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0.  Introduction.tc \l1 "0.  Introduction.
Indexing is a concept central to efficient processing of queries and updates of databases.  This paper describes the indexing techniques most commonly used by database systems, and examines the impact indexing (or the lack of it) can have on the time it takes to process a query.  The paper consists of three sections:

Section one defines indexing conceptually and describes important properties of indexing schemes.  It presents a model for evaluating the relative costs of index operations, and describes several alternative indexing schemes and their relative costs.

Section two describes the role that indexing plays in developing optimized query plans, focusing on the join operation. Several methods for executing joins based on indexing are described, and the alternative methods are compared using the cost model described in Section one.

Section three presents the results of executing queries against a database that supports index nested loop joins to demonstrate the effect that indexing can have on the performance of queries.  The results are compared to the cost model.

1.  Indexing Basicstc \l1 "1.  Indexing Basics
File Organizationtc \l2 "File Organization
The tuples on a relation are typically stored as records in  file on a secondary storage device such as a moving head disk.  Unless attention is paid to the way the records in the file are organized, performance of the system is likely to suffer.  There are three file organizations we can consider:

· Heap Files, which contain a collection of records in random order.

· Sorted files, in which the records are arranged according to some sort criteria.

· Hashed files, in which the records are organized according to a hash function on some information in the record.







The physical layer of a DBMS  allocates data in a file in units called pages which usually comprise several blocks of disk storage.  Typical page sizes are 4 or 8 kilobytes.  Information is read or retrieved from the file in units of one or more pages to minimize the number of disk accesses.  Because of this paging concept, a blocking factor Bf  of records per page is defined as the size of the page  P divided by the size of the record R:

Bf = FLOOR(P/R)
The time it takes to perform an operation on a file is proportional to the number of accesses made to the file.  The number of accesses made to the file is in turn based upon the organization of the records in the file relative to the operation on the data.

It is necessary to compare these three file organizations against the following five categorical operations:

Scanning
retrieval of all of the records in the file. For example, find the record having  account number A-110. 

Search for exact match
find all records which have a specific value in their data.  For example, find all accounts at the Rocky Point branch.

Search within range
find all records that satisfy  range condition.  Find all accounts with balances between $400 and $800.

Insert a new record
add a record to some page in the file.



Delete a record
remove a record from some page in the file.



Depending on which of the three file organizations is being used, the cost in disk access for each of these five operations could be quite high.  To see how high we must calculate the number of accesses required to perform the operation.  Given a blocking factor Bf and number of records M, then the number of pages in the file N is 

N = CEIL(M/Bf)
If D is the typical disk access time for our system, and the system retrieves one page per access, then the time to access the file for each of these operation for a file of M records is given in Table 1.

TABLE 1 - Cost of Operations by File Organization

Heap
Sorted*
Hash**

Scan
ND
ND
1.25ND

Match
0.5ND
Log2(N)D
D

Range
ND
Log2(N)D + m
1.25ND

Insert
2D
Log2(N)D +ND
2D

Delete
(N+1)D
Log2(N)D+ND
2D

m  is the number of pages containing records which  satisfy the range condition.

*    It is assumed that a binary search can be performed on the sorted file and that the   records are sorted on the search attribute.

**
Assuming an 80% fill factor and that the hash is on the search attribute.

These cost factors are not always worst case. In the sorted file case for example, the time to perform a Match operation balloons to ND when  a binary search cannot be used.  Examining Table 1 gives us our first indication that none of the three organizations is good for each of the operations, and some are worse than others.  An organization that can offer scan and search (Match and Range operations) cost factors similar to that of the sorted file organization while providing the low cost for inserts and deletes that the hash method affords is desirable

An index is a structure which is designed to improve  access to desired information over that provided by the three basic file organizations.  The members of an index structure are records which contain  a search key (k)  and record ID  (rid) which is a pointer to a record in a data file. The search key is an attribute or set of attributes from the relation which is used to look up the record in the table.  Before discussing specific indexing methods, some properties which affect the potential effectiveness of an index are described.

There are number of ways to organize records in an index, each or which has properties which make it more or less suitable as an indexing method for a given database than other methods, depending on a how the data in the database is used.  To aid  our understanding of how these properties can effect the efficiency of the indexing method, it's useful to define some characteristics of databases and how they are accessed. 

Clustering.tc \l2 "Clustering.
When the order of the records in a data file are in the same order as or similar to the order of the entries in the index file, the index file is said to be clustered.  There may be at most one clustered index for a given data file, and more than one unclustered index.  A data file that is clustered on an index is not necessarily maintained as a sorted file, even though it may begin life that way, since the cost to maintain the sort is expensive in the face of frequent inserts and deletes. The benefit of a clustered index is evident when performing range queries since the index entries point to records that are distributed across the smallest number of pages.

It is also possible to create a database file which is clustered on an attribute of the relation without creating an index for the attribute.  Furthermore, some DBMS allow attributes from different files to be clustered (inter-file clustering), which is most useful when the attributes are frequently retrieved in the same query. 
Density.tc \l2 "Density.
The first index property to consider is Density.  Indexes are said to be dense if there is an entry in the index for each record in the data file.  Put another way, each entry in the index points to one and only one record. Figure 1 is an example of a dense index.
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An index is sparse (not dense) when there is a one to many relationship between index entries and records in the data file. In a sparse index, one key entry points to a page of data records.  Sparse indexes rely on an ordering of records in the data file, as illustrated in Figure 2.

