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DBMS: Operator execution

Purpose:
Execute a dataflow by operation on tuples and files. Query parsing & optimization

Operator execution

Access method

Buffer pool manager

Disk manager

Figure: DBMS architecture
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Recap

• Tables: R, S
• Tuples: tr, ts
• Number of tuples: |R|, |S|
• Number of pages: P(R), P(S)
• Number of available buffer pool pages: B
• Cost metric: number of I/O’s
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Hash join

• Applicable for equi-joins and natural joins, e.g., R ▷◁R.A=S.B S.

• If t1 ∈ R and t2 ∈ S can join, then they have the same value on the join attributes.

• Use a hash function h to partition both relations.

• Compute the join results on each partition.
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Basic in-memory hash join
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• Build phase: scan the outer table R and construct a hash table using a hash function h

on the join attributes.
• Probe phase: scan the inner table S and use h on each tuple t ∈ S to jump to the

location in the hash table and find a matching tuple.
• Cost: P(R) + P(S).
• Assumption: B ⩾ P(R) + 2 or roughly the outer table R can fit in memory.
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Hash join: partition phase
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Figure: Partition R with h (need to do the same for S)

• Partition both R into B− 1 partitions, using a hash function h on the join attributes.
• A block/page is reserved as the output buffer for each partition.
• Partition table S in the same way.

6



Hash join: build & probe phase

Hash table

S

Build

Input

Output

Probe

g

1

2

B-1

Memroy

g

R
1

2

B-1

…
…

Disk

• Read each partition Ri of R and build a hash table using another hash function g.
– The hash functions g and h must be different. Why?

• Read the corresponding partition Si of S in a per-page basis; then probe and join.
• R is the build relation and S is the probe relation.
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Cost analysis

• Cost: 3(P(R) + P(S))

• Assumption. Partition phase divides table R into (B− 1) partitions evenly. That is, each
partition of R has ⌈P(R)/B− 1⌉ pages.

• Build & probe requires ⌈P(R)/B− 1⌉ ⩽ B− 2, i.e., every partition of R fits into memory.
• P(R) ⩽ (B− 1)(B− 2) ≈ B2. Thus roughly B ⩾

√
P(R).

• We have no size requirement for the probe relation S.
— Use the smaller input as the build relation R.

Question. What if a partition is too large for memory?
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Hash-based algorithms

• Union, intersection, difference.
– More or less like hash join.

• Duplicate elimination.
– Eliminate duplicates within each partition.

• Group by aggregation.
– (i) Use hash functions to the group-by columns.
– (ii) Tuples in the same group will hash to the same partition.
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Index nested loop join

1. for each tuple tr in R do
2. for each tuple ts in Index(tr.A) do
3. add tr ▷◁ ts to the result

Figure: Algorithm for R ▷◁R.A=S.B S, using an index of S on attribute B

• Cost analysis: P(R) + |R| ∗ C.
• C is the I/O cost of an index lookup, which is 2 – 4 I/O’s typically.
• If both R and S support index lookup, better pick the smaller one as the outer relation.
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Join algorithms (recap)

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
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Query Processing Model



Query processing overview

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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Processing model

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

Materialization Model

• Compute the tree bottom-up.
• Children write intermediate results to temporary files.
• Parents read temporary files.

Iterator Model

• Do not materialize intermediate results.
• Children pipeline their results to parents.
• Also known as volcano model or pipeline model.
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Materialization model

• Evaluate one operator at a time, starting at the leaves.

• Use intermediate results materialized into temporary
relations to evaluate next-level operators.

Example.
SELECT name
FROM department NATURAL JOIN instructor
WHERE department.building="Watson"

• Good for queries that touches a few records at a time, e.g.,
OLTP workload.

• Not good for OLAP queries with large intermediate results.

<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)
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Iterator model

Every operator maintains its own execution state and implements a next_tuple method.

class Operator {
public:
virtual Status init() = 0;
virtual Status next_tuple(Tuple &tuple) = 0;

};

Figure: Operator Iterator Interface

One each invocation, the operator

• Return the next tuple in the result
• Or return a null pointer if there are no more tuples.
• Adjust state to allow subsequent tuples to be obtained.

16



Iterator model example (1): SeqScan Operator
class SeqScanOperator : public Operator {
public:
SeqScanOperator(Table *table) : table(table) {}
Status init() override {
iter = table->begin();
return Status::InitOk;

}
Status next_tuple(Tuple &tuple) override {
if (iter != table->end()) {

tuple = iter.get_tuple();
iter = iter.forward();
return Status::HaveMoreOutput;

}
return Status::Finished;

}

private:
Table *table;
TableIterator iter;
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Iterator model example (2): Filter Operator
class FilterOperator : public Operator {
public:
FilterOperator(Operator *child, Expression *predicate)

: child(child), predicate(predicate) {}
Status init() override { return child->init(); }
Status next_tuple(Tuple &tuple) override {
Status status;
Tuple child_tuple;
while ((status = child->next_tuple(child_tuple)) ==

Status::HaveMoreOutput) {
if (predicate->eval(child_tuple) == BooleanValue::True()) {
tuple = child_tuple;
return Status::HaveMoreOutput;

}
}
return status;

}
...

};
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Iterator model example (3): HashJoin Operator

Status next_tuple(Tuple &tuple) override {
while (true) {

switch (state) {
case HashJoinState::Build:

// TODO: use the left table to build a hash table
state = HashJoinState::ProbeRight;
break;

case HashJoinState::ProbeRight:
// TODO: use the left table to probe
if (status != Status::HaveMoreOutput) { return status; }
break;

case HashJoinState::MatchLeft:
// TODO: join
state = HashJoinState::ProbeRight;
break;

}
}

}
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Iterator model example: put it together

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)

• Pull-based execution: (i) Call next_tuple() repeatedly on the root; (ii) Iterators
recursively call next_tuple() on the inputs.

• Some operators have to block until their children emit all of their tuples, e.g., Joins, Sort.
20



Vectorization model

Like the iterator model, every operator maintains its own execution state and implements a
next_chuck method1.

class Operator {
public:
virtual Status init() = 0;
// A DataChunk contains multiple arrays (i.e. column segments)
virtual Status next_chunk(DataChunk &chunk) = 0;

};

• Each invocation emits a batch of tuples instead of a single tuple.

• Ideal for OLAP workloads since it greatly reduces the number of invocations per operator.

• Allows for operators to use vectorized (SIMD) instructions to process batches of tuples.

1See canvas for an example.
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