
AND R.A < 9;

RA expression

ΠA,D((σA<9(R) ▷◁ S) ▷◁ T)

<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
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Rewrite logical plan via equivalence rules

SQL query
-- R(A,B), S(B,C), T(C,D)
SELECT R.A, S.D
FROM R,S,T
WHERE R.B = S.B
AND S.C = T.C
AND R.A < 9;

RA expression

ΠA,D((σA<9(R) ▷◁ S) ▷◁ T)

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

Push down 
projection
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Rewrite logical plan via equivalence rules

SQL query
-- R(A,B), S(B,C), T(C,D)
SELECT R.A, S.D
FROM R,S,T
WHERE R.B = S.B
AND S.C = T.C
AND R.A < 9;

RA expression

ΠA,D(ΠA,C(σA<9(R) ▷◁ S) ▷◁ T)

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

Push down 
projection
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Rules-based query optimization

1. Start with a logical plan.
2. Push selection/projection down as much as possible.

◦ Pros: Reduce the size of intermediate results
◦ Cons: Can be more expensive in some cases, e.g., joins filter better.

3. Join small relations first, and avoid cross products.
◦ Pros: Reduce the size of intermediate results.
◦ Cons: Size depends the join selectivity too.

4. Convert the transformed logical plan to a physical one
– by choosing appropriate physical operators.

9



Cost-based Query Optimization



Cost estimation

• Plan cost = ΣOperator∈Plan (Operator cost)

• Operator cost ∝ Operator input size

• We have discussed how to estimate the cost of operators.
– E.g., sequential/index scan, sort, joins.

• We still need to determine the size of operator input.
– For base tables, equal to the size on disk.
– For other operators, equal to “selectivity × size of children.”
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Statistics and catalog

• DBMS stores internal statistics about tables, attributes, and indexes in its internal catalog.

Notation Statistics
|R| number of tuples
P(R) number of pages
V(A,R) number of distinct values of A
max(A,R)/min(A,R) max/min value of A
H(A,R) Tree index height of A

Table: Selinger statistics for table R

• Catalogs are updated periodically.
• Modern DBMS use much more sophisticated stats.
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Selection with equality predicates

σA=v(R)

• |σA=v(R)| = |R|/V(A,R).
◦ |R|: the number of tuples in R.
◦ V(A,R): the number of distinct values of A in R.

• Assumption: values of A are uniformly distributed in R.

• The selectivity factor of a predicate θ is the probability that a tuple in R satisfies θ.

• The selectivity factor of the predicate A = v is 1/V(A,R).
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Conjunctive predicates

σA=v∧B=u(R)

• |σA=v∧B=u(R)| = |R|/V(A,R) ∗ V(B,R)

• The selectivity factor of A = v∧ B = u is 1/V(A,R) ∗ V(B,R).
• Additional assumption:

1. A = v and B = u are independent;
2. No over-selection, i.e., both A and B are not keys.
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Negative and disjunctive predicates

σA̸=v(R)

• Selectivity factor for A ̸= v is 1− 1/V(A,R).
• Selectivity factor ¬θ is (1 - selectivity factor of θ).

σA=v∨B=u(R)

• Selectivity factor: 1/V(A,R) + 1/V(B,R) − 1/V(A,R) ∗ V(B,R)
• Intuition: inclusion-exclusion principle.
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Range predicates

σA<v(R)

• Suppose that min(A,R) and max(A,R) are available in catalog.

• If v < min(R,A), the selectivity factor is 0

• Otherwise, the selectivity factor is v−min(A,R)
max(A−R)−min(A,R)

• σA⩾v(R) can be estimated symmetrically.
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Join size estimation

R(A,B) ▷◁ S(B,C)

• Estimate the size of the product of R× S as |R| ∗ |S|.

• Take |R| ∗ |S|/max(V(B,R),V(B,S)) as the join size estimation.

• Assumption: containment of value sets.
◦ If V(B,R) < V(B,S), then ΠB(R) ⊆ ΠB(S).
◦ Not true in general. But holds in the common case of foreign key joins.
◦ If V(B,R) < V(B,S), then each tuple in R joins with S/V(B,S) tuples of S.
◦ Selectivity factor of R.B = S.B is 1/max(V(B,R),V(B,S)).

• Example. |R| = 1000, |S| = 2000, Π(B,R) = 20, Π(B,S) = 50.
Then |R ▷◁ S| = 1000 ∗ 5000/max(20, 50) = 40000.

17



Estimation error

• Lots of assumptions and very rough estimation.
• Skewness is one of the main reasons that may lead to bad estimations.
• The assumption of mutual independence of the predicates may not hold!

Example
Consider a table employee(id, level, salary).

• Let level ∈ (0, 10]. Then selectivity of level > 6 is estimated as 10−6
10−0 = 40%.

• Real selectivity is significantly lower than 40%, e.g., 20%.
• Assume that selectivity of salary > 400000 is 30%. Then what is the selectivity of
level > 6∧ salary > 400000 ?

18



Histograms

• Build histograms in the catalog to provide better
estimation for common predicates over one or
more columns.

• Equi-width: equal key ranges, store both key
ranges and values.

• Equi-depth: histograms break up range such that
each range has (approximately) the same number
of tuples.
– A equi-depth range example: (4, 8, 14, 19).

16.3 Estimating Statistics of Expression Results 759
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Figure 16.6 Example of histogram.