Depending on the blocking factor, a sparse index will occupy less space in the file system than will a dense index.  By reducing the physical size of the index, the number of accesses to process the index is reduced. But, since sparse indexes require a sorted data file, the cost to maintain the order of the data file will mitigate any saving on index processing in the face of frequent inserts and deletes.

A sparse index requires that the data file be clustered on the index attribute, and hence there may be at most one sparse index for a relation.  

Primary vs Secondary Indexes.tc \l2 "Primary vs Secondary Indexes.
If an index includes the primary key for a relation, then the index is referred to as a primary index.  There may be but one primary index for a given relation. All indexes that do not include the primary key are secondary indexes.   By definition, a primary index may not contain duplicates, since the search key contains a candidate key.

Composite Keystc \l2 "Composite Keys
An index may be created using a composition of several attributes in a relation if queries frequently combine the attributes concerned.  If the index key is (<A1><A2), the ordering of the index is constrained to the order of the first attribute <A1> in the set. If it's necessary to retrieve records by <A2> frequently, then a second index on <A2> may be required.

Index Methodstc \l2 "Index Methods.

There are a number of index methods in use today, and each has characteristics which make it more or less suitable for a given workload.  The two most common index methods that are employed by  DBMS, B+Trees and Hash Indexes, are described here.

Tree Structured Indexes.
Perhaps the most widely used index methods employ some form of tree structure and associated search, insert, delete, and iterate algorithms.  While no single structure is best for every application,  the B-Tree and a variant, the B+Tree are perhaps the best choice for reasonable performance.  These will be discussed in some detail.  

B+ Treetc \l3 "B+ Tree
A B+ tree is a balanced tree structure where the leaf nodes contain the data entries and the nodes above contain entries which direct the search.  A distinction is made in a B+ tree between the entries in leaf nodes and entries in the non-leaf nodes. The entries in the leaf nodes contain pointers to the data records.  The leaf level is a dense index.

The non-leaf nodes form a sparse index on the leaf level. The leaf nodes are frequently referred to as the sequence set, and the non-leaf nodes are referred to as the index set.  Unlike a standard B tree, key values may appear more than once in the tree.  Furthermore, the key values stored in the index set need not be actual keys themselves, but are rather "guideposts" which direct the downward flow left or right.  An example of a B+ tree is given in Figure 4.

The tree is comprised of nodes containing key values and tree node pointers, as shown in the following Figure 3.

P1
K1
P2
. . .
Pn-1
Kn-1
Pn

    


Figure 3 - Node Format



Note that there are n pointers (Pn) and n-1 key values (Kn-1).  The relationship between the key values and pointers is that keys in the page Pi are lower in value than key Ki, and keys in page Ki+1 and greater than or equal in value than Ki for i = 1,n.

The height of a B+ Tree is the number of levels in the tree from the root to the leaf layer.  The order of a tree is the measure of the number of  entries (number of children) that a node may have.

Each node in a tree of order d that is not a leaf node nor the root node contains m entries, where d  m 2d.  Leaf nodes hold between (d-1)/2  m d-1 entries and the root node  contains  between 1 and 2d entries.

The fan-out (F) of a tree is the number of downward pointers a node holds and is usually somewhere between 50% and 67% of the order of the tree, d.  It's really the height of the tree that is of interest, since it determines the number of accesses required to traverse the tree from root to acquisition of a target leaf node.  To understand the relationship between the height of a tree and the order of a tree assume a tree has an order of 100 (which is not unusual).  Then assuming an average fill factor of 67% , the fan-out is 133 (0.67 x 2x100).

The height (h) of a balanced tree is CEIL(logF(N)), where  N is the number of leaf pages and F is the fan-out.  Then N = Fh.   In the example, with a tree height of only 3,  133**3 = 2,352,637 key values can be stored.  More important, it requires only 134 pages of memory (1 + 133) to hold all of the nodes for level 1 (the root node) and level 2 in memory, which means that only one disk access is required to locate the target index node!  If a page size of 8 kilobytes is assumed, little more than one megabyte of memory is required.  Figure 4 [RAM2] is an example of a B+ Tree of height 3.
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Figure 4   B+ Tree

B+ Tree Operation and Cost
In the following algorithms, the number of Key values in a node is n - 1, and the number of Pointer entries is n.

Search.
To find all records having a search key value v:

· Begin at the root node.

· scan the current node for lowest key entry value Ki > v  (1  i  n -1)

· if Ki exists, retrieve the node from pointer Pi.

· if no such Ki exists in the node, then retrieve the node from pointer Pn.


· Repeat the above procedure until a leaf node is reached.

· When a leaf node is reached, scan the record for Ki = v.  If found, then retrieve the data record using Pi.  Else, no key with value v exists.

The expected number of accesses  to retrieve the target key value and pointer is no more than h, the height of the tree = CEIL(logF(N).  One additional access is required to read the page from the data file.

Insert.
Find the node Pi  where v belongs (use above search procedure to find leaf node).

· If space for v exists in Pi, add record to data file page  and add new entry (v,p) to leaf node. Insert is complete.

· If no space in Pi for new entry, then split: allocate a new node page Pn and move the upper half  of the entries in the existing node to the new node page and to Pn. Insert v in either Pi or Pn, as appropriate.

· Let k be the lowest value vk in Pn.  Insert k into the parent node of Pi using the Insert procedure until a split does not occur.

