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Abstract

Joins are a fundamental operation in relational database management systems (RDBMSs), and join
processing has been a focus of both researchers and system implementors for decades. In this work,
we are concerned with the amount of input data processed by join algorithms, since this has a direct
impact on join processing performance. In an ideal situation, a join algorithm would be able to read
only the input that directly contributed to the output, and no more.

In practice, however, join algorithms typically consume many more tuples than necessary; hybrid
hash join, for example, consumes the entirety of both of its inputs, even if the output of the join
is empty. In some sense, this is quite unsatisfying—clearly it seems that we should be able to do
better, if we have the right information. To address this, we evaluate a particular category of join
algorithms that we term skipping join algorithms.

Skipping join algorithms utilize secondary data structures and metadata to reduce the amount
of data they must process in order to evaluate a join. The simplest skipping join algorithms are
well known, as both index nested loops join, which relies on an index, and merge join, which relies
on sort order, can be viewed as skipping data. In this work, we investigate two more complicated
algorithms, ZigZag merge join and Minesweeper, that utilize the combination of indexes and sort
order to skip more data.

In some cases, ZigZag merge join can be arbitrarily faster than traditional merge join, and
in other cases, Minesweeper can be arbitrarily faster than ZigZag merge join. While this can
be shown in theory, the central issue of our work is whether such skipping is useful in practice.
We demonstrate that skipping join algorithms are broadly applicable, improving performance on
tull-text search queries in an RDBMS as well as on queries inspired by general-purpose database
benchmarks. Furthermore, we show that although Minesweeper has better theoretical complexity
than ZigZag merge join, in the general relational queries we considered, ZigZag merge join provides
better performance. Finally, we provide insight into how to estimate the performance of a skipping
join algorithm prior to execution.



1t appears the database community has now reached the point where experiments are no longer
an option. There was a time when experiments were not normal in a computer-science research
paper. There was even a term in the database community—a “Wisconsin-style paper™—for
a paper in which a proposed algorithm was implemented and experiments regarding ifs
performance were described. Kudos to the faculty at Wisconsin for seeing the value of using

experimentation as a way fo demonstrate the worth of certain ideas.

[T]here is a more damaging effect of the seriousness with which we take experimental results. It
encourages the writing of papers that really shouldn’t be written, because they are so incremental
and specialized that their use in practice is unlikely. There are many areas of database research
where the nature of the data can vary greatly, and performance of different algorithms will
vary with the data. Think of multidimensional indexes, or clustering, or even join algorithms.
In research areas of this kind, it is very easy to find a special form of data and invent an
algorithm that works well in this narrow special case. You then run your experiments on
data for which your algorithm is best suited and compare it with others, which—surprise
surprise—do not work as well. But were you to run your algorithm on the common cases, or
random cases, you would do less well or not well at all. It doesn’t matter; you can still publish

yet another paper about yet another algorithm for doing this or that.

— Jerrrey D. ULLMAN (2013)



1 Introduction

Joins are a core operation in relational database management systems (RDBMSs), and the problem
of how to efliciently implement joins has been studied almost since the inception of the relational
model. The goal of this thesis is to show that, even after 40 years of work, there is still something
new to say about join algorithms. Database researchers and implementors have come up with myriad
different algorithms and optimizations over the years, but by and large, there are three representative
algorithms used to evaluate joins: index nested loops join, sort-merge join, and hash join [42]. Each
of these join algorithms can excel in different situations, and by combining them, RDBMSs are able
to offer good performance over a variety of queries.

However, in some circumstances, each of these algorithms performs dramatically more work
than necessary. Consider a natural join on between two relations, R and S. Each relation has a
single attribute, A, and both relations have a clustered index of some kind (e.g., a B-tree) on this
attribute. Now, suppose the A value of the last tuple in R is larger than the A value of the first tuple
in S. All three join algorithms will consume the entirety of at least one relation—index nested loop
join will read all tuples in its outer relation, merge join will read all of R, and hash join will read all
of both relations.

This result is somewhat unsatisfying. Since both relations are sorted and the last tuple in R
is smaller than the first tuple in .S, the join output is clearly empty; in fact, since both relations
are indexed, this could be discovered with two simple index seeks. Instead, the traditional join
algorithms process many more tuples than needed, and can in fact be made to do arbitrarily more
work by manipulating the number of tuples in R and S.

Accordingly, this thesis focuses on skipping join algorithms—algorithms that do not need to



read (i.e., can skip) some portion of the input data while still producing correct output. The central
premise of this thesis is that skipping join algorithms are broadly applicable, efficient, and important
for overall database performance. We support our premise by examining three main areas: why we

should skip data, how we should skip data, and when we should skip data.

1.1 Why we should skip data

'The toy example we presented above is artificial and contrived, and it represents a corner case. While
such examples are useful for showing the impact skipping can have on some queries, the benefit of
skipping is meaningless if it cannot provide an appreciable performance improvement on a number
of real-world workloads. To address this, the first part of this thesis demonstrates the importance of
skipping join algorithms in a specific real-world setting: in-RDBMS full-text search.

Many major RDBMSs provide some support for full-text search integrated with the structured
query engine [32, 44, 64, 84]. Efficient full-text search is commonly implemented using an inverted
index (a set of terms with associated lists indicating which documents contain that term) [5, 102],
and database researchers have shown that inverted indexes can be stored in relations and queried
with SQL [46]. On the other hand, some RDBMS vendors have chosen instead to implement
inverted indexes using specialized techniques from the Information Retrieval (IR) community [48].

'These specialized inverted indexes implement their own operators and compression techniques
that are not shared with the general-purpose relational engine within the RDBMS, and their
integration with the general RDBMS storage layer treats it as little more than a glorified filesystem.
Although RDBMS:s are not typically used for text search within the IR community, we found it
surprising that even commercial RDBMS developers would opt for a separate engine. After all, a
common case for keyword search is conjunctive queries (e.g., find documents containing both “dog”
and “cat”), and these queries can be implemented using standard relational joins.

Given that RDBMSs are highly optimized for join processing, one would expect that the

relational engine would be able to provide good performance for this case. However, our preliminary



experiments showed that the specialized text search engine in Microsoft SQL Server was 10-20x
faster than SQL Server’s relational engine for text queries. After investigating this difference, we
found that the performance of the specialized engine was not due to sophisticated compression
algorithms, boutique storage formats, or vectorized operator execution, but rather the result of its
skipping join algorithm.

We show that a variant of merge join called ZigZag merge join [7] can enable the general relational
engine to match the performance of the specialized text search engine with no change in storage
format. ZigZag merge join assumes that both of its input relations are indexed; when a mismatch
between tuples is encountered, instead of performing a linear scan in the smaller input, ZigZag
merge join executes an index seek to jump directly to the next possibly matching tuple. Each index
seek can save a large amount of join processing, and use of ZigZag merge join improves performance
on some text queries by an order of magnitude or more.

Given the ubiquity of text search on the Web, this indicates that skipping join algorithms can
be important beyond simple toy examples, but text is just one possible workload. Accordingly, our
next contribution extends ZigZag merge join to more general relational queries by evaluating it over
queries from two standard database benchmarks, Star Schema Benchmark [76] and TPC-H [93],
and we use this opportunity to compare with other skipping join algorithms proposed by the database

theory community.

1.2 How we should skip data

ZigZag merge join is not the only skipping join algorithm; the efficacy of skipping algorithms has
been known in the context of set intersection for some time. As a result, different algorithms exist
with a variety of trade-offs, and consequently, the question of sow to skip data is important. The
basic idea behind how to skip is the amount of effort expended in attempts to avoid reading data,
and whether this effort constitutes a net savings.

To illustrate this point, traditional merge join can be viewed as a very simple skipping join



algorithm. It avoids reading some tuples in one relation after finding the last tuple in another, since
it knows that no later tuple could in the first relation could contribute to the output. ZigZag merge
join extends this by performing index seeks within each relation in an attempt to skip some tuples.
In the worst case, each index seek returns the very next tuple in the relation (i.e., the tuple that
traditional merge join would have read next anyways). As a result, any time spent in the index is
wasted, and ZigZag merge join would actually perform worse than traditional merge join.

Furthermore, database theoreticians have recently investigated a class of (near) worst-case optimal
skipping join algorithms [73, 74, 95]. These optimal skipping join algorithms are more complex
than ZigZag merge join, maintaining more state and, subsequently, potentially skipping more data.
However, as these algorithms have not been evaluated in practice, no results exist that indicate
whether their additional overhead is beneficial for general relational workloads.

In this thesis, we implement Minesweeper [73], a near-optimal skipping join algorithm, as a
representative algorithm from this work. Minesweeper can be thought of as a variant of index nested
loops join. It operates by repeatedly probing all relations in a join and noting the gaps between
successive tuples; each gap indicates a region of the join space where no output can exist, and
Minesweeper encodes these gaps as constraints. Since each gap is recorded, Minesweeper ensures
that it never probes for a point that has already been ruled out, and over time, it produces the output
of the join by systematically eliminating all non-matching regions of the join space.

Ngo et al. [73] provide a theoretical framework for reasoning about the complexity of skipping
join algorithms, and we use this framework to show that while ZigZag merge join is optimal
for simple two-relation joins, it is not optimal for more complex queries. We then compare the
performance of ZigZag merge join and Minesweeper over a variety of workloads, including text
search, Star Schema Benchmark, and TPC-H.

We demonstrate that, although Minesweeper has better theoretical complexity than ZigZag
merge join, ZigZag merge join provides the best performance on real-world workloads. 'This result
is due to two factors. First, Minesweeper must spend time maintaining its list of constraints as it

explores the join space. Second, Minesweeper eliminates potential probe points only when it has



definitively ruled them out or output them; as a result, portions of a probe point may be probed
repeatedly, causing unneeded index seeks. However, we also show that in queries with specially
constructed data, Minesweeper can be arbitrarily faster than ZigZag merge join.

Consequently, depending on the query and the data distribution, either ZigZag merge join or
Minesweeper may be better, and as we discussed earlier, in some instances, it may even be best not
to skip at all. This gives rise to the need to determine when to skip data and which skipping join

algorithm should be used, if any.

1.3 When we should skip data

The performance of skipping join algorithms is sensitive to two factors: how much data can be
skipped and how much effort must be expended to skip it. The first factor, how much data can
be skipped, can be cast as a cardinality estimation problem. If the size of the join output is small
relative to the size of the input relations, then implicitly, a large number of tuples do not contribute
to the output and can be skipped. Cardinality estimation is an established research problem that has
a wide range of applications in query optimization, and researchers have developed a number of
approaches to address it. In this thesis, we instead focus on the second factor—how much effort
must be expended to skip.

Both ZigZag merge join and Minesweeper skip based on gaps in the data formed by adjacent
tuples, and they do some fixed amount of work per skip. A gap in one relation means that any tuples
whose join key falls within that gap in the other relation can be safely eliminated with no further
processing. Accordingly, to estimate how many skips will occur, we need to determine how many
gaps in one relation eliminate tuples in the other (and vice versa).

Unfortunately, standard statistics collected by RDBMSs, like histograms, are unlikely to capture
gaps. In the case of equi-depth histograms, each bin will have a number of values equal to the depth,
and as a result, 7o gaps will be captured. Equi-width histograms, in contrast, can capture gaps,

but only if the bin size is small enough. Many RDBMSs use relatively few bins for equi-width



histograms; for example, Microsoft SQL Server 2008 uses a fixed maximum of 200 bins, even for
relations with hundreds of millions of tuples [88]. As a result, it is very unlikely that any bin would
be empty.

To address this, we propose a variant of equi-width histograms that we call a gap map. Gap
maps are equi-width histograms that represent each bin as a single bit, which indicates whether any
value in the bin was present in the relation. We can combine gap maps from different relations to
estimate the number of skips needed to join them—any run of zero bits in one map where some bit
is set in the other map indicates a skip.

Consequently, gap maps are effective at calculating the number of skips for a join; however,
the number of gap maps required for perfect accuracy can be impractical. For example, consider a
relation D(id, year, month, day) that stores one year’s worth of dates from January to December,
with id as a sequential identifier. A single gap map on id would show that it has the values 1-365,
with no gaps. However, if a query is posed with a predicate on month, the appropriate gap map on
id is now much sparser; as a consequence, for complete accuracy, the RDBMS would need to store
twelve gap maps, one for each month.

As a result, the number of gap maps that a system may need to store depends on the type of
queries that are posed as well as the cardinality of the data. For complex queries or large datasets,
this can quickly become intractable. Consequently, we do not claim that our work on gap maps is a
definitive solution for estimating the number of skips required by a skipping join algorithm. Instead,
we feel that gap maps are useful in providing insight on the complexities of this issue, and we think

that further investigation into certificate size estimation would be interesting future work.

1.4 'Thesis organization

'The remainder of this thesis is organized as follows. Chapter 2 explores the performance of in-
RDBMS full-text search and shows that skipping join algorithms, ZigZag merge join in particular,

are important for high performance in this type of workload. We extend ZigZag merge join to



arbitrary relational data and we compare it with Minesweeper, a state-of-the-art worst-case optimal
skipping join algorithm, in Chapter 3. In Chapter 4, we introduce statistics for skipping join
algorithms, gap maps, and discuss methods for constructing and querying them. Finally, we discuss

related work in Chapter 5, and we conclude in Chapter 6.