The histogram shown in Figure 16.6, is an equi-width histogram since it divides the
range of values into equal-sized ranges. In contrast, an equi-depth histogram adjusts the
boundaries of the ranges such that each range has the same number of values. Thus,
an equi-depth histogram merely stores the boundaries of partitions of the range, and
need not store the number of values. For example, the following could be the equidepth
histogram for the data whose equi-width histogram is shown in Figure 16.6:

(4, 8, 14, 19)

The histogram indicates that 1∕5th of the tuples have age less than 4, another 1∕5th
have age≥ 4 but< 8, and so on, with the last 1∕5th having age ≥ 19. Information about
the total number of tuples is also stored with the equi-width histogram. Equi-depth
histograms are preferred to equi-width histograms since they provide better estimates,
and occupy less space.

Histograms used in database systems can also record the number of distinct values
in each range, in addition to the number of tuples with attribute values in that range.
In our example, the histogram could store the number of distinct age values that lie in
each range. Without such histogram information, an optimizer would have to assume
that the distribution of values is uniform; that is, each range has the same number of
distinct values.

In many database applications, some values are very frequent, compared to other
values. To get better estimates for queries that specify these values, many databases
store a list of n most frequent values for some n (say 5 or 10), along with the number of
times each value appears. In our example, if ages 4, 7, 18, 19, and 23 are the five most
frequently occurring values, the database could store the number of persons having
each of these ages. The histogram then only stores statistics for age values other than
these five values, since we have now have exact counts for these values.

19



Cost-based plan search

• We have shown how to estimate the cost of one query plan.
• We next discuss how to pick the “best” one, i.e. the one with the lowest cost.

◦ Enumerate all possible physical plans.
◦ Pick the plan with the lowest cost.

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

• We will focus on the search of optimal join orders.

20



Join order

<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="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>

./

R1 R2

R3 R4 R5

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

./

R2

R3

R4

R5

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

./

R1

(a) Left-deep tree (b) Non-left-deep tree

• Recall that joins are commutative and associative.

• The search plan of join orders can be huge.

• In general, there (2n− 2)!/(n− 1)! join orders for R1 ▷◁ · · · ▷◁ Rn.
◦ With n = 6, the number is 30240.
◦ With n = 10, the number is greater than 176 billion.
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Reduce search space with left-deep joins

<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="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>

./

R1 R2

R3 R4 R5

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

./

R2

R3

R4

R5

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

./

R1

(a) Left-deep tree (b) Non-left-deep tree

• In left-deep joins, only the left child can be a join operator.

• Left-deep joins allow to generate fully pipelined plans.
◦ Intermediate results not written to temporary files.
◦ Not all left-deep joins are fully pipelined, e.g., sort-merge join.

• There are n! different leaf-deep join trees for R1 ▷◁ · · ·Rn.
– 6! = 720. Significantly fewer, but still lots.
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Selinger algorithm

• First implemented in System R, frequently adapted and used.
• Use Selinger statistics for cost estimation.
• Only consider left-deep joins for plan enumeration.
• Generate optimal plans in a bottom-up fashion.

Patricia Selinger

P. Selinger et al. (1979). Access Path Selection in a Relational Database Management System.
23



Dynamic programming

We find the optimal left-deep join order of R1, …, Rn in a bottom-up fashion.

• Pass 1: Find the best single-table plan for R1, …, Rn.
• Pass 2: Find the best two-table plans for each pair of tables.

This is done by combing best single table plans.
• …
• Pass k: Find the best k-table plans for S ⊆ {R1, . . . ,Rn} with |S| = k.

Opt_Cost(S) = minR∈S{Opt_cost(S \ {R}) + Join_cost(S \ {R},R)}

(i) Consider left-deep joins only. (ii) Pick the cheapest algorithm to join (S \ {R}) and R.

Optimal substructure property. Any subplan of an optimal join plan must also be optimal.
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Dynamic programming (cont’d)

Subset Best Plan Cost
{R} IndexScan 100
{S} SeqScan 80
{T } IndexScan 50
{R,S} HashJoin 160
{R, T } MergeJoin 160
{S, T } HashJoin 140
{R,S, T } HashJoin 700
Table: DP table for R ▷◁ S ▷◁ T

Cost analysis: n ∗ 2n: (i) 2n subsets in total; (ii) for each subset S, we need to iterate
through each element of each subset to find the optimal plan, which is at most n.
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The need for interesting order

Example: R(A,B) ▷◁ S(A,C) ▷◁ T(A,D)

• Best plan for R ▷◁ S: hash join (beats sort-merge join).
• Best overall plan for R ▷◁ S ▷◁ T can be

◦ First Sort-merge join R and S

◦ Then sort-merge join R ▷◁ S with T .
This can happen assuming that T is sorted on attribute A.

• Subplan of the optimal plan is not optimal.
• An intermediate result has an interesting order if it is sorted by anything that can be

exploited by later processing.
◦ The result of the sort-merge join of R and S is sorted on A.
◦ This is an interesting order since a subsequent merge join of R ▷◁ S and T can utilize it.

26



Dealing with interesting orders

Subset Best Plan Interesting order Cost
… … … …
{R,S} HashJoin ∅ 160
{R,S} MergeJoin {A} 200
… … … …

Table: DP table for R(A,B) ▷◁ S(A,C) ▷◁ T(A,D) with interesting order

• When picking the best plan
◦ Comparing their cost is not enough
◦ Comparing interesting orders is also needed

• Computes multiple optimal plans for each subset, one for each interesting order.
• Increases the complexity by factor k+ 1, where k is the number of interesting orders.
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Recap

• Rule-base query rewriting
– Relational algebra equivalence rules

• Cost-based optimization
– Need statistics to estimate sizes of intermediate results.
– Dynamic programming for join orderings.

In practice, query optimization can be much more challenging.

Moerbotte and Neumann. Dynamic Programming Strikes Back. SIGMOD ’08
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