The cost of an insert varies depending on whether a node split occurs, and if so, how far up the tree the split is propagated.  When space exists for the new key, the number of accesses required  to update the index is no more than h + 1 (the cost to find the target node plus one access needed to write the updated node back to disk).     Assuming a node split occurs a one level of the tree, then the cost of the insert is h + 4 .  The additional accesses occur to write the new node, read the parent node, and update the parent node.  When the split occurs at the root node, the height of the tree is increased by one.

Generalizing, the cost of a split occurring at s levels in the tree is h + 3s + 1.  While the cost for inserts in the face of node splits may seem expensive, bear in mind that since the nodes are maintained at 50% to 67% filled state, on the average,  only one in F/2 inserts will result in a split.

Delete
· Find the node Pi  where v is located (use above search procedure to find leaf node).

· Remove the entry for v

· If  Pi is at least half full, then finished.

· Else (d -1 or less entries), try to combine the entries of Pi and  a sibling. If the entries from Pi and the sibling fit into a single node then,

· Combine the entries into node Pi and delete the right node (Pi+1).

· Recursively delete the entry for (Ki, Pi+1) in the parent node.

· Else (entries from Pi and Pi+1 cannot fit into a single node),

· Copy entries from Pi+1 to Pi to balance the two nodes.

· Update the search key value in the parent node to reflect the new distribution of values in Pi, Pi+1.

· Deletions work recursively up the tree until a node with d/2 or more entries is found.  When the root node contains only one pointer after deletion, that node is discarded and the remaining child becomes the new root.

The cost for delete operations is equal to the cost of inserts.

What about the Data?
Thus far, it has been assumed that the index (both index and sequence sets taken together) are used simply to locate a pointer to the data record for which the search key is an attribute, and the cost to perform the operation on the data record has not been considered.  The number of accesses needed to retrieve the desired record(s) can be seen in table 1 based upon the nature of the operation.  Now that the number of accesses is known, the relative cost of physically ordered vs randomly ordered retrievals can be compared.

The cost to retrieve a single record (exact match) or several records which are stored in the same page is the same regardless of whether the data file is clustered on the index.  The comparative cost for range retrievals that span pages is much higher for randomly ordered files.

If the data file is clustered on the indexed attribute, then the cost is m (see Table 1) times the average access time for sequential reads (which is on the order of 1 or 2 msec plus the cost of the first access to the data page.  Otherwise, assuming that the pages of the data file are randomly distributed, the cost is R times greater than for a clustered file, where R is the random access weighting factor.

 The random access factor compares the two delays incurred to access (read or write) a given page.  These are the rotational delay incurred while waiting for the target page to arrive at the read head, and the seek delay, which is the time required to move the read/write head to the track on which the target page is located.

For current technology, the seek time is approximately two times that of the typical rotational wait time for a single page access. When accessing logically consecutive pages, this factor can increase to as much as eight.  It is reasonable to assume that 8 pages can fit on a single disk track.  With disk rotational speeds of 7200 RPM. the time for one full revolution is 8.33 msec. Compare this to the typical head seek time of 8 to 10 msec.  Then consider that to read the first (or only) page, on average a wait of half the rotational delay will be required, or 4 msec. Add to this the extra cost to move the head and the total cost for the first page is 12 -14 msec.  This cost is the same whether or not the data file is clustered.

Now, consider the effect of reading two pages.  The additional cost to read the second page in a clustered file will be approximately  1 to 2 msec, while the cost to read the second page of a randomly organized file is another 12 to 14 msec.  So, for a two-page retrieval, the clustered file requires about 15 msec, while the acquisition of the two randomly distributed pages is almost twice that at 26 msec.  This disparity increases to a factor of 2.6 for a 4-page retrieval: 20 msec compared to 52 msec, . 

Finally, since a B+ Tree sequence set is always clustered, it is possible to store the attribute data in the leaf nodes when the size of the attributes are relatively small compared to the size of the key (or in the trivial case when the relation contains only a single attribute!).  The extra storage to incorporate the data into the leaf nodes will decrease the fan-out, potentially increasing the height of the tree.

B-Treetc \l3 "B-Tree
A B-Tree is a tree structure similar to the B+ Tree, but the B-Tree permits search key values to appear only once in the tree, whereas B+ trees permit redundancy to allow for a dense index at the leaf level. By contrast, the leaf level of a B-Tree is a sparse index.  Because search keys are not duplicated, an extra pointer member must be included in each index entry to reference the target data file page.

A B-Tree has two advantages over a B+ Tree:

· Since the data pointer is stored at with each index entry, the target page number can sometimes be acquired before descending to the leaf level.

· In some instances, fewer tree nodes are required.

The disadvantages of a B-Tree compared to a B+ Tree are:

· A relatively small number of search key values are actually found without accessing nodes at the leaf level.

· Because non-leaf nodes are larger, fan-out is reduced, potentially increasing the height of the tree.

· Insertion and deletion algorithms are somewhat more complex, making B-Tree methods harder to implement.






In practice, few DBMS use B-Trees over B+ Trees.

Hash Indexestc \l3 "Hash Indexes
Hash index schemes use hashing functions to map keys (typically an attribute in the relation) to the location of the corresponding record in a data file.  Hashing affords an extremely fast method for direct retrieval, but offers no support for range searches. As such Hash indexes are not usually deployed when B+ Tree indexing is available.  However, certain type types of join operations actually work more efficiently with a Hash index compared to a B+ Tree index.  This topic is discussed further in section 2.

There are two basic forms of hash methods: static and dynamic.