2 Skipping join algorithms and in-RDBMS

full-text search

2.1 Introduction

Full-text search is an important issue for relational database management systems (RDBMSs),
with all major commercial and open-source RDBMSs providing some support for accelerating
full-text searches with inverted indexes. A common way of implementing this feature is to integrate
a specialized IR engine into the RDBMS, which optimizes storage and query execution for text
search [48, 79]. IR engines designed in this way take advantage of the algorithms and techniques
developed by the IR community [5], but these implementations raise an interesting question: why
not use the standard relational engine for text queries?

The research community has demonstrated that text indexes can be expressed naturally in
the relational model [37, 39, 46], and modern RDBMSs contain a great deal of machinery for
storing, indexing, and processing relational data efficiently. By implementing support for full-text
searches using a specialized IR engine, RDBMS developers are throwing away decades of research,
development, and innovation on the core RDBMS query stack. These special-purpose engines do
not use the relational query engine’s operators for execution, and they treat the RDBMS as little
more than a glorified filesystem.

Although RDBMSs are not typically used for text search in the IR community [17, 21], we
found it surprising that even commercial RDBMS developers would opt for a separate engine.

Accordingly, we felt compelled to investigate the differences between these specialized, in-RDBMS



IR engines and the standard relational query engine. Our preliminary performance tests were quite
startling—we found that the specialized IR engine inside Microsoft SQL Server 2012 was 10-20x
taster than SQL Server’s relational engine when answering full-text queries.

While it might not be unexpected that a specialized system would outperform a more general
one, we did not believe the magnitude of the performance gap would be so large. Given that inverted
index lookups can be expressed as SQL queries, this indicates that SQL Server’s IR engine is very
effective at processing a particular class of SQL query—yet it is used only for text searches! In effect,
the developers of Microsoft SQL Server have implemented an accelerator that offers incredibly high
performance for certain SQL queries, but they have locked this functionality away in a “text-only”
box.

Now, both the specialized in-RDBMS IR engine and the relational query engine are just com-
puter programs. Either of them can be modified to include any feature the other possesses, which
means there can be no formal argument that one engine cannot provide the performance delivered
by the other. This plainly suggests the path of moving the IR performance-enhancing functionality
to the SQL engine. However, these specialized IR engines are complicated and implement many
teatures—the IR engine within SQL Server provides column-oriented, integer-specific compres-
sion; vectorized execution between operators; multi-way, multi-predicate join algorithms; and a
block-based storage format with skip lists, just to name a few.

'This is a large bag of tricks, and it is not immediately apparent how important each feature is to
the overall performance of the system. If we are to unlock the functionality of the IR engine and
bring it to a non-text world, we must first understand the “secret sauce” that makes the in-RDBMS
IR engine so effective. In existing systems, however, all of these orthogonal features are packaged
together. Furthermore, some of the features the IR engine provides—such as vectorized execution
and column-oriented compression—have recently been applied to relational engines in the form of
column-oriented databases [20, 58, 59, 60, 90].

This suggests that a column-oriented relational system may already have narrowed the perfor-

mance gap between row-oriented relational systems and IR engines. However, we found in our
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experiments that this was not the case, again raising the question of why this is so. Answering all
of these questions requires a comparison of the performance of row-oriented RDBMSs, column-
oriented RDBMSs, and special-purpose IR engines for IR workloads, as well as an analysis of the
reasons for any observed differences.

In order to evaluate all three designs in a common code base, we built a system that implements an
inverted index in three representative settings: an in-RDBMS IR engine in the style of a commercial
RDBMS [48], a traditional (“textbook”) row-oriented RDBMS, and a column-oriented RDBMS in
the manner of Lamb et al. [58]. By having a standardized environment for these three approaches,
we can identify which features are important for performance and what kind of changes need to
be made to the relational engines, if any. After developing this framework, we discovered that the
main reason for the IR engine’s high performance is not its storage format nor its overall design,
but the algorithm used to evaluate queries.

When the cache is warm, the IR engine is able to provide an order of magnitude better perfor-
mance than the relational engines on conjunctive and phrase queries. As it computes posting list
intersections, the in-RDBMS IR engine utilizes a two-level skip list structure to seek past postings
that cannot match the query. This enables it to answer these queries with many fewer operations
than the relational engines.

We show that the most important factor to narrow this performance gap is changing the
RDBMS’s traditional merge join algorithm to ZigZag merge join. ZigZag merge join uses the
auxiliary data already present in the RDBMS, like B-trees and block-level metadata, to skip over
irrelevant postings; this idea has been explored by researchers in a variety of contexts [7, 47, 50, 56,
99], but to the best of our knowledge, its importance to in-RDBMS IR has not yet been discussed.
We demonstrate that ZigZag merge join can improve performance by as much as two orders of
magnitude over traditional linear merge join with no change to the underlying storage format.

'This chapter provides the following contributions:

* An outline of the storage formats and algorithms used when expressing an inverted index

in an RDBMS using a special-purpose in-RDBMS IR engine, a traditional row-oriented
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RDBMS; and a column-oriented RDBMS.

* Design guidance on which engine-level features are important for storing and querying

inverted indexes efficiently in an RDBMS.

* A description and discussion of ZigZag merge join and its application to full-text search

inside an RDBMS.

* An in-depth analysis of the differences in performance for conjunctive and phrase queries
between a specialized IR engine, a row-oriented relational engine, and a column-oriented

relational engine.

The rest of the chapter is organized as follows. We briefly describe the logical design of an
inverted index in Section 2.2, and we detail the resulting storage format and layout of the inverted
index in each of the three settings in Section 2.3. We discuss the algorithms involved in RDBMS
inverted index lookups and extensions to them in Section 2.4, and we present our experimental

performance results and analysis in Section 2.5. Finally, we conclude in Section 2.6.

2.2 Background

Logically, inverted indexes have two components: a set of posting lists that record which documents
a term appears in, and a dictionary that maps terms to posting lists. Posting lists contain a series
of integer document identifiers (docids) as well as associated ranking statistics. The exact statistics
collected depend on the scoring formula used to rank a document’s relevance—in principle, inverted
indexes can be designed to store arbitrary supporting information.

In this work, we include statistics necessary for the Okapi BM25 scoring function [83], which

include the following:
* Term frequency: the number of times a term occurs in a given document, abbreviated as #£-

* Document frequency: the number of times a term occurs in the entire corpus, abbreviated

as df.
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* Documentlength: the number of words in a document, abbreviated as doclen.
* Item count: the total number of documents in the corpus.
* Average document length: the average document length in the corpus.

In addition to these statistics, we support phrase and proximity queries by storing position offsets

for each word occurrence.

2.3 Storage formats

Many different organizations can be used for storing the posting lists and the dictionary. These
design choices affect both the storage footprint of the index as well as the runtime performance of
queries. In the following sections, we describe designs for storing an inverted index in an RDBMS
across three settings: a specialized in-RDBMS IR engine, a row-oriented relational engine, and a

column-oriented relational engine.

2.3.1 Specialized IR storage

Although an in-RDBMS IR engine has more knowledge about the queries it is intended to execute
than a relational query engine, it must still live within the constraints of the RDBMS. Since the
RDBMS is also expected to execute non-text queries, the in-RDBMS IR engine cannot assume
that its data is permanently memory resident, and it must format the inverted index into pages that
are compatible with the RDBMS bufter manager. Consequently, the architecture of an in-RDBMS
IR engine is not perfectly identical to a standalone IR engine; however, these engines implement
many of the ideas from the IR community and adapt them to an RDBMS environment by treating
the RDBMS primarily as dumb storage [79].

For our experiments, we evaluate a representative approach similar to that found in Microsoft
SQL Server [48]. In this design, the inverted index is divided into a set of tuples that contain

compressed blocks of hundreds of postings. Each tuple has three components: metadata about its
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Figure 2.1: Physical design for a specialized, IR inverted index inside an RDBMS.

contents, including the range of docids within the tuple and the document frequency of the term; a
set of postings that comprises (potentially a portion of) the posting list for the term; and a set of
offset lists that correspond to the positional information for those postings. Because the posting list
for a single term may be stored in multiple tuples, each tuple also has a zero-based index to indicate
which partition of the posting list it stores.

We store these tuples in a row-oriented storage engine as a traditional table (see Figure 2.1). We
represent the metadata portion of each tuple using explicit columns, and we include the posting lists
and offsets as binary blob columns (bytes that are not interpreted by the relational storage engine).
'This allows us to use a clustered B-tree index to serve as the dictionary, and since tuples are stored
on standard pages in the RDBMS, we can reuse the existing buffer manager for caching.

Accordingly, a standard index seek operator can be used to locate a term’s posting list; however,
the format of the posting and offset blocks is not natively understood by the RDBMS and must be
decoded by special operators.

Posting block. The posting block stores the list of postings which indicate which documents in
the corpus contain a term, sorted by docid. In addition, each posting stores information necessary

to score matching documents for relevance. As a result, in our case, a single posting is actually a
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triple of (docid, tf , doclen).

Because postings consist only of integers, they can be compressed with a variety of variable-length
encodings to store them more efficiently [62, 98, 103]. For simplicity, in this work, we encode the
integers using VByte [98]. As these encodings are biased toward efficient storage of small numbers,
we store only the ¢ gaps between docids; each docid after the first is stored as the difference between
it and the previous docid in the sequence. Note that, while all elements of a posting may be encoded
using variable-length integers, only the docids may be stored as gaps, since the remaining elements
are not sorted.

Offset block. Each posting has a list of offsets that indicate where that term appeared in the
document, necessary for phrase and proximity queries. Accordingly, the offset block stores the set
of offset lists corresponding to the postings in the posting block, with one list per posting.

'These offset lists are sorted, 0-gapped, and compressed using the same variable-length encoding
applied to docids. Offset lists are stored in the same order as the postings in the posting block,
allowing the IR operators to implicitly join each offset list to its corresponding posting by position.
Each offset list is terminated by a sentinel value to delimit it from the next list in the block.

Skip lists. When computing conjunctive, phrase, and proximity queries, the ability to rapidly
seek within a posting list is important for performance [27]. A common way of handling this is to
take advantage of the ordered posting list by executing a binary search; however, since postings are
stored using 0 gaps, they cannot be decoded without computing the sum of all prior postings. As a
result, a standard binary search cannot be used.

To address this, we include a skip list in each block of postings. The skip list divides the posting
list at evenly spaced, fixed-length intervals, and the posting stored immediately after each skip is
stored as an explicit value instead of a gap. The first skip is always written to the head of the posting
block, and it contains the byte offset of the following skip. This continues until the final skip, which
contains the value O to indicate that there are no further skips available.

Because offset lists are stored in the offset block in the same order as postings in the posting

block, when we insert a skip in the posting block, we also insert a skip in the corresponding location



15

in the offset block. This enables fast parallel iteration and seeking of both posting and offset lists.
Consequently, this design has two options for skipping unneeded postings. Entire blocks can

be skipped by utilizing the block-level metadata stored in each tuple; the minimum and maximum

docid values indicate whether a search key can be present in the block. Once the appropriate block

is located, its skip list can be used to search for the desired posting.

2.3.2 Row-oriented storage

The entirety of the inverted index can also be stored in relational tables using a traditional row-
oriented RDBMS. Because the data is organized in rows, compression possibilities are more limited;
postings are generally not stored as d gaps since data is accessed row-by-row. Additionally, schema
design can have a large impact on performance.

Previous work has suggested a normalized index representation, with three tables in total: one
for posting-level information (term, docid, tf), another for term-level information (term, df), and
a third for document-level information (docid, doclen) [46]. This representation is space efficient
and allows for relatively inexpensive index updates, but it has poor read performance for ranked
queries since all tables must be joined to produce ranked results.

Accordingly, we implemented a denormalized design with all five columns in one table: (term,
docid, tf, df , doclen). This design can be thought of as a materialized view of the normalized design
where all statistics needed for relevance ranking are pre-joined. This increases the performance of
reads at the cost of storage space, since many statistics are repeated in the denormalized table. We
call this table the main index table.

To support proximity and phrase queries, we stored word offsets in a separate table as (term,
docid, offset) tuples, which we call the word offset table. Due to the large number of word offsets
found in a typical corpus, we opted not to include them in the denormalized main index table.
Consequently, this organization requires an additional join against the main index table to return

ranked results for queries involving offsets.
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We stored both the main index table and the word offset table in clustered B-trees, with the

former clustered on (term, docid) and the latter clustered on (term, docid, offset).

2.3.3 Column-oriented storage

We also implemented the denormalized schema from Section 2.3.2 in a column-oriented layout as
described by Lamb et al. [58]. As before, we store the main index table sorted on (term, docid)
and the word offsets table sorted on (term, docid, offset).

Column-oriented database engines typically support many different types of compression, includ-
ing run-length encoding (RLE), d gaps (as in the IR index), and variable-length integer encodings.
In the case of a column-oriented inverted index, RLE is a natural fit for compressing termids, docids
(in the word offset table), and repeated document-level statistics like document frequency. 0 gaps
seem like a natural fit for docids (in the main index table); however, although docids are sorted
within a posting list, most column-oriented storage layouts compress entire pages of column values
together without regard to semantic breaks in associated columns.

Accordingly, §-gap compression does not work properly when a break between posting lists is
encountered, since the first docid of the new posting list is likely to be smaller than the last docid of
the preceding list. This results in the  gap becoming a potentially large negative value, which is
not encoded efficiently by most variable-length integer schemes. To address this, we used common
delta compression [58] for docids, where all docids within a page are encoded as differences from
the minimum docid in that page, regardless of posting list.