Static Hash Indexing.
Hashing algorithms define bucket as a unit of storage (typically a page) within a data file. A hash function H generates all the possible bucket numbers from the set of all search key values.  To locate the bucket in which a target data entry is (or should be) stored, the hash function is applied to the target search key yielding a bucket (page) number.  The bucket is retrieved from the data file and searched for the target data record.

A well-chosen hash function distributes the keys to buckets uniformly.  A commonly used hash function is based on division of the search key by a prime number. The prime 

number is chosen as the highest prime number which represents the number of buckets need to hold about 70% of the expected number of records. When the search key is a character type, a dividend is formed by adding up all of the pairs (or 4-tuples) of characters, and the result is divided by the prime divisor.

However, it's frequently impossible to choose such a function, or to know for certain exactly how many data entries are to be stored. As such, it is likely that the hash function will generate the same bucket number for several different search key values. As long as there is room in the target bucket, this is not a problem.

When the target bucket (called a primary bucket) is full, a new bucket (page), called an overflow bucket, must be allocated and chained to the primary bucket set, forming an overflow chain. Figure 5 [RAM2] illustrates the relationship between the hash function h and the primary and overflow buckets in the hash file.  When the overflow chains become too long, performance degrades badly.

Frequent deletion of data entries is also a problem. If new entries do not hash to the same bucket where the "holes" are, space is wasted. The only alternative in these case is to rehash the entire file. 

Dynamic Hash Indexes
Dynamic hashing methods are intended to deal with the problems of overflow and deletes that static hashing suffers from. The two most commonly used forms of dynamic hashing are extendable hashing and linear hashing. These algorithms are more complex than static hashing, and adequate description of these methods is beyond the scope of this paper. Detailed descriptions of extended and linear hashing methods can be found in [RAM], [SKS], and [HEL]. An excellent simplified description of extendable hashing can be found in [CJD].
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The significant feature of hashing is that in the absence of overflows, the number of accesses needed to retrieve the target page is one! Overflows in statically hashed indexes can cause the number of accesses required to grow dramatically.  Dynamic hashing guarantees that the number of accesses is never more than two, and in most cases is one.






Figure 5   Hash Table

2.  Joins and Indexingtc \l1 "2.  Joins and Indexing
This section describes the effect that indexes have on the evaluation of join queries by a DBMS. There are several algorithms available for implementing join. The choice of which method to use depends on a number of factors, not the least of which is the presence of an index on one or more of the attributes involved in the query.

The join operator is the most expensive of the operators. To understand the effect that indexing can have on the cost of joins, several join methods are examined. For this paper only simple equi-join of the form: R (join) S on a single common attribute of R and S and simple range queries are considered. In the following paragraphs, relation R is called the outer relation, and S is the inner relation.

Nested Loop Joins.tc \l2 "Nested Loop Joins.
This is the brute force method for join of two relations R and S.

The algorithm is as follows:

For Each tuple ri in R do

For Each tuple sj in S do

if ri = sj then

add <ri, sj> to output

To calculate the anticipated cost of the join using this method, assume that the number of pages in R and S are Pr and Ps, and the number of records per page for R and S are nr and ns, respectively. Then the cost of the join Cj in units of page reads is:

Cj = Pr + (nr*Pr*Ps)
For example, if R consists of 1000 pages of 20 tuples each, and S is 500 pages of 10 tuples each then:

Cj = 1000 + (20*500*10) = 101,000 page reads.

Note the relatively small direct contribution that the outer relation R makes to the cost. Each page of R is read but once, while many passes over the same pages of the inner relation is required.  This unfortunate circumstance is improved upon in the next algorithm.

Block Nested Loop Joins.tc \l2 "Block Nested Loop Joins.
This algorithm depends on using available pages of memory to buffer pages of R and S while looping.  If M memory pages are available to use, then the algorithm is:

For Each block of M -2 pages in R do

For page in S do

for each ri in R memory blocks do

for each sj in S memory blocks do

if ri = sj then

add <ri, sj> to output block

Then the cost of the join Cj in units of page reads is:

Cj = Pr + Ps* Pr/(M-2)
Using the previous example and assuming there are 12 available memory pages (and extremely modest requirement!), then:

Cj = 1000 + 500*1000/(12 - 2) = 51,000 

A twofold improvement over the brute force method at a trivial cost.  If the number of available memory pages were increased to 102, the cost would drop to 6,000 page reads.

The in-memory process of matching of tuples in S is enhanced by building a hash table in memory for the target attribute of the tuples in R.  Furthermore, performance is improved using the smaller of the two relations as the outer relation.

Index Nested Loop Joinstc \l2 "Index Nested Loop Joins
If there is an index on the attribute to be joined in one of the relations, then it can be used as the inner relation and the index can be used to great advantage.  Since only equality joins are being considered, the index may be either B+ Tree or Hash type.   The algorithm for Index Nested Loop Join is:

For Each tuple ri in R do

For Each tuple sj in S where ri = sj do

add <ri, sj> to output

This algorithm uses the index on the inner relation to retrieve (any) tuple from S matching the  join attribute of R.  The cost for the Index Nested Loop Join is:

For B+ Tree indexes:
Cj = Pr *( hs+1)
  where hs is the height of the index tree .

For Hash Indexes:
Cj = Pr *(A+1)
A is average cost of a hash index access.





(typical value of A is 1.2 [RAM])

Again, using the running example, and assuming that the height of S is two (since S contains but 5000 records, a height of two is highly probable):

B+ Tree Cj = 1000*(2+1) = 3000

Hash      Cj = 1000*(1.2+1) = 2200

The effect of the index on the join is so significant that, when processing a join, some DBMS will build an index on the inner relation at runtime.

Sort-Merge Jointc \l2 "Sort-Merge Join
The sort-merge join requires that both relations be sorted on the join attribute. Then the sorted  tables are "merged,” comparing tuples in both tables.  A detailed description of the sort-merge algorithm can be found in [RAM], [SKS], and [HEL].  The cost of a sort-merge join is:

Cj =  Pr*log(Pr) +  Ps*log(Ps) + Pr +  Ps
In the example, Cj = 1000*3 + 500*2.7 + 1000 + 500 = 5,850

It's interesting to examine the sort-merge join algorithm when B+ Tree indexes exist for both relations. The sequence set of both indexes are sorted. The cost to join these using the merge method form sort-merge is simply Pr +  Ps, which is quite small.

Hash Joins
There are other methods used to execute joins, such as the Hash Join, and the Hybrid Hash Join.  This join method partitions the relations into sets by hashing the join attributes of each relation using the same hash function. Only tuples whose hash values are equal need be compared, that is, tuples that have been hashed into the same partition.  A detailed description of the Hash Join algorithms can be found in [RAM], [SKS], and [PEL].

3. An Experiment with Indexingtc \l1 "3. An Experiment with Indexing
This section presents the results of tests conducted to demonstrate the effect indexing has on the performance of join operation in relational queries.  The test cases were chosen to exercise joins using several of the methods described in this paper, and to compare the different characteristics of hash indexes compared to tree structured indexes. The results of the test runs are summarized in Table 2.  The test environment was:

· Pentium 200

· 64 Megabytes memory, 700 megabyte contiguous partition..

· Linux 2.0.23

· PostgreSQL 6.3.1

PostgreSQL was selected because it supports user selectable index methods (hash, B-tree, R-tree), and because it has a reasonably robust planner/optimizer, supporting a variety of join algorithms. Additionally, the system allows a user to restrict methods to be used for join (a developer feature). It also supports a reasonable statistical reporting scheme which is necessary to measure performance accurately.

The tests fall into two categories: tests which exercise exact match joins, and tests which execute range selection joins. The same two relations were used in every test. To insure that the residual buffering did not affect the tests, the DBMS was shutdown and restarted for each test. Indexes were completely removed and rebuilt for each test, and no updates (inserts or deletes) occurred at any time during the tests.

Although only one set of values are given for each test, every test was executed at least twice to insure that results were reasonable.

The two relations are very simple and derive their data from the Internet Movie Data Base (imdb.com). To generate enough data for the tests to be meaningful, I downloaded the entire IMDB database (0ver 40 megabytes of compressed data, 150 MB uncompressed), as well as a set of tools for accessing the data locally. The tools allow for generation of reports of one attribute at a time.

I wrote several small programs to filter the reports generated by these tools to build delimited text files suitable for loading by the postgreSQL (or any other DBMS) copy facility.

Two relations were built:

1. Ratings ::= (Rating (float), Title char(128), Year char(6))

2. Genre   ::= (Title char(128), Year char(6), Genre char(16))

The Ratings relation was populated with titles from 1960 to 1998, yielding 55,000 tuples in the relation, with no duplicates.

The Genre relation also was populated with titles from 1960 to 1998 and comprised 14,500 tuples, and the categories were restricted to six or seven genre. Titles are sometimes repeated as many as three times.

The sizes of these two relations were  picked to be in an approximate 4:1 ratio so that the effect of the size of the inner and outer relations in nested loop joins could be seen easily.

The sizes of tuples in the two relations are nearly identical (142 vs 150) so that the fan-out in B-tree indexes was the same for either.

The queries used for exact match join are:

SELECT *

FROM Ratings R1, Genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

and,

SELECT *

FROM Ratings R1, Genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

The form of the queries are identical, but yield very different results based upon which relation is indexed, and their position vs size in the loop algorithm (and, I was surprised to learn, in the Sort-Merge join).

The query used to test range selection joins is:

SELECT *

FROM Ratings R1, Genre R2

WHERE R1.Ti BETWEEN 'Ne' AND 'Oo' AND

      R1.Ti = R2.Ti

The following table summarizes the results of the tests. Tests 1 and 2 employ no indexes; these two tests are established as a baseline to contrast indexed joins to non-indexed joins.  Tests 3 to 8 use only B-Tree indexes.  Tests 9 to 14 repeat Tests 3 to 9 using Hash indexes rather than B-Trees.  Tests 15 to 18 test combinations of Hash and B-Tree indexes. Finally, Tests 19 to 21 execute the range query using B-Tree and Hash indexes alternately.

The table legend is as follows:

Test # is the number of the test executed.  Appendix A is a log file of the raw results of the tests.  The output from each test is clearly marked by test number.

Outer is the relation on which the attribute match is requested.

Index gives the relation (Ratings or Genre, or both) having an index, The type of index is provided in a superscript (hash or b-tree).

Method names the method and gives the sequence of retrieval operations (Index, Scan, Hash) left to right in hierarchical order of execution. For example, (I, S) indicates that an index is used on the outer relation and that the  inner relation was scanned. (S,H,S) means Scan, Hash, Scan).  Given the outer relation in the Outer column, the inner relation can be deduced!

Time lists the back-end execution time in seconds. It does not include the time taken to pass query results from the back-end to the client.