Rather than using B-trees to accelerate seeks for column values, the column store relies on
a metadata file. 'The metadata file stores information about each page in the column’s data file,
including the position in the file, the minimum value in that page, and the maximum value in that
page. Because the metadata file stores only a small amount of information about each page in the
data file, and each page is a megabyte of data, the metadata file is much smaller than the data file.
Even though the metadata file is essentially a flat structure, it is small enough to cache in memory,

and it can be searched rapidly.
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2.3.4 Updates

These physical designs are optimized for read-mostly workloads, as is common for inverted indexes.
'The assumption behind this is that the inverted index is primarily bulk updated, and in this case,
the index can be maintained in multiple fragments in a manner similar to that found in standalone
IR systems [17]. Each fragment is effectively a new inverted index that covers the most recent set of
bulk-loaded documents; when a query is submitted, it must be executed against all index fragments,
and the results must be merged before being returned. Since this impacts performance, fragments
are periodically merged by a background worker.

We do not consider updates in this work. However, since some of the physical designs—the
row-oriented engine in particular—may be more amenable to in-place updates than others, it would

be interesting future work to evaluate update performance in these settings.

2.4 Query processing

The choice of whether to re-use the relational processing engine for inverted indexes or to integrate
a special-purpose IR engine has a substantial effect on the algorithms used to evaluate queries. In
particular, the specialized IR engine is free to implement operators optimized for a specific purpose
(text lookups) with relatively few supported data types. Additionally, the specialized IR engine can
make use of a small set of fixed query plans, and consequently does not need to integrate with the
query optimizer.

The relational query engines, in contrast, are designed to be more general, supporting a wide
range of data types and operating as part of trees of operators that can be generated from a vast space
of query plans. Accordingly, the interface between relational operators is well-established and more
loosely coupled than in a specialized IR engine. This architecture is expressive and powerful, but as
implemented in traditional relational query engines, it can have a negative effect on IR performance.

In this section, we describe the algorithms used by our representative in-RDBMS IR engine for

various types of queries, and we compare them with the plans generated by a commercial RDBMS
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query optimizer.

2.4.1 Single-keyword and disjunctive queries

All three approaches are quite similar when considering single-keyword and disjunctive queries.
Single-keyword queries map directly to index lookups. In the case of the specialized IR index, this
means decoding a single posting list and returning all values, while in the relational engines, it
means an index seek (either through a B-tree, metadata file, or other auxiliary data structure as
appropriate).

Disjunctive queries are somewhat more complex, but not very. Both the IR engine and the
relational query engine provide a multi-way union operator that computes the union of its children
with a standard heap-merge algorithm [45]. This algorithm is quite straightforward; to union k
posting lists, the union operator maintains a min-heap of k elements, populated with the head of
each posting list. The smallest element in the heap can then be output and replaced with the next
element from its corresponding posting list; after re-heapifying, the process repeats until all posting
lists are exhausted.

Since neither single-keyword nor disjunctive queries perform any filtering on the posting lists
involved, there is little room for optimization. Therefore, we focus the bulk of our attention on

conjunctive and phrase queries.

2.4.2 Conjunctive queries

Conjunctive queries involve the intersection of one or more posting lists corresponding to the terms
in the query. The subject of set intersection has been well-studied by the IR community, which has
proposed and compared a number of approaches [8, 13, 27, 85]. Much of this work can be applied
in an RDBMS setting, although some assumptions may not always hold; for example, because an
RDBMS is not a dedicated IR engine, it is impractical to assume that the entirety of a posting list is
in main memory. As a result, some techniques, such as binary search over the full range of a posting

list, are not efficient.
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'The specialized inverted index uses a modified version of sequential multi-way intersection [13],
shown in Algorithm 1. This algorithm intersects a set of k posting lists sorted in ascending cardinality;
when a candidate value is determined not to be present in a later posting list, the head of that posting
list is used as an eliminator in the first set. This allows later intersections to give feedback to the
first intersection, which can substantially reduce the number of comparisons necessary to compute a

query when combined with efficient seeks.

Algorithm 1 Multi-way algorithm used by the IR engine to intersect & posting lists.
main_docid < 0
while all posting lists have values do
140
while i < k do
if SEek(l;, min_docid) then
docid < GETNEXT(l;)
if i = 0 or docid = min_docid then
14+—1+1
else
140
min_docid <+ docid
else
return results
add docid to results
min_docid < min_docid + 1
return results

The relational query engine, in contrast, uses a tree of binary merge join operators combined with
index seeks (see Figure 2.2), implementing an interleaved form of “small vs. small” intersection [27].
Traditionally, these operators implement a Volcano-style pull-based iterator interface [43] with a
GeTNEeXT function that returns either the next matching tuple (in the case of a traditional row-
oriented engine) or block of tuples (in the case of vectorized execution). This naturally implements
a form of Document-at-a-Time processing [94], since the pipeline of GETNEXT calls will iterate
over all posting lists simultaneously. Unfortunately, using this interface means that operators that
are higher in the tree cannot give feedback to operators lower in the tree; there is no way for a value
from a higher posting list to be used as an eliminator in a lower posting list.

However, we can modify the Volcano-style interface to include a SEEk function that accepts a
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A.docid = C.docid A.docid = B.docid term = A

Index seek Index seek
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tf, df, etc. A.docid = C.docid A.docid = B.docid docid | term = A

Column seek
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Column seek
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Figure 2.2: Plans for evaluating the 3-keyword conjunctive query “a AND b AND ¢” in row- and

column-oriented relational inverted indexes.

search key as input and moves the operator’s cursor to the first tuple greater than or equal to that key.
Seek functionality can be integrated with a tree of binary operators in a straightforward manner. If
an operator is able to process the seek itself (e.g., the operator is a scan), it does so; otherwise, it
simply passes the search key on to all of its children through their SEek functions. This is similar to
a proposal by Graefe [40], where seek values may be bound for the inner input of a nested query
iteration, but we enable seeking on both the outer and inner join inputs.

With this new interface, we can implement a ZigZag merge operator. 'The basic idea behind
ZigZag merge is that when a mismatch of join keys is encountered, instead of simply advancing the
cursor of the child whose value is smaller, the ZigZag merge operator first executes a seek for the
larger value—potentially skipping over many non-matching results. The resulting pseudocode is
shown in Algorithm 2.

To make ZigZag merge effective, the relational query engine requires an efficient way to process
seeks. As described in Section 2.3.1, the IR engine relies on a two-level skip list to accelerate
searches for values. The row-oriented query engine can use the B-tree on (term, docid) to perform
the search; however, accessing the B-tree for every SEEk can be wasteful, since traversing the upper
levels of the B-tree can require numerous comparisons. Furthermore, in the worst case, the result of

the B-tree search would in fact be the next tuple on the page, which was due to be returned by the
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Algorithm 2 ZigZag merge join algorithm for intersections.

r < GETNEXT(R)
s <= GETNExT(S5)
while  # END(R) and s # Exp(S) do
if r.docid = s.docid then
add r.docid to results
else if r.docid < s.docid then
SEEk(R, s.docid)
r <— GETNEXT(R)
else
SEEk(S, r.docid)
s <— GETNEXT(S)

return results

next GETNEXT call regardless.

To reduce this overhead we conduct a gallop search [15] for the key on the current page prior to
invoking the B-tree index. Gallop search is a form of exponential search where the offset between
examined values begins at one and doubles with each iteration (accessing elements 1, 3, 7, ...).
Gallop search may overshoot the target value, in which case we apply a binary search over the
remaining interval. Finally, if the gallop search indicates the search key is not on the current page,
only then do we resort to a search in the B-tree index. As a result, there is at most one wasted index
lookup per page of data.

Although the B-tree index serves as a good solution for the row-oriented relational engine, the
column-oriented engine we described in Section 2.3.3 does not store its data in a B-tree. Instead, it
maintains a small metadata file that contains information about each page, such as the minimum
and maximum value on that page. In principle, this metadata file can be used to skip blocks based
on search key values.

However, recall that page boundaries in the column-oriented engine are not divided along the
boundaries of posting lists. Accordingly, the tail of one posting list and the head of the next posting
list may be in the same page; as a result, the minimum and maximum values in the metadata file
are not very discriminative, since the tail of one posting list is likely much larger than the head of

another. This is compounded by the fact that the column-oriented engine uses large pages and



22

Rank Index nested loop join (main index) Filter Merge join (offsets) Index seek (offsets)
A.docid =I.docid A.offset = B.offset - 1 A.docid = B.docid term = A

. Key lookup (main index) Index seek (offsets)
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Figure 2.3: Plans for evaluating the 2-keyword phrase query “‘ab’” in row- and column-oriented
relational inverted indexes.

heavily compresses its data, packing many values into a single block. Therefore, even if the metadata
information was more fine-grained, it would be unlikely to filter out a given page.

The column-oriented query engine’s ability to skip within a page is also limited. Because the
column-oriented query engine stores integers with variable-length encoding, algorithms like gallop
search and binary search cannot be used; it is not possible for these algorithms to determine exactly
how many elements they have skipped with each iteration. To address this, these algorithms could
be modified to perform “fuzzy” jumps (for example, by skipping based on number of bytes instead of
values). In this case, it would be difficult to incorporate the result with the rest of the column-oriented
query processing, since the exact position of a row in the table is necessary for late materialization of

additional columns.

2.4.3 Phrase queries

Phrase queries are similar to conjunctive queries, but they involve an additional level of processing.
After a set of postings is intersected, their corresponding offsets must be checked to ensure that the
search terms appear in the appropriate positions in the document. Additionally, once results have
been located in the offsets table, the main index table must be joined to access ranking statistics.
'The manner in which these steps are performed has a dramatic effect on performance.

'The in-RDBMS IR engine processes phrase queries using a multi-predicate merge join algo-
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rithm [101]. Multi-predicate merge join takes advantage of the fact that both the posting and offset
lists are sorted by merging on them in order. Effectively, the algorithm first computes a merge join
on the postings to find an intersection, then computes a second merge join on the associated offset
lists.

In contrast, both the row-oriented and column-oriented relational engines use only a single-
predicate merge join operator, producing the plans shown in Figure 2.3. This operator computes a
merge join on the postings to find an intersection, but it evaluates the condition on word offset as a
residual. Consequently, it produces the cross product of all occurrences from two matching postings
and applies a predicate to each of them, completely ignoring the sort order of the word offsets. This
can substantially increase the number of comparisons required to evaluate phrases where one or
more of the search terms occurs frequently in the same document.

The IR engine and the column-oriented relational engine both have an advantage over the
row-oriented relational engine when it comes to materializing data. Our schema for the row-oriented
relational engine stores offsets as (term, docid, offset) triples; since the data is organized in rows,
all offsets are read from disk and processed by the join operator. Because the IR engine stores word
offsets in a separate compressed block on the same page, it does not need to decode word offsets for
postings that do not match. The column-oriented relational engine takes this one step further—as
it stores each column in its own file, it can avoid reading unused offset data from disk.

However, we can partially address both of these issues by combining the multi-predicate merge
join algorithm with the skipping merge join we introduced in Section 2.4.2 to create a ZigZag
multi-predicate merge join operator (see Algorithm 3). As before, when the merge operator encounters
a mismatch between docids, we utilize the SEEK function to search for the larger key in the other
posting list, and we also apply the same logic when merging offset lists in the same operator. This
produces query plans identical to those shown in Figure 2.2 with the merge join implemented by a
ZigZag multi-predicate merge operator.

This ameliorates the largest problem with the row-oriented relational inverted index, namely the

repetition of (term, docid) pairs. When two docids fail to intersect, the resulting seek skips a large
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Algorithm 3 Multi-predicate ZigZag merge join algorithm for a 2-keyword phrase query.

r < GETNEXT(R)
s <= GETNExT(S5)
while  ## END(R) and s # Exp(S5) do
if r.docid = s.docid then
if r.offset = s.offset — 1 then
add r.docid, r.offset to results
else if r.offset < s.offset — 1 then
SEEk (R, s.docid, s.offset)
r < GETNExXT(R)
else
SEE(S, r.docid, 1. offset)
s <= GETNExT(S5)

else if r.docid < s.docid then
SEEk(R, s.docid)
r < GETNEXT(R)
else
SEEk(S, r.docid)
s <= GETNEXT(S)

return results

number of offset tuples, eliminating many unproductive GETNEXT calls and comparisons, and a

turther reduction is achieved by seeking when comparing offsets.

2.5 Experimental results

We performed a variety of experiments with a focus on conjunctive and phrase queries. Our
preliminary results showed that all three approaches produced similar performance for single-keyword
and conjunctive queries, and so we excluded them from the bulk of our investigation.

Since no existing system supports all of the algorithms and storage formats we are examining,
any experiment using existing projects would necessarily involve cross-system comparisons where
many variables changed simultaneously. Therefore, in the interest of maintaining a controlled
environment, we developed the various inverted index designs in a standalone application written in
C++. This application was meant to be as “DB-like” as possible, with files of slotted pages, a simple

buffer manager that implements the Clock replacement algorithm, and a Volcano-style iterator
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interface with query plans composed of generic operators that support tuple-at-a-time iteration for
the row-oriented engine and block-at-a-time iteration for the IR and column-oriented engines.