TABLE 2 - Test Resultstc \l2 "Test Results
Test #
Outer
Index
Method
Time

1
R
none
S-M
8.7704

2
G
none
S-M
34.1504

3
R
RB
NL (S, I)
2.4289

4
G
RB
NL (S, I)
0.5253

5
R
RB, GB
NL (I, I)
0.0951

6
G
RB, GB
NL (I, I)
0.0774

7
R
GB
NL (S, I)
1.6691

8
G
GB
NL (I, S)
11.1605

9
R
RH
NL (I, S)
1.4812

10
G
RH
NL (S, I)
0.5393

11
R
RH, GH
NL (I, I)
0.0479

12
G
RH, GH
NL (I, I)
0.0746

13
R
GH
NL (S, I)
1.6472

14
G
GH
NL (I, S)
11.2198

15
G
RB, GH
NL (I, I)
0.2276

16
R
RH, GB
NL (I, I)
0.0496

17
G
RH, GB
NL (I, I)
0.4074

18
R
RB, GH
NL (I, I)
0.0361

19
R
none
HJ (S, H, S)
4.0695

20
R
RB
HJ ((S, H, I)
2.6571

21
R
RH
HJ (S, H, S)
5.7368

Tests 1 though 18 each returned three tuples.  Tests 19 through 21, the range queries, returned 624 tuples.

The results in the table are consistent with the theory. That is, a well chosen index combined with a correctly structured query can provide dramatically better results than without indexing.  Some general observations of the results show that:

· As expected , hash indexes are somewhat better performers than tree structured indexes when equi-joins are executed.

· Unless there is a huge disparity in the size of the outer vs inner relation, the index works best on the inner relation.

· Scans on the larger relation must be avoided.  Note that in tests 8 and 14, even though an index was present, it was of little use to overcome the size of the scan of the larger relation.

· If you’re able to index both relations, performance of joins is as good as it gets. See test cases  5, 11, 12, 16, and 18.

It is interesting to examine the results of tests 1 and 2, in which no index was available. The time for test 2 is almost four times that of test 1.  Although I have not checked the source code for the SM join, it’s likely that the algorithm has an outer controlling inner relationship similar to the NL join algorithm, since test 2 used the larger relation (R) as the inner relation.

Although hash indexes perform slightly better than B-trees in equi-joins, they offer little help in range joins, as indicated by tests 20 and 21. Note that in test 21, the presence of the index led the planner to choose a plan which was apparently less effective than the plan used when there was no index. Compare tests 19 and 21.

Conclusion.tc \l2 "Conclusion.
The use of indexes clearly enhances performance of joins, both equi-joins and range checking joins. However, an index alone cannot make up for a poorly constructed (or badly optimized) query.  Balancing size (of inner and outer relations) with speed (which relation is indexed) can be a tricky task, but can yield enormous benefits when done well.
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Appendix A.
Test Results Logtc \l1 "Appendix A.
Test Results Log
Schema for test relations
Table    = ratings (54,000 tuples)

+--------------------------------+----------------------------------+--------+

|              Field             |              Type                | Length |

+--------------------------------+-------------------------------------------+

| ra                             | float8  not null                 | 8      |

| ti                             | char()  not null                 | 128    |

| yr                             | char()  not null                 | 6      |

+--------------------------------+----------------------------------+--------+

Table    = genre (14,500 tuples)

+--------------------------------+----------------------------------+--------+

|              Field             |              Type                | Length |

+--------------------------------+----------------------------------+--------+

| ti                             | char() not null                  | 128    |

| yr                             | char() not null                  | 6      |

| ge                             | char() not null                  | 16     |

+--------------------------------+----------------------------------+--------+

exact match query tests - return 3 rows

test1:  R1=ratings, R2=genre, no index

test2:  R1=genre,   R2=ratings, no index

test3:  R1=ratings, R2=genre, btree index on R1

test4:  R1=genre,   R2=ratings, btree index on R2

test5:  R1=ratings, R2=genre, btree index on R1 and R2

test6:  R1=genre,   R2=ratings, btree index on R1 and R2

test7:  R1=ratings, R2=genre, btree index on R2

test8:  R1=genre,   R2=ratings, btree index on R1

test9:  R1=ratings, R2=genre, hash index on R1

test10: R1=genre,   R2=ratings, hash index on R2

test11: R1=ratings, R2=genre, hash index on R1 and R2

test12: R1=genre,   R2=ratings, hash index on R1 and R2

test13: R1=ratings, R2=genre, hash index on R2

test14: R1=genre,   R2=ratings, hash index on R1

combination query tests - return 3 rows
test15: R1=genre,   R2=ratings, hash index on R1, btree on R2

test16: R1=ratings, R2=genre, btree index on R1, hash on R2

test17: R1=genre,   R2=ratings, btree index on R1, hash on R2

test18: R1=ratings, R2=genre, hash index on R1, btree on R2

range query tests - return 624 rows

test19: R1=genre,   R2=ratings, no index

test20: R1=ratings, R2=genre, btree index on R1

test21: R1=ratings, R2=genre, hash index on R1

Test Logs for test 1 - 21

Test 1

--------

NOTICE:  QUERY PLAN:

Merge Join  (cost=0.00 size=1 width=68)

  ->  Seq Scan  (cost=0.00 size=0 width=0)

        ->  Sort  (cost=0.00 size=0 width=0)

              ->  Seq Scan on r1  (cost=0.00 size=0 width=32)

  ->  Seq Scan  (cost=0.00 size=0 width=0)

        ->  Sort  (cost=0.00 size=0 width=0)

              ->  Seq Scan on r2  (cost=0.00 size=0 width=36)

---- 
query is:




SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
8.770406 elapsed 7.580000 user 1.100000 system sec