While our implementation attempts to be fair to all approaches, it is of course true that it, like
all programs, could be optimized further. These optimizations may improve the performance of any
of the approaches we consider, and they may even change their relative position in the results when
the performance of the approaches does not differ dramatically. However, our intent with this work
is not to argue that specific implementations are good or bad; it is instead to identify broad trends
and to determine which features of the storage engine and algorithm are important. These insights
remain true regardless of what additional optimizations are applied.

Furthermore, although we believe that cross-platform experiments are less useful than our
common-platform experiments, for a sanity check, we did run tests on a commercial row-oriented
RDBMS, a special-purpose IR engine in a commercial RDBMS, and two commercial column-
oriented RDBMSs. These tests confirmed the general trends identified in our common-platform

experiments.

2.5.1 Experimental setup

We executed our experiments on a single server running Microsoft Windows Server 2012. The
server was equipped with 2 quad-core, 2.16 GHz Intel Xeon processors and 32 GB of RAM. Data
was stored on 12 10,000 RPM 146 GB SAS hard disks, with one disk storing the OS and the
remaining disks, combined into an array with RAID O, storing the inverted indexes. We used
8 kB pages for the IR and row-oriented inverted indexes, and 1 MB pages for the column-oriented
inverted index. We sized our buffer pool to use 28 GB of memory, leaving 4 GB for the OS.

For the main index table in the column-oriented layout, we used run-length encoding (RLE)
for terms; common delta encoding for docids, term frequencies, and document lengths; and RLE
for document frequencies. As for the word offsets table, we used RLE for terms and docids and
common delta encoding for offsets themselves. These choices are identical to what was produced by

a commercial column-oriented RDBMS’s physical design advisor when we provided it with our
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inverted index schema and data.

In general, our results show the performance of queries executed in isolation with a warm cache.
Each query was run once to warm the cache, and the results of that run were discarded. The query
was then run five more times with the same parameters, and the mean execution time of these runs
is reported as the execution time of the query.

Where explicitly noted, some experiments test cold-cache performance. To ensure that the
cache was truly cold between each run, we flushed the cache on the disk controller, invalidated the
Windows filesystem cache, and flushed the buffer pool before each execution.

Other than the unranked experiments mentioned in Section 2.5.7, all of our benchmark queries
request documents ranked by relevance using the Okapi BM25 scoring function [83] with k; = 1.2
and b = 0.75. We omitted the time spent sorting the result by score, since all implementations have
the same sorting cost. Because we are focused on raw performance, our benchmark queries return

all results.

2.5.2 Corpus and keywords

We used a corpus of 21 million English-language USENET posts from Westbury Lab [86] that
comprised 123 GB of text. Each document was assigned a unique, sequential integer docid, and we
constructed the base inverted index data using the specialized IR engine in Microsoft SQL Server.
Common words were removed using the IR engine’s built-in English stop list, and we exported the
contents of the inverted index into our experimental testbed application.

We divided the keywords in the corpus into three buckets based on their frequency using the
method described in TEXTURE [33]. Before classifying the keywords, we sorted them by their
total number of occurrences in descending order. Then, we called the words that comprised the first
90% of all occurrences Aigh frequency, the words which comprised the next 5% (90%-95%) of all

occurrences medium frequency, and the remainder /ow frequency.
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2.5.3 Indexsizes

'The different storage layouts produced inverted indexes of varying sizes. As one might expect, the
uncompressed row-oriented storage format used the most space; although we were able to store the
clustered B-tree index with no free space in its pages since we are optimizing for read performance,
the row-oriented index occupied 362 GB (137 GB for postings and 225 GB for offsets). 'The main
reason for this large size is because the row-oriented index repeats the (term, docid) pairs for each
individual occurrence of a word, dramatically increasing the size of the offset table.

'The column-oriented storage format, in contrast, is able to remove much of this redundancy
through RLE, and it also encodes integers more compactly. However, even with RLE, the (term,
docid) pairs in the offset table still required 81 GB. Accordingly, the column-oriented inverted
index required 162 GB (44 GB for postings and 118 GB for offsets), using less than half the space
of the row-oriented index.

Finally, the IR engine’s inverted index was the smallest of the three, using 71 GB to store both
offsets and postings. The IR engine benefits from storing offsets in the same block as postings, which
means that it does not need to store any additional (term, docid) pairs (not even pairs compressed
with RLE). Its compression is otherwise quite similar to the column-oriented engine, with the
exception that because the IR engine is aware of the semantic breaks between posting lists, it can

utilize 6 gaps more effectively than the column-oriented engine.

2.5.4 Conjunctive queries

We tested conjunctive query performance with queries that included two to five medium-frequency
keywords. For each keyword cardinality, we selected 100 sets of keywords at random and verified
that all keywords in a set co-occurred; any sets that had no results were reselected. Results reported
are the mean execution time of all 100 queries. The average posting list for our selected keywords
had 930,686 postings, and the average query returned 31,620 documents.

Our results are shown in Figure 2.4. When compared to approaches using traditional merge
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Figure 2.4: Conjunctive query performance with two to five keywords.

join, the IR engine has a tremendous performance advantage, offering performance that is up to
eight times faster than both the row- and column-oriented relational engines. The column-oriented
engine, although slower than the IR engine, outperforms the row-oriented engine with traditional
merge join due to vectorized execution combined with late materialization.

Vectorized execution improves data locality and reduces function call overhead, while late
materialization means that columns with ranking statistics need to be loaded only for documents
that match the query. As the number of keywords in the query increases, the query becomes more
selective, and the performance benefit from late materialization grows accordingly.

However, when using ZigZag merge, the row-oriented engine provides performance that is at
worst 20% slower than the IR engine and comes within 5% of its performance at five keywords.
'The main reason for the performance improvement is the change in the number of comparisons
required to answer the query, shown in Table 2.1. The warm-cache response time of conjunctive
queries and the number of comparisons required to answer the queries were positively correlated,

Pearson’s 7(1200) = 0.94, p < 0.001. As a result, since the row-oriented engine is able to reduce
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Comparisons (k)
Type Traditional ZigZag Savings
Row 6443.30 3279.85 49%
2 keywords  Col 7878.03 7434.83 6%
IR 4199.51 3384.76 19%
Row 7463.84 2413.20 70%
3 keywords  Col 7968.60 6574.00 18%
IR 4962.57 2325.26 53%
Row 10,600.90 1828.28 83%
4 keywords Col  11,290.00 8216.25 26%
IR 7064.65 1870.74 74%
Row 13,275.50 1435.54 89%
5 keywords Col  13,760.80 8269.73 40%
IR 8859.64 1532.83 83%

Table 2.1: Number of comparisons needed to answer conjunctive queries.

the number of comparisons needed to answer 5-keyword conjunctive queries by almost 90%, it
enjoys a corresponding reduction in execution time.

'The column-oriented engine, however, is not able to benefit as much from ZigZag; although it
can make use of tuples being filtered out at lower levels of the tree by information from higher levels,
it cannot skip tuples as effectively as the row-oriented engine. While the column-oriented engine
can use its metadata file to skip pages if possible, the large size of its pages means that blocks are
unlikely to be skipped—in practice, every page contains at least one value of interest. Furthermore,
its ability to seek within a page is limited, since its variable-width encoding means that it cannot
use algorithms like binary or gallop search, and it does not have any auxiliary index on the contents
of a block like the skip list structure used by the IR engine. Finally, vectorized execution is not as

effective since many of the tuples in a block do not match the query and should instead be skipped.

2.5.5 Phrase queries

For generating our benchmark phrase queries, we used a modified version of the approach used in

TEXTURE [33]. We selected 100 random high-frequency keywords, then enumerated all two-word
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Figure 2.5: Phrase query performance with two to four keywords using multi-predicate merge join
operators.

phrases that occurred in the corpus starting with one of the selected keywords. Finally, we selected
100 phrases at random from this set.

We then used these phrases as seeds for 3- and 4-keyword phrases. To generate n-word phrases,
we enumerated all phrases with n words that started with the (n — 1)-keyword phrases we had
already generated. As before, we selected 100 phrases at random from this set. The average keyword
had 3,809,125 postings, and the average query returned 6.9 documents.

Odur results are shown in Figure 2.5, with the number of comparisons shown in Table 2.2. For the
relational engines, these queries involve accessing the word offsets table to find matching documents,
then joining the result set against the main index table to rank the final output. Because phrase
queries involve a conjunction, much of the discussion from Section 2.5.4 still applies; however, there
are several additions.

When computing a conjunctive query using the traditional merge join, the row- and column-

oriented engines offered roughly the same performance. In contrast, when computing a 4-keyword
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Comparisons (k)
Type MP Merge MP ZigZag Savings
Row 9382.84 1184.42 87%
2 keywords  Col 2750.20 1913.67 30%
IR 2391.19 1160.87 51%
Row 231,127.30 2664.24 99%
3 keywords  Col 20,807.70 6480.21 69%
IR 20,323.61 2676.56 87%
Row 499,260.70 2576.19 99%
4 keywords Col 34,582.35 9160.00 74%
IR 33,991.12 2578.48 92%

Table 2.2: Number of comparisons needed to answer phrase queries.

phrase query, the column-oriented engine can offer almost an order of magnitude better performance,
even without using a ZigZag operator. This is because the column-oriented engine is able to evaluate
the conjunctive portion of the query directly on compressed data.

Recall that the word offsets table consists of (term, docid, offset) tuples. Our setup for the
column-oriented engine uses RLE for the docid column, so when a pair of docids does not result in
a match, the column-oriented engine simply avoids materializing the corresponding offsets. The
row-oriented engine, on the other hand, stores offset tuples explicitly, and as a consequence, when a
mismatch is encountered, the row-oriented engine will still iterate through all offsets for that docid,
resulting in unnecessary comparisons.

When using ZigZag merge join, the row-oriented relational engine uses the B-tree index to
skip past these offset tuples, improving its performance by two orders of magnitude for 4-keyword
phrases. The column-oriented engine also benefits from ZigZag merge, but as with conjunctive
queries, its limited seeking abilities do not allow it to match either the row-oriented or IR engines.
Finally, we also compared the performance of multi-predicate merge join with single-predicate
merge join that evaluates the offset condition as a residual.

Interestingly, we found that multi-predicate merge join improved performance only by a small

amount. The reason for this is that, although the keywords we used in the phrases appear in many
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Figure 2.6: Cold-cache query performance with 3-keyword ranked conjunctive queries.

documents in the corpus, they do not occur too frequently within the same document; this is
exacerbated by the fact that common words are removed as stop words. Accordingly, although the
single-predicate merge join operator forms the cross product of all offset tuples in the matching
documents, this product is relatively small. Since the total number of comparisons required to
evaluate these queries is in the millions, the extra comparisons to filter the cross product impact

performance by only 5-10%.

2.5.6 Cold-cache performance

We show the cold-cache performance of ranked conjunctive queries in Figures 2.6. We include only
the results for 3-keyword queries here; other queries are similar.

The IR engine and column-oriented relational engines are heavily compressed. This gives them
an advantage in execution with a cold cache, since they need to read less data from disk. However,
this also means that every page of a posting list has at least one value of interest, and so every page

must be read.
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Figure 2.7: Cold-cache query performance with 3-keyword ranked phrase queries.

In contrast, the row-oriented ZigZag merge join is able to avoid reading some pages off of disk
entirely by using the B-tree to skip unneeded pages. We expected this to provide an improvement
to ZigZag merge’s cold run time when compared to traditional merge join in a row-oriented
engine. Unfortunately, in practice, the average B-tree lookup performed by ZigZag merge join for a
conjunctive query skips only a small number of pages.

For 2-keyword queries, only 1 page was skipped on average, and this increased to 4 pages for
5-keyword queries. As each page is 8 kB, this results in a 32 kB jump at best. Since our data is
laid out sequentially on disk, the cost of seeking past that data is similar to the cost of retrieving it,
and furthermore, the jump is small enough that read-ahead mechanisms in both the OS and the
RDBMS are likely to fetch the data regardless.

The story changes, however, when evaluating phrase queries. Here, ZigZag merge is able to have
a substantial impact on the cold-cache performance of the row-oriented engine (see Figure 2.7).
Since the word offsets table contains a tuple for each occurrence of a word, when two postings fail

to intersect, the resulting index seek skips over a great deal of tuples. As a result, the number of
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Figure 2.8: Cold-cache query performance with 3-keyword unranked conjunctive queries.

pages skipped by each index lookup is much larger for phrase queries than for conjunctive queries:
11.6 pages for 3-keyword phrases and 26.9 pages for 4-keyword phrases.

Similarly, the column-oriented engine is able to effectively skip offsets through late material-
ization, giving it excellent cold-cache performance. While the IR engine does not need to decode
offsets for postings that fail to intersect, it stores both postings and offsets on the same page, and

therefore must still read them from disk, increasing its I/O burden.

2.5.7 Unranked performance

We also evaluated conjunctive queries without ranking results. If the cache is warm, the relative
performance of unranked queries is similar to that of ranked queries, since the dominant factor—
number of comparisons—is unchanged. With a cold cache, however, the results are more dramatic
(see Figure 2.8).

As I/0 becomes a factor, data volume becomes more important. The row-oriented engine is

uncompressed, and therefore has the largest amount of I/O; the IR engine is compressed, but it
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stores ranking statistics in its postings, meaning it must read them from disk even if the query is
unranked. In contrast, the column-oriented engine is able to avoid reading columns containing
ranking statistics entirely. This allows it to perform less I/O than the IR engine, but since it requires

more CPU time for comparisons, its overall performance is roughly identical to the IR engine.

2.6 Conclusion

In this chapter, we examined in-RDBMS inverted indexes in three representative settings: a
specialized in-RDBMS IR engine, a row-oriented relational engine, and a column-oriented relational
engine. We found that, in their default states, the specialized IR engine was able to outperform
both the row- and column-oriented engines by more than an order of magnitude when processing
conjunctive and phrase queries. Our results demonstrated that, when the cache is warm, the
bottleneck in answering these queries is the number of comparisons.

The IR engine, due to its skip list and skipping merge operator, is able to compute an intersection
with fewer comparisons than both the row- and column-oriented engines using traditional merge
join. This advantage can be brought to relational database systems by using an existing algorithm,
ZigZag merge join, that has not previously been applied to RDBMS text search in the research
literature. We show that, by using the RDBMS’s indexes more eftectively, ZigZag merge join allows
the row-oriented relational engine to offer performance that matches the specialized IR engine with
no change in the underlying storage format. However, the performance of the column-oriented
relational engine in this case—while improved by ZigZag merge join—is limited by its poor seek
performance, the result of minimal secondary indexes and encoding formats that prevent fast forward
searches.

When the cache is cold, data volume is the dominant factor. The IR engine and the column-
oriented engine are heavily compressed compared to the row-oriented engine, and this gives them a
noticeable performance advantage for cold queries. For ranked queries, the IR engine provides the

best cold-cache performance, since it is compressed and stores all columns necessary for ranking
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together, while the column-oriented engine must perform extra work to materialize the ranking
columns. In contrast, for unranked queries, the IR and column-oriented engines offer similar
performance; the column-oriented engine does less I/O, but requires more CPU. While ZigZag
merge join is effective at reducing the CPU cost of both conjunctive and phrase queries, it is able to
improve I/0O performance only for phrase queries, since only phrase queries result in index seeks
that skip enough pages.

Although our results are most applicable to processing text workloads in an RDBMS, we feel
they may also have broader implications. Since the operations the specialized IR engine performs
can be expressed as SQL queries, the IR engine is obviously capable of providing extremely high
performance for a certain class of queries. In current systems, this functionality is locked away—used
only for text search. In the next chapter, we evaluate the effect that this functionality could have if

extended to more general relational queries.
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3 Extending skipping join algorithms to

relational data

3.1 Introduction

In Chapter 2, we showed that the idea of skipping join algorithms, and ZigZag merge join in
particular, can have a large impact on the performance of full-text search queries in an RDBMS.
While full-text search queries are useful, they are a small subset of all the queries that one might pose
to an RDBMS. Furthermore, they have a specific structure—a series of self-joins with predicates on
each relation. As a result, it raises a natural question: are ZigZag merge join and other skipping
join algorithms effective when applied to general relational queries?

Now, certainly, the idea of skipping join algorithms in general relational settings is not new.
Even simple algorithms like traditional merge join and index nested loops join perform a degree
of skipping in one relation, and ZigZag merge join itself has been implemented in at least one
commercial RDBMS [7]. However, apart from the baseline merge and index nested loops joins,
there has been no thorough examination of the impact a more sophisticated skipping join algorithm
can have on performance.

Accordingly, in this chapter, we extend our implementation of ZigZag merge join to handle
general relational queries, and we compare its performance with traditional join algorithms on two
standard RDBMS benchmarks, Star Schema Benchmark (SSB) [76] and TPC-H [93]. We show
that ZigZag merge join can meet or exceed the performance of traditional join algorithms on many

SSB and TPC-H queries, sometimes improving performance by an order of magnitude or more. By
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themselves, these performance results provide empirical evidence that skipping join algorithms can
be effective, but they do not provide a rigorous foundation for why this is the case.

To address this, we incorporate new ideas from recent work in the database theory community.
Inspired by the concepts of certificates [11] and proofs [30] in set intersection, database theoreticians
have proposed join certificates as a measure of an algorithm’s complexity [73]. Join certificates are a
set of comparisons between tuples that certify the output of a join is correct; i.e., each comparison in
the certificate rules out a portion of the join key value space.

Every comparison-based join algorithm, like merge join, implicitly creates a certificate as it
executes, and there can be many different certificates for a single join. However, the optimal
certificate is the smallest possible certificate, i.e., the certificate with the fewest comparisons. Optimal
certificates are at most linear in the input size, and in some cases, they can be constant—consequently,
a join algorithm that operates in time proportional to the size of the optimal certificate can potentially
be very fast even for large inputs.

We analyze ZigZag merge join using this framework and show that, for a join between two
sorted lists of join key values (i.e., two relations), ZigZag merge join executes one index seek per
comparison in the optimal join certificate. This result explains ZigZag merge join’s performance
advantage over traditional merge join; however, we also show that for joins involving more than two
relations or multiple sorted lists of join key values, ZigZag merge join is not optimal. This is due to
the fact that multiple ZigZag merge joins are implemented as a tree of binary ZigZag merge join
operators.

Information from joins later in the tree may eliminate a large portion of the join key space, but
those joins will only be accessed after a match is found in an earlier join. In extreme cases, later
joins may eliminate the entire join key space, which means that any work done to find a match in
earlier joins is completely wasted. In contrast, a newly proposed join algorithm, Minesweeper [73],
is optimal for these cases.

Minesweeper extends ZigZag merge join by adding multi-way operation and the ability to

remember regions of the join space that have been ruled out, potentially saving work if a relation
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is accessed repeatedly in the course of executing a query. In theory, these two features enable
Minesweeper to handle some queries more efficiently than ZigZag merge join, but there are no
published empirical results that investigate whether Minesweeper is effective in practice. Accordingly,
we implemented a version of Minesweeper and evaluated its performance relative to ZigZag merge
join.

Our results on SSB and TPC-H show that while Minesweeper can outperform traditional
join algorithms in some cases, it never outperforms ZigZag merge join in the generic database
benchmarks we tested. On the other hand, we demonstrate that on specially designed queries and
data, Minesweeper can be arbitrarily faster than ZigZag merge join. This suggests that, although
there may be queries where Minesweeper provides better performance than ZigZag merge join,
these cases are not tested by standard benchmarks, and they may not be common in practice.

'This chapter provides the following main contributions:

* A description of changes needed to extend ZigZag merge join to relational queries without

requiring sorting of intermediate results.
* An analysis of ZigZag merge join’s complexity in terms of optimal join certificates.

* An discussion of how to implement Minesweeper, a theoretical skipping join algorithm, in

practice.

* A comparison of ZigZag merge join and Minesweeper that includes a discussion of the cases

where Minesweeper is expected to outperform ZigZag merge join.

* An analysis of the performance of ZigZag merge join, Minesweeper, and traditional join

algorithms on generic relational queries and special cases.

'The rest of the chapter is organized as follows. We describe our problem setting and the notion
of certificates in Section 3.2. We discuss the details of extending ZigZag merge join to relational
queries and analyze its complexity in Section 3.3, and we give a brief overview of Minesweeper and

our implementation of it in Section 3.4. We compare ZigZag merge join and Minesweeper’s design
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in Section 3.5, and we show their performance in a variety of situations in Section 3.6. Finally, we

conclude in Section 3.7.

3.2 Background

In this work, we consider queries consisting of a series of natural joins. Each query has a set of
Jjoin attributes A = { Ay, ..., A, }, and a set of relations R = { Ry, ..., R, }, each of which contains
some subset of join attributes. We use the notation R(Ay, ..., Ay) to describe a relation R with
attributes { Ay, ..., Ax}, and for brevity, we omit any attributes that do not participate in the join.
We call a list of ordered values a sorted run, or simply a run.

When describing queries, we use standard relational algebra notation. R x S denotes a natural
join between relations R and S, w4, (R) denotes the projection of attribute A; from relation R, and
04,-a(R) denotes the selection of all tuples from R where A; has the value a.

Order and indexes. We assume that all relations are sorted and stored in a global attribute
order [73], and more specifically, the global attribute order is Ay, ..., A, (i.e., a relation R(A;, Ay)
is sorted on (A1, Ay)). Furthermore, we assume that each relation has an appropriate index on its
data consistent with the global attribute order, such as a B-tree, that enables efficient seeks. These
are the same assumptions made by Ngo et al., but note that they do place large restrictions on when
these algorithms can be used.

Obviously, if data is unsorted with no indexes, it is very difficult to skip data efficiently, and
skipping join algorithms are likely to be ineftective. On the other end of the spectrum, the join
result may be precomputed and stored, which clearly enables “optimal” skipping in that only output
tuples will be accessed. The interesting ground for a discussion about skipping is in between these
two extremes, and we focus on a read-optimized case where appropriate indexes exist.

Certificates. Traditional worst-case guarantees do not accurately capture the efficiency of
skipping join algorithms. The ability of a join algorithm to skip is dependent on the input data,

but in the worst case, no skipping may be possible. As a result, in a traditional worst-case runtime
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analysis, skipping join algorithms are just as bad as those that never skip, but clearly this fails to
consider cases where the algorithm may return the result without reading all of the data.

To address this, Ngo et al. introduce the notion of a certificate for joins [73]. Join certificates
consist of a set of comparisons between tuples that certify the output of a join is correct. The size
of a certificate is the number of comparisons it contains, and the optimal certificate for a given join
is the smallest certificate. We denote the optimal certificate for a given join Ry X --- X Ry as
C(Ry ™ -+ X Ry), and we use |C] to indicate the size of the optimal certificate.

Join certificates are described using the relative order of tuples in relations, and to simplify our
later discussion, we borrow Ngo et al.’s notation, which we describe informally here for completeness.
Given a relation R(Ay, ..., Ay), an index tuple x for R is a tuple of positive integers © = (z1, ..., ;)
such that j < k. If x consists of a single attribute, say x = (z1), then R[z] refers to the x;’th
smallest A; value in R. If x consists of multiple attributes, say © = (21, 22), then R[z] refers to the
x5’th smallest Ay value in 04, —p[z,)(R), and so on for larger x tuples.

Ngo et al. also define three special cases. Given an index tuple z = (z1,...,2;-1), R[z,0]
+00. For example, suppose we have the relation R(A;, Ay) = (1,1),(1,3),(2,7), (2,10). In this
case, R[1] = 1, R[*] = {1,2}, R[1,*] = {1,3}, R[1,3] = +00, R[2] = 2,and R[2,1] = 7.

To make this concrete, we apply this notation to an actual join. Consider a join between two
sorted relations, R(A) » S(A), and suppose that R contains values [1, ..., N]and S contains values
[N +1,...,2N]. The output of the join is empty, and a certificate for this output would be a single
comparison: R[N] < S[1] or, in other words, the last value in R is smaller than the first value in S.
Note that this certificate is independent of the size of the input—IN could be arbitrarily large, but
the certificate would still be a constant size.

In the worst case, join certificates can be linear in the input size. Consider the same join as above,
but now suppose that R contains values [1,3,...,2N + 1] (all odd values) and S contains values
2,4,...,2N] (all even values), resulting in this minimum-size certificate: R[1] < S[1], S[1] <

R[2],R[2] < S[2],..., R[N — 1] < S[N], S[N] < R|N]. Again the output of the join is empty,
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but the certificate for this join has 2V — 1 elements, since the perfect interleaving of values means
that no comparison eliminates more than a single value.

As a result, join certificates capture a finer notion of complexity than traditional worst-case
analysis. We now examine how ZigZag merge join can be applied to relational data and how its

processing relates to the optimal certificate for a given join.

3.3 ZigZag merge join

In this section, we consider a binary ZigZag merge join operator. This operator executes over two
relations, an outer relation and an inner relation. Because ZigZag merge join seeks in both of its
children, the distinction between the outer and inner relations is not as pronounced as in other join
algorithms, and we introduce it mostly for clarity of discussion.

In order to apply ZigZag merge join to general queries over relational data, we must make some
modifications to the algorithm presented in Algorithm 2. First, when computing an intersection,
all join key values are unique in each relation; however, this is not true for all queries, and ZigZag
merge join must accommodate this fact. Second, intersections have common join attributes across
all tables (e.g., for conjunctive full-text search queries, the only join attribute is docid), while many
queries (e.g. queries over many-to-many relationships) have some join attributes that appear only in
a subset of relations. We discuss each of these issues in turn.

Non-unique join key values. Multiple tuples within a relation may have the same join key
value, forming a subset. When a subset of tuples in the outer relation joins with a subset of tuples in
the inner relation, ZigZag merge join must output the Cartesian product of the two subsets. One
approach to handling this is to buffer the subsets in memory, then emit the Cartesian product, but
this can require large amounts of memory in the case of large subsets.

Instead, we opted to implement ZigZag merge join such that it rewinds iterators as needed.
Consequently, when a match is found, ZigZag merge join marks the beginning of the subset in the

inner relation. For each tuple in the outer relation’s subset, ZigZag merge join outputs all tuples in
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the inner relation’s subset, rewinding to the beginning of the inner subset at the beginning of each
iteration. This continues until all tuples in the outer relation’s subset have been processed.

Distinct join attributes. When processing a conjunctive full-text query, all relations in the join
have a single join attribute: docid. As a result, any value learned from any relation participating
in the join can be used to seek in any other relation. However, in practice, many queries have join
attributes that do not appear in all relations.

For example, consider a three-relation join: R(A;) x S(A;, As) X T(Az). We implement
this using ZigZag merge join as a tree of pipelined binary joins, effectively computing (R(A;) X
S(A1, Az)) x T(Ay). In this case, T is only accessed after finding a match in R x S, and join key
values read from 7" can be used only for seeks on .S, not on R.