!
[7.650000 user 1.130000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
1823/611 [2173/801] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:       1741 read,          0 written, buffer hit rate = 1.64%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:        657 read,        737 written

ProcessQuery() at Wed Apr 29 13:05:58 1998

-----------------------------------------------

Test 2

--------

NOTICE:  QUERY PLAN:

Merge Join  (cost=0.00 size=1 width=68)

  ->  Seq Scan  (cost=0.00 size=0 width=0)

        ->  Sort  (cost=0.00 size=0 width=0)

              ->  Seq Scan on r1  (cost=0.00 size=0 width=32)

  ->  Seq Scan  (cost=0.00 size=0 width=0)

        ->  Sort  (cost=0.00 size=0 width=0)

              ->  Seq Scan on r2  (cost=0.00 size=0 width=36)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
34.150452 elapsed 28.810000 user 2.650000 system sec

!
[28.900000 user 2.650000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
5167/617 [5517/807] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:       1723 read,          0 written, buffer hit rate = 2.66%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:       2249 read,       2520 written

ProcessQuery() at Wed Apr 29 13:09:52 1998

-----------------------------------------------

Test 3

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=0.00 size=1 width=68)

  ->  Seq Scan on r2  (cost=0.00 size=0 width=36)

  ->  Index Scan on r1  (cost=2.00 size=1 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
2.428903 elapsed 1.540000 user 0.540000 system sec

!
[1.630000 user 0.570000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
1247/439 [1608/630] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:        417 read,          0 written, buffer hit rate = 8.75%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 13:17:42 1998

-----------------------------------------------

Test 4

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=0.00 size=1 width=68)

  ->  Seq Scan on r2  (cost=0.00 size=0 width=36)

  ->  Index Scan on r1  (cost=2.05 size=54317 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
0.525263 elapsed 0.380000 user 0.090000 system sec

!
[0.460000 user 0.100000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
456/440 [806/630] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:        399 read,          0 written, buffer hit rate = 12.69%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 13:20:52 1998

-----------------------------------------------

Test 5

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=4.10 size=1 width=68)

  ->  Index Scan on r1  (cost=2.05 size=1 width=32)

  ->  Index Scan on r2  (cost=2.05 size=14784 width=36)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
0.095096 elapsed 0.020000 user 0.000000 system sec

!
[0.130000 user 0.010000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
49/26 [400/218] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:         12 read,          0 written, buffer hit rate = 61.29%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 13:24:50 1998

-----------------------------------------------

Test 6

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=4.10 size=4 width=68)

  ->  Index Scan on r2  (cost=2.05 size=1 width=36)

  ->  Index Scan on r1  (cost=2.05 size=54317 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
0.077435 elapsed 0.020000 user 0.000000 system sec

!
[0.090000 user 0.040000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
51/35 [402/227] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:         16 read,          0 written, buffer hit rate = 78.67%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 13:26:23 1998

-----------------------------------------------

Test 7

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=3119.51 size=1 width=68)

  ->  Seq Scan on r1  (cost=3117.46 size=1 width=32)

  ->  Index Scan on r2  (cost=2.05 size=14784 width=36)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
1.669099 elapsed 1.240000 user 0.340000 system sec

!
[1.330000 user 0.340000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
456/440 [806/630] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:       1336 read,          0 written, buffer hit rate = 3.47%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 13:29:49 1998

-----------------------------------------------

Test 8

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=3119.51 size=4 width=68)

  ->  Index Scan on r2  (cost=2.05 size=1 width=36)

  ->  Seq Scan on r1  (cost=3117.46 size=54317 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
11.160493 elapsed 10.090000 user 0.980000 system sec

!
[10.150000 user 1.010000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
434/451 [710/630] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:       3984 read,          0 written, buffer hit rate = 1.24%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 13:42:00 1998

-----------------------------------------------

Test 9

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=878.92 size=1 width=68)

  ->  Index Scan on r1  (cost=1.05 size=1 width=32)

  ->  Seq Scan on r2  (cost=877.87 size=14784 width=36)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
1.481220 elapsed 0.950000 user 0.100000 system sec

!
[1.050000 user 0.130000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
519/440 [900/630] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:        399 read,          0 written, buffer hit rate = 10.74%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:11:56 1998

-----------------------------------------------

Test 10

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=878.92 size=4 width=68)

  ->  Seq Scan on r2  (cost=877.87 size=1 width=36)

  ->  Index Scan on r1  (cost=1.05 size=54317 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
0.539343 elapsed 0.390000 user 0.080000 system sec

!
[0.440000 user 0.120000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
460/439 [810/629] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:        398 read,          0 written, buffer hit rate = 12.91%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:14:12 1998

-----------------------------------------------

Test 11

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=2.10 size=1 width=68)

  ->  Index Scan on r1  (cost=1.05 size=1 width=32)

  ->  Index Scan on r2  (cost=1.05 size=14784 width=36)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
0.047881 elapsed 0.010000 user 0.000000 system sec

!
[0.110000 user 0.020000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
43/20 [394/211] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:          9 read,          0 written, buffer hit rate = 71.88%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:16:53 1998

-----------------------------------------------

Test 12

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=2.10 size=4 width=68)

  ->  Index Scan on r2  (cost=1.05 size=1 width=36)

  ->  Index Scan on r1  (cost=1.05 size=54317 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
0.074646 elapsed 0.030000 user 0.000000 system sec

!
[0.120000 user 0.030000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
49/29 [400/220] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:         13 read,          0 written, buffer hit rate = 82.89%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:17:48 1998