Additionally, only the initial join between R and S is a join between two sorted runs; it produces
a series of sorted runs of A, values, one per matching A; value. Since the join with 7" is on Ay, we
are left with two options: sort the intermediate result of R X S on B or modify ZigZag merge join
to accommodate multiple sorted runs.

Sorting the intermediate result of R ™ S is undesirable for multiple reasons. First, it introduces
a blocking operator into what was formerly a streaming pipeline, increasing the time necessary to
produce the first result to the query. Second, it limits ZigZag merge join’s ability to seek within
the intermediate result unless a temporary index is constructed while performing the sort—further
increasing the work needed to evaluate the join. Finally, given that the entire intermediate result
must be materialized before ZigZag merge join can execute, any benefit that may be derived from
skipping over non-matching tuples in the result is offset by the fact that all tuples were read at least
once during the sorting phase. Consequently, we chose to modify ZigZag merge join so that it
could execute over multiple sorted runs in-place.

In order to process a series of sorted runs, we make use of a simple observation. In the case of
R(A;) X S(Ay, Ay) x T(As), for a given value of Ay, the join between S and T has exactly one
sorted run of A, values from S. Accordingly, ZigZag merge join can be run on these values without

modification. When a new A; value is encountered, this marks the beginning of a new sorted run,
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Method Purpose

HasLerrRun(operator) Returns true if operator has set a flag indicating
it has left its run of join values or false other-
wise.

SetLerTRUN(0perator) Sets the flag on operator that indicates it has

left its run of join values; after this is called, sub-
sequent calls of HasLerTRuN(operator) will
return true.

CrearLErTRUN(OpErator) Clears the flag on operator that indicates it has
left its run of join values; after this is called, sub-
sequent calls of HasLerTRun(operator) will
return false.

Table 3.1: Utility methods used by ZigZag merge join.

and the iterator on 7" must be rewound to the beginning of the table before ZigZag merge join can
continue.

To support this, the ZigZag merge join over 7' must be aware of when a new run has been
encountered. In our case, we add three methods to the ZigZag merge join operator, HasLErTRuUN,
SETLEFTRUN, and CLEARLEFTRUN (see Table 3.1). When a ZigZag merge join operator leaves a
run, it calls SETLEFTRUN. This communicates to the parent ZigZag merge join operator (if any),
that a rewind is necessary. When the parent operator sees that flag, it performs the rewind and calls
CLEARLEFTRUN to ensure the rewind is not repeated unnecessarily.

If there are multiple many-to-many joins in a single query (e.g., R(A4;) X S(A;, 42) X
T(Ay, As) » U(As3)), then multiple rewinds may be necessary. This is required because a change in
Aj value will result in a rewind on U, and a change in A; value will result in a rewind on both T
and U. Accordingly, we keep one rewind flag per ZigZag merge join operator.

We show the full algorithm for ZigZag merge join over arbitrary relational queries in Algorithm 4,
with supporting functions described in Appendix A.

ZigZag merge join and certificates. For a two-relation join, R(A;) x S(A;), ZigZag merge
join executes O(|C|+Z) comparisons, where C' is an optimal certificate and Z is the size of the

output. The reasoning for this is straightforward.
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Algorithm 4 ZigZag merge join algorithm for R x S.

in_group < false
left_seeked «+ false
right_seeked < false
done < false
results <+ &
repeat
output < false
if in_group then
ProcessGroup
else

r <— GETNEXT(R)
s <— GETNExT(S)

if not output then
RewINDIFNEEDED
while not output and r # END(R) and s # Exbp(S) do
if = s then
add r X s to results
output < true
else if < s then
Seek(R, s)
GeTNEexT(R)
else
SEEex(S, r)
GEeTNEXT(S)
if not output then
RewINDIFNEEDED
if not output then
done < true
until done
return results

Every tuple in R and S must be accounted for either by a comparison in C' that rules it out or by
the fact that it is in the output. ZigZag merge join begins by inspecting the first tuple in R and
comparing it with the first tuple in S. If they are equal, they are output tuples and they are charged
to Z. If they are not equal, ZigZag merge join performs an index seek for the larger of the two
values. This seek corresponds to a comparison in C, i.e., if R[1] > S[1], the index seek must return
some other value, say S[z]. The semantics of an index seek are such that it returns tuple in S with

the smallest join key value that is greater than R[1], and thus, the index seek eliminates as many
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S values as possible. Therefore, R[1] > S[z — 1] must be in the optimal certificate, and a similar
argument applies for subsequent index seeks.

For joins involving multiple relations, ZigZag merge join can do arbitrarily more work than the
optimal certificate. For example, consider a three-relation join, R(A;) x S(A1) x T'(A;). Suppose

the relations as populated as follows:
* R:[1,3,5,...,2N + 1] (i.e., odd numbers)
* S:[2,4,6,...,2N] (i.e., even numbers)
* T: 2N +2,2N +3,...,3N]

'The optimal certificate for this instance is 7'[1] > S[N], but ZigZag merge join will compute the
entire certificate of R & .S without ever attempting to join 7.

Astute readers will note that ZigZag merge join could address this issue by performing S » T’
first, instead of R x S. This is correct, but it is not immediately clear how to determine the
optimal join ordering a priori. Traditional metrics for determining join order, such as cardinality,
are ineffective since 7' can be arbitrarily large without affecting the result of the query. We revisit

this issue in Chapter 4.

3.4 Minesweeper

Ngo et al. introduce Minesweeper, a state-of-the-art skipping join algorithm [73]. Minesweeper is
a multi-way algorithm that processes all relations in a query simultaneously, even for queries with
multiple join attributes, and it provides strong worst-case guarantees in terms of the size of the
optimal certificate for an instance. The key idea behind Minesweeper is similar to the principle in
how ZigZag merge operates.

Namely, adjacent tuples in a sorted relation form gaps where no possible output tuples exist.
For example, given a relation R(A;) = {1,2,3, 7}, the 3 and 7 tuples indicate that there cannot be

any output tuples with A; € (3,7). When joining R with another relation S, ZigZag merge join
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Figure 3.1: A “probe” on the center square in Microsoft Minesweeper.

exploits this information to perform an index seek in .S when 7 is encountered, potentially skipping
many tuples.

In contrast, Minesweeper approaches the problem from a different direction. Minesweeper
repeatedly probes all relations in a query simultaneously, performing index seeks for arbitrarily
chosen join attribute values. Each seek tells Minesweeper one of two things. First, the join attribute
value may be present in the relation; if all seek values are present in all relations, then the tuple is a
match and is output. Alternately, the value may be absent, in which case the index seek returns the
join key values from the tuples immediately preceding and following the seek value, indicating a gap.

Minesweeper then remembers every gap it has encountered for each join key attribute, allowing
it to rule out regions of the join key space. Therefore, with each iteration, Minesweeper rules out
more and more of the output space until it can determine that it has explored all possibilities, at
which point the algorithm terminates. Accordingly, Minesweeper can be viewed as a variant of index
nested loops join that never executes an index seek that it has already ruled out. This is analagous to
the gameplay of Microsoft Minesweeper [70], where players probe squares on a grid to find gaps

where no mines exist (see Figure 3.1).
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For the following description, we assume a natural join query with join attributes A = {4y, ...,
A}

Constraints. When Minesweeper starts executing a query, it knows nothing about the distribu-
tion of data in the join relations. However, as it accesses each relation, it observes gaps in the data,
and it encodes these gaps as constraints. Constraints are n-dimensional vectors with one component
per join attribute. Each component in a constraint is associated with the corresponding (pairwise)
join attribute, and each component in a constraint consists of one of three types: an equality, a
wildcard, or an interval.

Equalities are literal values, and they denote that the constraint is only valid when the corre-
sponding join attribute is equal to that value. Wildcards (denoted as *) place no restriction on their
corresponding join attribute. Finally, intervals indicate regions of the join space that have been
eliminated, given the equality conditions previously noted in the constraint.

Each constraint has exactly one interval component. All components after the interval compo-
nents are wildcards, and when describing a constraint, we omit them. Components prior to the
interval component may be either literals or wildcards, depending on how broadly the constraint
applies.

Although one might think that Minesweeper needs only to track simple intervals, much of what
Minesweeper learns is conditioned on some value of the join attribute. For example, consider a
relation R(A;, Ay) in an arbitrary query. Suppose we probe R for (1,4) and find a gap denoted
by two tuples, (1,2) and (1,9). We have now learned an interval on Ay, namely (2, 9), but recall
that R consists of a series of sorted runs of A;. Our observation is valid only for the current run
of A, values, where A; = 1, and the gap cannot be used to rule out values where A; # 1. The
corresponding constraint would consist of (1, (2,9)).

Efficiently storing and combining constraints is a critical part of Minesweeper’s performance. To
facilitate this, Ngo et al. present an optimized constraint data structure (CDS) that stores constraints
using a prefix tree [73], optimized for compact storage and fast lookup performance, and our

implementation follows their design. Minesweeper must also accumulate potential new constraints
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as it conducts probes, and we use a similar prefix tree structure for storing these intermediate
constraints.

Probe points and index seeks. On each iteration, Minesweeper must determine the join attribute
values to seek for. Given a query with join attributes A = {A4,..., A, }, Minesweeper creates
a tuple with literal values © = x1,...,x, called a prode point. Probe points are generated such
that Minesweeper never examines a point in the join space that has been ruled out by an existing
constraint, ensuring it will not waste time repeatedly probing an area of the space that has already
been eliminated.

Given a probe point, Minesweeper executes a number of index seeks. Recall that a probe point
contains values for each unique join attribute in the query, but a specific relation in the query may
contain only a subset of these attributes. As a result, Minesweeper must decompose the probe point
values into seek keys appropriate for each individual relation.

For example, suppose we are computing R(A;) x S(A;, Az, A3) X T(As) X U(As). The join
attributes for this query are {A;, Ay, A3}, and Minesweeper must execute at least three index seeks
for each probe point it investigates in this case, one for each relation. Seeks against R use A;; seeks
against S use A;, Ay, and Aj; seeks against 7" use Ao; and seeks against U use As. Accordingly, a
probe point & = w1, xa, x5 will seek for 21 in R, (x1,x2) in S, (22, 23) in T, and z3 in U.

Performing only one seek per relation is sufficient to produce correct and complete output,
but it may not eliminate much of the join space per iteration. To find more gaps per iteration,
Minesweeper performs multiple index seeks based on prefixes of a relation’s join attributes. If a
relation has only one join attribute, Minesweeper will naturally execute only a single index seek.
However, for relations with multiple join attributes, Minesweeper will initially perform a seek with
only the first join attribute, finding the low and high key surrounding the first attribute (i.e., the
gap). The low and high key may be equal in the case where the first attribute of the join key is
present in the relation. For each unique key discovered by the first seek, Minesweeper executes a
second seek using the second join attribute prefixed by the key from the first seek. This process

repeats for all join attributes, resulting in a total of 2F — 1 seeks for a relation with & join attributes.
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To illustrate this, consider a probe point for the above query, (2,7, 4). Minesweeper will issue
an index seek on S for (2); suppose this seek returns the gap (1, 3). Minesweeper will then issue
two more seeks on .S, one for (1,7) and a second for (3, 7), and the results from these seeks will be
used to form the final 3-attribute seeks. This behavior allows Minesweeper to potentially eliminate
very large regions of a relation in a single iteration at the cost of possibly performing more seeks
than necessary.

Probe point selection. In principle, probe points can be arbitrarily chosen and checked against
the CDS. However, for efficiency reasons, Minesweeper populates values for a probe point from
left to right, starting with the first attribute in the global attribute order. In effect, Minesweeper
finds the smallest value for A; that is not ruled out by a constraint, then the smallest value for A,
not ruled out by a constraint given the value chosen for A;, and so on, until the probe point is fully
populated.

There are cases where, given the values selected for earlier join attributes, no value can be found
for a later join attribute. Assuming that there are other possible values for the earlier attribute, this
means that Minesweeper has not explored the entire space, and therefore cannot assume the join
is empty. In this instance, Minesweeper inserts a new constraint that eliminates this path from
future consideration, and it then backtracks to the most recently chosen attribute value and selects a
new value given the new constraint. This ensures that Minesweeper will continue making forward
progress without wasting a great deal of effort exploring dead-end paths.

Implementation. We show the pseduocode for our implementation of Minesweeper in Algo-
rithm 5 with related utility functions described in Table 3.2. Our implementation is largely based
on the description provided by Ngo et al., extended to output the Cartesian product of matching
tuples as needed.

We also encapsulate the process of performing index seeks in a function, FINDBounps. FinD-
Bounbs executes all appropriate seeks against each relation, and it stores any intermediate constraints
it discovers in the process. These constraints are not used if the probe point finds an output tuple,

but they must be formed at the time the seeks are performed. For efficiency reasons, we utilize a
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Method Purpose

GeTProBEPOINT Returns a probe point that has not been ruled
out by any constraints in the CDS or @ if no
such probe point exists.

MarcuesPrOBE(probe, tuple) Returns true if tuple’s join attributes are equal
to the corresponding values in probe or false
otherwise.

FinoBounbs(probe, relation, constraints) Returns the two largest (smallest) tuples in

relation whose join attribute values are smaller
(larger) than the corresponding values in probe
and populates constraints with all constraints
learned.

Table 3.2: Utility methods used by Minesweeper.

prefix tree structure similar to the CDS to store these constraints.