-----------------------------------------------

Test 13

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=3119.51 size=1 width=68)

  ->  Seq Scan on r1  (cost=3117.46 size=1 width=32)

  ->  Index Scan on r2  (cost=2.05 size=14784 width=36)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
1.647206 elapsed 1.190000 user 0.410000 system sec

!
[1.280000 user 0.440000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
456/440 [806/630] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:       1336 read,          0 written, buffer hit rate = 3.47%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:45:20 1998

-----------------------------------------------

Test 14

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=3119.51 size=4 width=68)

  ->  Index Scan on r2  (cost=2.05 size=1 width=36)

  ->  Seq Scan on r1  (cost=3117.46 size=54317 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
11.219805 elapsed 10.200000 user 0.930000 system sec

!
[10.290000 user 0.950000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
460/440 [811/630] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:       3987 read,          0 written, buffer hit rate = 1.19%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:20:59 1998

-----------------------------------------------

Test 15

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=4.10 size=4 width=68)

  ->  Index Scan on r2  (cost=2.05 size=1 width=36)

  ->  Index Scan on r1  (cost=2.05 size=54317 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
0.227562 elapsed 0.010000 user 0.010000 system sec

!
[0.110000 user 0.040000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
69/31 [483/223] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:         14 read,          0 written, buffer hit rate = 81.58%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:28:48 1998

-----------------------------------------------

Test 16

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=4.10 size=1 width=68)

  ->  Index Scan on r1  (cost=2.05 size=1 width=32)

  ->  Index Scan on r2  (cost=2.05 size=14784 width=36)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
0.049573 elapsed 0.020000 user 0.000000 system sec

!
[0.080000 user 0.060000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
43/22 [394/214] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:         10 read,          0 written, buffer hit rate = 68.75%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:30:04 1998

-----------------------------------------------

Test 17

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=3.10 size=4 width=68)

  ->  Index Scan on r2  (cost=2.05 size=1 width=36)

  ->  Index Scan on r1  (cost=1.05 size=54317 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R2.Ti = 'Star Wars' AND

      R2.Ti = R1.Ti

;

! system usage stats:

!
0.407439 elapsed 0.040000 user 0.000000 system sec

!
[0.150000 user 0.030000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
99/32 [530/224] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:         15 read,          0 written, buffer hit rate = 80.00%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:38:00 1998

-----------------------------------------------

Test 18

--------

NOTICE:  QUERY PLAN:

Nested Loop  (cost=3.10 size=1 width=68)

  ->  Index Scan on r1  (cost=1.05 size=1 width=32)

  ->  Index Scan on r2  (cost=2.05 size=14784 width=36)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti = 'Star Wars' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
0.036108 elapsed 0.020000 user 0.000000 system sec

!
[0.120000 user 0.010000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
45/24 [396/216] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:         11 read,          0 written, buffer hit rate = 64.52%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:38:38 1998

-----------------------------------------------

Test 19

--------

NOTICE:  QUERY PLAN:

Hash Join  (cost=4684.39 size=6036 width=68)

  ->  Seq Scan on r2  (cost=877.87 size=14784 width=36)

  ->  Hash  (cost=0.00 size=0 width=0)

        ->  Seq Scan on r1  (cost=3117.46 size=6036 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti between 'Ne' and 'Oo' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
4.069472 elapsed 3.120000 user 0.400000 system sec

!
[3.200000 user 0.440000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
457/785 [808/975] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:       1723 read,          0 written, buffer hit rate = 3.80%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 14:57:59 1998

-----------------------------------------------

Test 20

--------

NOTICE:  QUERY PLAN:

Hash Join  (cost=2131.69 size=6036 width=68)

  ->  Seq Scan on r2  (cost=877.87 size=14784 width=36)

  ->  Hash  (cost=0.00 size=0 width=0)

        ->  Index Scan on r1  (cost=564.76 size=6036 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti between 'Ne' and 'Oo' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
2.657141 elapsed 1.850000 user 0.260000 system sec

!
[1.930000 user 0.290000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
972/785 [1378/978] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:        489 read,          0 written, buffer hit rate = 80.99%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 15:01:44 1998

-----------------------------------------------

Test 21

--------

NOTICE:  QUERY PLAN:

Hash Join  (cost=4684.39 size=6036 width=68)

  ->  Seq Scan on r2  (cost=877.87 size=14784 width=36)

  ->  Hash  (cost=0.00 size=0 width=0)

        ->  Seq Scan on r1  (cost=3117.46 size=6036 width=32)

---- 
query is:

SELECT *

FROM ratings R1, genre R2

WHERE R1.Ti between 'Ne' and 'Oo' AND

      R1.Ti = R2.Ti

;

! system usage stats:

!
5.736812 elapsed 3.440000 user 1.040000 system sec

!
[3.500000 user 1.100000 sys total]

!
0/0 [0/0] filesystem blocks in/out

!
2387/785 [2843/977] page faults/reclaims, 0 [0] swaps

!
0 [0] signals rcvd, 0/0 [0/0] messages rcvd/sent

!
0/0 [0/0] voluntary/involuntary context switches

! postgres usage stats:

!
Shared blocks:       1727 read,          0 written, buffer hit rate = 6.40%

!
Local  blocks:          0 read,          0 written, buffer hit rate = 0.00%

!
Direct blocks:          0 read,          0 written

ProcessQuery() at Wed Apr 29 15:12:02 1998

-----------------------------------------------

---END OF TEST LOG
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