3.5 Comparing ZigZag merge join and Minesweeper

Minesweeper adds two features over ZigZag merge join: multi-way operation, where all relations
are joined simultaneously, and constraint memory of gaps (and consequently tuples) it has explored,
stored in the CDS. Accordingly, we expect Minesweeper to do well in situations where these features
are important, and less well where these features are unnecessary, since there is some overhead in
maintaining the CDS. The importance of these features varies depending on the query and the data,
and we now examine these cases in more detail.

When neither feature is important. Consider a join between two relations, R(A;) x S(A4;)
with a single join attribute, A;. Multi-way operation is obviously not helpful, since the join has only
two relations, and constraint memory is not helpful since neither relation is ever rewound—each
tuple is processed (or skipped) one time and never seen again. In fact, for this join, ZigZag merge
join and Minesweeper have a similar pattern of index seeks.

ZigZag merge join begins by reading the first tuple of R and S and comparing their join key

values. If the values are equal, it will output the tuple and advance both iterators, while if the join
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Algorithm 5 Minesweeper algorithm for Ry M Ry X --- X Ry.

in_group < false
done + false
results < &
repeat
output < false
if in_group then
14+ k
while ¢ > 0 and not output do
r; < GETNEXT(R;)
if r; # END(R;) and MaTcHESPROBE(probe, r;) then
add r; M 719 X - -+ X 1, to results
output <— true
else
rewind R; to the beginning of the group
r; < GETNEXT(R;)
14—1—1
if not output then
in_group < false

if not output then
probe < GETPROBEPOINT
if probe is empty then
done <+ true
else
constraints <— &
1s_match < true
141
while i < k do
r; < FINDBounbps(probe, R;, constraints)
if is_match then
is_match < MatcuesProBE(probe, r;)

if is_match then
addr; M 79 X - -+ X T to results
output < true
n_group <— true
add constraint that excludes probe to the CDS
else
for each ¢ in constraints do
add ¢ to the CDS
until done
return results
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key values are different, it will seek for the larger value in the relation whose tuple has the smaller
value. All seeks are based on the largest value that has been encountered so far, and this process
continues until one iterator is exhausted, at which point ZigZag merge join stops.

In contrast, Minesweeper will begin by seeking for —oo in R and S, which will return the first
tuple of each relation. If the tuples have equal join key values, Minesweeper will output the tuple and
insert a constraint to rule out that specific join key value. If the tuples have different join key values,
Minesweeper will insert two constraints into the CDS, ruling out any join key values smaller than
those it just read. Since there is only one join attribute, these constraints combine, and consequently
Minesweeper’s next probe point will be the larger of the two values, identical to the seek ZigZag
merge join performed.

Therefore, Minesweeper performs largely the same index seeks as ZigZag merge join with three
exceptions. First, when accessing the initial tuple in each relation, Minesweeper performs two index
secks for —oo, whereas ZigZag merge join merely reads the first tuples from the iterators over R and
S. Second, when performing a seek for the larger of two values, Minesweeper will seek for that value
in both R and S, even though one relation must already have its iterator positioned appropriately.
Third, when a match has been found, instead of simply advancing both iterators, Minesweeper will
execute a seek for the next largest value after the match.

The overhead from these additional seeks can be removed by virtue of an intelligent index
implementation that recognizes when an index seek is not necessary (e.g., if the iterator is already
positioned at the seek key). However, Minesweeper also stores constraints for all tuples encountered
in the CDS, and maintaining the CDS has an impact on performance. Accordingly, we would
expect that ZigZag merge join would perform better in this case.

When multi-way operation is important. An n-relation query (n > 2) with a single join
attribute places more importance on multi-way operation. Binary join operators, like ZigZag
merge join, begin by joining two relations, and they attempt to join additional relations only after
first finding a matching tuple from the initial join. In contrast, multi-way operation allows a join

algorithm to look into “the future,” potentially using information from later relations to filter earlier
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relations regardless of whether a match has been found.

This ability allows a multi-way join operator to skip significantly more data than a binary
join operator in some cases. For example, consider a three-relation join, R(A;) x S(A;) x
T(A;), and suppose R contains [1,3,5,...,2N + 1], S contains [2,4,6,...,2N], and T contains
[2N 4 2,2N + 3,...,3N]. Here, Minesweeper will recognize after two iterations that the join
output is empty, since its probe in 7" will exclude any value smaller than 2N + 2. ZigZag merge
join will attempt to first join R and S, waiting to probe 7" until a match is found; since no match
exists, it will consume the entirety of R and S before terminating. Consequently, Minesweeper can
be arbitrarily better than ZigZag in this scenario.

Note that multi-way operation is only effective when there are multiple relations joined on
a single attribute. If a join has multiple join attributes such that a given attribute is shared by a
maximum of two relations (e.g., R(A1) 1 S(A;, As) X T(Ajy)), then multi-way operation has no
benefit by itself. In this example, values learned from S x T provide information only about the
domain of Ay, which does not apply to R x S.

When constraint memory is important. An n-ary join (with n > 2) with multiple join at-
tributes benefits from constraint memory. Consider a three-relation join, R(A;) x S(A;, As) X
T(Ajy), with two join attributes, {A;, As}. The presence of multiple join attributes means that
rewinds will be necessary—in particular, the iterator on 7" will be rewound for each unique A, value.
As a result, constraint memory can have an impact, as tuples in 7" will be processed multiple times.

For each A; value, Minesweeper sees a list of Ay values from S that explore some portion of
the space in 7. In the best case, the A, values from S cover a range of 1" that has been explored
previously (i.e., all gaps in that region are entered in the CDS). 'This allows Minesweeper to avoid
performing index seeks in 7', since it knows exactly which tuples are of interest, and it simply needs
to seek in S to determine if they are present. If the A, values from S cover only a portion of the
already explored space in 7', only some index seeks will be omitted, and in the worst case, where
none of the A, values have been seen before, Minesweeper will have to perform the same index

seeks as ZigZag merge join.
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Note that Minesweeper’s constraint memory can never save any index seeks on S. All of the
constraints that Minesweeper learns over S are conditioned on particular A; values, and since the
iterator on S is never rewound, each A; value is seen a maximum of one time.

Now consider a four-relation join, R(A;) X S(Ay, Aa) ) T(Ay, A3) x U(Aj3), with three join
attributes, {4, Ay, A3}. In this case, the above logic still applies—a portion of S x T will be
processed once per A; value, and constraint memory will save seeks on T—but this join introduces
another level of rewinds; 7' x U will be processed once per A, value found in R x S. When
initially evaluating 7' ) U for a given A, value, Minesweeper’s performance will be dependent on
the size of the certificate.

However, after being processed once, Minesweeper will have recorded constraints that encode
the exact output of 7" & U for a given A, value. This means that the performance of subsequent
evaluations will not be dependent on the size of the certificate, but instead on the size of the ouzput.
If the certificate for T x U given a particular A, value is large, but the output is small, ZigZag
merge join can end up wasting a great deal of effort compared to Minesweeper, since ZigZag merge
join will re-evaluate the entire join on each rewind.

When combining multi-way operation and constraint memory is important. In some cases,
the combination of multi-way operation and constraint memory can dramatically improve per-
formance. Consider the four-relation join described above, R(A;) x S(A;, Ay) X T'(As, Az) X
U(As). Suppose R contains [1,...,N], S contains [1,...,N] x [1,..., N], T contains {(2,2),
(2,4)}, and U contains {1, 3}.

Minesweeper will conduct probes in 7" and U on each iteration, and it will quickly discover that
both 04,-2(T") ® U and 0 4,,2(T") are empty. By combining these two inferences, Minesweeper
can conclude that the output of the join must be empty, and it can reach this conclusion independent
of any processing on R or S. ZigZag merge join, since it cannot detect this fact, will repeatedly execute
R xS x T, performing arbitrarily more work than Minesweeper.

'This result is dependent on the global attribute order. One might complain that ZigZag merge

join is unnecessarily hobbled in this case, since if it executed 7' x U first, it would be able to
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detect that join as empty much sooner. This is correct, but recall that the global attribute order is
determined by which indexes have been created. If the only indexes that exist have a global attribute

order such that 7" x U must be executed last, ZigZag merge join has no choice but to do so.

3.6 Experimental results

Minesweeper has substantial theoretical performance advantages over ZigZag merge join, but these
advantages are based on a worst-case runtime analysis. It is not clear whether these advantages
materialize outside of specific special cases, and consequently, what their real-world impact might
be. To address this, we performed two sets of experiments that explore a wide range of queries and
data.

The first set of experiments is intended to be representative of these algorithms’ performance
on general, common cases. In this set of experiments, we evaluate performance over two general
relational benchmarks: Star Schema Benchmark and TPC-H. Each of these benchmarks represents
a different class of queries, and therefore, each benchmark has varying numbers of join relations and
attributes that stress different aspects of each join algorithm.

The second set of experiments is meant to highlight advantages provided by specific features of
Minesweeper. For these experiments, we use hand-crafted data and queries that emphasize various
parts of Minesweeper’s functionality. Our intent with these results is to show that, if data and
queries fit a certain format, Minesweeper is indeed the clear choice.

We begin by describing the setup used for all of our experiments in this chapter, and then we

describe each of our experiments and results in turn.

3.6.1 Experimental setup

We implemented ZigZag merge join and Minesweeper in the same stand-alone C++ application we
used in Section 2.5. This application was designed to be “database-like,” including files of slotted

pages, a buffer pool that uses the Clock replacement algorithm, and a Volcano-style iterator interface
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with a tree of binary operators (in ZigZag merge join’s case) or a single multi-way operator (in
Minesweeper’s case). All benchmark binaries were generated using Visual Studio 2013 in 64-bit
Release mode with full optimizations and link-time code generation enabled.

We executed our experiments on a single server running Microsoft Windows Server 2012. 'The
server was equipped with 2 quad-core, 2.16 GHz Intel Xeon processors and 32 GB of RAM. For
the majority of experiments, we used 25 10,000 RPM 146 GB SAS hard disks, with one disk storing
the OS and the remaining 24 disks, combined into an array with RAID 0, storing the database.
When experimenting with solid state disks, we used 12 256 GB Crucial C300 RealSSD solid state
disks, combined into an array with RAID 0, to store the database. We allocated 24 GB of memory
to the buffer pool unless otherwise noted.

In general, our results show the performance of queries executed in isolation with a warm cache.
Each query was run once to warm the cache, and the results of that run were discarded. The query
was then run five more times with the same parameters, and the mean execution time of these runs
is reported as the execution time of the query.

For results with a cold cache, we also execute each query five times. However, in between each
execution, we clear both the buffer pool and the operating system file cache. As before, we report
the mean execution time of these five runs as the execution time for the query.

We generated data for our benchmarks using standard tools. For TPC-H, we used the official
dbgen utility from TPC [92]. For SSB, we used PDGE, a parallel data generation framework [80].
Data for both TPC-H and SSB were uniformly distributed.

We assume that appropriate indexes have already been created on the data prior to execution, and

so our execution time results do not include time spent to sort relations and construct the indexes.

3.6.2 Star Schema Benchmark and TPC-H

In order to investigate performance on general relational queries, we utilize two standard database
benchmarks: Star Schema Benchmark and TPC-H. These benchmarks contain a suite of queries

that illustrate different types of common joins with a variety of predicates, and as such, we feel they
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represent a good proxy for “average case” queries.

To provide baseline performance for standard join algorithms, we also implemented hybrid hash
join and index nested loops join. Since our C++ testbed application does not have a query optimizer,
for queries with multiple joins, we determined the join order based on cardinality assuming perfect
cardinality statistics. All join algorithms use the same join order, and we do not investigate using
multiple different join algorithms in a single plan (e.g., executing one join with index nested loops
and a later join with hash join). Finally, for hash join, we implement hybrid hash join, and we always
use the smaller input relation as the build side and the larger input relation as the probe side.

In addition, for some results, we show data for ZigZag merge join with no heuristic (denoted
ZigZag-NH or simply NH). When executing a seek, our implementation of ZigZag merge join
will first search the current page of the relation prior to accessing the index. This reduces the number
of index seeks that occur for small gaps, and consequently allows ZigZag to execute faster in some
cases. ZigZag-NH does not use this heuristic, and instead accesses the index for every seek; it
functions identically to ZigZag in all other respects.

Finally, we created appropriate indexes for each query, potentially using multiple indexes per
relation. This allows us to ensure that all join algorithms we test use the same join order, but it also

creates a favorable scenario for skipping join algorithms.

Star Schema Benchmark

Star Schema Benchmark (SSB) tests the performance of the various join algorithms when evaluating
a star join. Star joins consist of a single large relation, called the fact table, that has many join
attributes; this relation joins with a set of smaller relations, called dimension tables, that each have a
single join attribute. As a result, we expect that the most important factor for performance in this
benchmark is the ability to skip over tuples in the fact table, since it is by far the largest relation in
the query.

Although there are a great deal of join algorithms specialized for star joins, our intent in this

benchmark is not to claim that skipping join algorithms are ideal for this case. Instead, our goal is
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Figure 3.2: Warm-cache Star Schema Benchmark performance over various scale factors.

to show their performance on a representative class of queries as a baseline indicator, and as a result,
we do not compare with join algorithms that work only for star join. However, we do note that our
hash join implementation builds hash tables on all of the dimension tables and streams tuples from
the fact table through all hash tables in succession, which is similar to the plan used by Microsoft
SQL Server to execute star joins [36].

Warm-cache queries. We show mean warm-cache execution time across all queries at various
scale factors in Figure 3.2. On average, ZigZag merge join and hash join provide the best perfor-
mance, with hash join outperforming ZigZag merge join by a small margin at larger scale factors.
'The performance of index nested loop join suffers since the initial join with the fact table produces
many tuples, all of which cause index seeks in a later dimension table. Finally, Minesweeper actually
provides the worst performance of all join algorithms tested, and the difference becomes more
pronounced as the data volume increases. In order to explain these differences, we dive deeper into

performance at scale factor 100, which has roughly 55 GB of raw data (see Figure 3.3).
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Figure 3.3: Warm-cache Star Schema Benchmark performance at scale factor 100.

At scale factor 100, ZigZag merge join outperforms hash join on a number of queries, sometimes
by an order of magnitude or more, but provides worse performance on others. This is because
ZigZag merge join processes many fewer tuples than hash join does (see Table 3.3), but at a higher
per-tuple cost; in the queries where ZigZag merge join has the largest performance advantage, Q2.3
and Q3.3, it processes 99.8% and 99% fewer tuples, respectively. Minesweeper is also able to process
tewer tuples than hash join in many cases, but it always processes more tuples than both ZigZag
merge join and index nested loops join.

The reason for this discrepancy is because Minesweeper seeks in every relation on each iteration,
even if the values for the probe point have not changed since the last iteration. While this may seem
strange, recall that probe points in Minesweeper can be generated arbitrarily—there is no guarantee
that they explore the space in any particular order. Accordingly, Minesweeper is not designed to
take advantage of exploring the space in a systematic way, and since it remembers only gaps and not
found values, it may read the same tuple multiple times.

Furthermore, Minesweeper seeks in all relations simultaneously. While this is a good way to
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Tuples read (k)
ZigZag merge  Minesweeper Hybrid hash Index nested loops
Q2.1  38,523.89 134,168.48 600,094.55 62,372.24
Q2.2 7720.09 34,251.12 601,438.63 12,516.77
Q2.3 956.11 3604.78 600,039.77 1555.19
Q3.1 233,869.75 781,095.31 600,638.30 357,529.76
Q3.2 19,071.01 105,017.12 600,126.81 53,151.24
Q3.3 5527.25 43,512.11 603,198.61 19,901.66
Q3.4 5189.54 25,526.20 603,196.08 19,788.30
Q4.1 181,920.10 943,692.21 602,039.27 366,169.99
Q4.2 117,688.80 878,792.58 602,039.28 364,747.37
Q4.3  15,154.03 170,074.45 600,663.21 58,941.25

Table 3.3: Number of base data tuples read to answer SSB queries at scale factor 100.

Index seeks (k)
ZigZag merge ZigZag merge (NH) Minesweeper

Index nested loops

Q2.1 5075.53 12,032.07 56,915.88 28,784.80
Q2.2  980.09 2416.87 14,985.84 5777.64
Q2.3 125.06 301.47 1552.18 718.25
Q3.1 30,164.01 66,463.71 358,309.63 168,096.36
Q3.2 3370.00 12,298.86 58,432.27 26,144.40
Q3.3  1298.73 3833.57 25,021.30 9933.30
Q3.4  1291.03 3824.11 13,691.77 9893.88
Q4.1 36,820.59 74,657.40 479,940.01 178,266.59
Q4.2 32,738.90 74,477.93 475,232.01 181,127.14
Q4.3  6368.14 13,389.33 88,627.06 29,445.34

Table 3.4: Number of index seeks needed to answer SSB queries at scale factor 100.

rapidly learn about more of the join space, if relations that are earlier in the global attribute order
are effective at pruning large portions of the space, seeks in later relations may not prove useful in
the end. In this scenario, ZigZag merge join and index nested loops join may accomplish the same
effective pruning simply by examining relations in a pair-wise manner.

To illustrate this, we show the number of index seeks required to answer queries at scale factor

100 in Table 3.4. We include index nested loops join as a baseline figure, and we also include ZigZag
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Figure 3.4: Skipping join algorithm time breakdown for SSB query flight 4 at scale factor 50 with

a warm cache.

merge join with its index seek heuristic disabled (ZigZag NH). Here, we can see that Minesweeper
performs 10-20x more seeks than ZigZag merge join and 2-3x more seeks than index nested loops
join.

Additional index seeks are not the only factor that affects Minesweeper’s performance, as
Minesweeper also spends time learning and storing constraints. We show a time breakdown for
Minesweeper and ZigZag merge join in Figure 3.4. For brevity, we show only queries from SSB
flight 4—results for other flights are similar. We denote time spent executing index seeks as index
and time spent checking if tuples are matches, copying tuples to output buffers, etc., as other. For
Minesweeper, we denote time spent inserting constraints into the CDS as CDS and time spent
generating new seeks and intermediate constraints based on probes as FindBounds.

At first glance, it may seem that Minesweeper spends an inordinate amount of time executing

FinpBounbps, and that perhaps our implementation of FINDBounDs is poor. However, each
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execution of FINDBouUNDS is reasonably fast. On query 4.1, scale factor 50, FINDBounDs executed
126,868,632 times with an average execution time of 2.50 ps. Similarly, on average, each index seek
took 1.40 ps, and each call to the CDS took 0.56 ps.

Supposing seek_time is the time to execute one index seek and proc_time is the time to process
(i.e., compare, copy, etc.) a tuple, we can roughly describe ZigZag merge join’s performance with

the following:

(# index seeks x seek_time) + (# tuples processed x proc_time)

Similarly, supposing bounds_time is the time for one call to FINDBounDs and cds_time is the

time to insert a constraint into the CDS, Minesweeper’s performance can be described as:

(# index seeks x seek_time) + (# tuples processed x proc_time)+

(# FinoBounos calls x bounds_time) + (# CDS calls x cds_time)

Our implementation could always be improved, but some costs are shared—any improvement in
index seek or tuple processing time will benefit both algorithms. Consequently, for Minesweeper to
provide better performance, it must perform fewer seeks and read fewer tuples than ZigZag merge
join does, since it always has some overhead for calls to FINDBounDps and the CDS. For example,
consider query 4.1.

When executing query 4.1 at scale factor 100, Minesweeper examines 41,991,813 probe points.
Suppose we have an ideal version of Minesweeper that executes only a single index seek per probe, but
learns equivalent information to our current implementation that executes multiple seeks per probe;
we call this idealized implementation Minesweeper-I. Reducing the number of index seeks will also
reduce the number of data tuples read, and for a baseline estimate, we use two data tuples per seek.!
Accordingly, Minesweeper-I will execute 41,991,813 index seeks and examine 83,983,626 tuples;

without the gallop search heuristic, ZigZag merge join executes 74,657,403 seeks and examines

This is the ratio that our implementation of Minesweeper shows on query 4.1.
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181,920,102 tuples.

From our empirical results, seek_time is 1.40 ps and proc_time is 0.90 ps. Using these times,
Minesweeper-I will spend 134.37 s seeking and processing tuples, while ZigZag merge join will
spend 268.25 s, giving Minesweeper-I a buffer of 133.87 s it can use for calls to FINDBounps and
the CDS. Each probe must generate at least one FINDBouNDs call and one constraint inserted into
the CDS, and with our earlier figures, this requires 104.98 s and 23.52 s, respectively, for a total of
128.50 s and an overall execution time of 262.87s. Therefore, in this idealized case, Minesweeper-I
would be slightly faster than ZigZag merge join.

This analysis assumes ZigZag merge join is not using the heuristic of gallop searching in the
current page before accessing the index. With the gallop search heuristic, ZigZag merge join
converts 37,836,816 index seeks into gallop searches at a cost of 1.07 ps per search, effectively
reducing its average index seek cost to 1.23 ps. This reduces ZigZag merge join’s overall execution
time to 255.82s. If we assume that the gallop search heuristic could be applied to Minesweeper-I
and achieves similar improvements, Minesweeper-I’s total execution time would be reduced to
254.47s, making ZigZag merge join and Minesweeper roughly equal.

Minesweeper-I receives less benefit from the gallop search heuristic since our idealized version
performs fewer seeks than ZigZag merge join. As a result, even with the gallop search heuristic,
Minesweeper-I would need to reduce time spent in calls to FINDBounDps and the CDS to offer any
substantial performance improvement over ZigZag merge join on query 4.1. 'This suggests that, at
least for Star Schema Benchmark data, Minesweeper would outperform ZigZag merge join only
with an extremely optimized implementation that both dramatically reduced the number of index
seeks as well as improved the performance of FINDBounDs and the CDS.

Finally, a similar argument can be made when comparing ZigZag merge join with hybrid hash
join. For SSB queries, ZigZag merge join takes 1.30 ps per tuple on average (including all seeks
and other processing time), while hybrid hash join takes 0.18 ps, roughly 7x faster. ZigZag merge
join makes up for its slower per-tuple processing time by accessing many fewer tuples than hash

join; if it can read at least 7x fewer tuples than hybrid hash join, it can be more efhicient. Of course,
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Figure 3.5: Cold-cache Star Schema Benchmark performance at scale factor 100.

given different hardware, ZigZag merge join’s per-tuple processing time may increase, and this will
change the amount of skipping required to make ZigZag merge join attractive.

Cold-cache queries. Hash join, ZigZag merge join, and Minesweeper all have different I/O
access patterns. Hash join performs primarily sequential I/0O, while the skipping join algorithms
may randomly jump among relations. Accordingly, skipping join algorithms will win in this case
only if they skip enough data to outweigh the cost of random 1/0.

We present cold-cache query results at scale factor 100 in Figure 3.5. When the cache is cold,
the effective cost of a seek increases, since it incurs a random I/0. 'This changes the amount of data
that must be skipped in order to make ZigZag merge attractive when compared to hybrid hash join.

As a result, for queries where ZigZag merge join is able to read only a small portion of the
data—like queries 2.3, 3.3, and 3.4—it remains the best choice even when the cache is cold. On
other queries, where the reduction in data read by ZigZag merge join is less dramatic, the increased
cost of seeks outweighs the savings from skipping. Minesweeper remains the worst of the three

skipping join algorithms, since it always performs the most index seeks and consequently sufters the
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largest I/O penalty.

However, for some queries, the gap between Minesweeper and hash join is smaller than when
the cache is warm. This is because there are several cases (see Table 3.3) where Minesweeper reads
many fewer tuples than hash join. When I/0 is a factor, reading fewer tuples saves more time, and

consequently the extra time spent in FINDBounDs and the CDS is more worthwhile.

TPC-H

TPC-H uses a normalized schema with more relations than SSB, which means that its queries
involve many more joins than SSB’s. Additionally, each relation in a query typically has at most two
join attributes, and as a result, TPC-H provides us with insight into how the various algorithms
perform on long sequences of joins. However, we are interested only in the performance of join
algorithms, and as a result, some TPC-H queries are either not applicable (e.g., query 1 has no
joins) or they have substantial non-join components (such as aggregates).

Accordingly, we use modified versions of a subset of TPC-H queries (see Appendix C for a
full description). These modifications pare the queries down to only join operations with simple
predicates, maximizing the differences between join algorithms. Therefore, our results in this section
should not be considered as full runs of the TPC-H benchmark, but rather a baseline for performance
on a set of representative joins from a common class of queries.

Warm-cache queries. We show mean warm-cache execution time across all queries at various
scale factors in Figure 3.6. In this case, ZigZag merge join provides the best performance of the
join algorithms we tested, while Minesweeper performs the worst. Compared to Star Schema
Benchmark queries, TPC-H queries are more complex, and this complexity has a large impact on
Minesweeper’s execution time.

More specifically, Minesweeper is impacted by the number of relations in the query as well as the
number of join attributes in those relations. Because Minesweeper is constantly probing all relations,
the number of seeks it issues is affected by how many relations are in the query. In Star Schema

Benchmark, there are relatively few relations—at most four—while our version of TPC-H has
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Figure 3.6: Warm-cache TPC-H query performance at various scale factors.

potentially eight relations in a single query. Furthermore, as the number of join attributes increases,
the size of constraints increases, which affects the amount of time required by FINDBounDs and the
CDS. These issues combine to result in Minesweeper’s poor performance on TPC-H queries.

As before, we further illustrate these issues by diving into our results at scale factor 50, which
has roughly 110 GB of raw data (see Figure 3.7). Minesweeper offers the worst performance of all
tested join algorithms for all queries except Q2, Q11, Q14, and Q16. Q11, Q14, and Q16 are some
of the simplest queries in our benchmark, with only 2-3 relations and a single equality predicate,
and Q2 also features relatively few relations with selective predicates. Consequently, Minesweeper
is able to rapidly eliminate large portions of the join key space on these queries; however, it is not
able to do so in other cases.

We show a time breakdown for three of Minesweeper’s worst-performing queries in Figure 3.8;
other queries are similar. As in the SSB case, Minesweeper spends a substantial amount of time

performing index seeks and generating intermediate constraints. On each iteration, Minesweeper
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calls FINDBounDs once per relation, and each call to FINDBounDs executes up to 2% — 1 index seeks,
where £ is the number of join attributes in the relation. Compared to SSB queries, Minesweeper
needed more iterations (22,164,602 vs. 7,421,093) and executed more index seeks (175,711,750 vs.
79,819,210) on average. Tables showing the number of index seeks and data tuples read for each
query are available in Appendix C.

Cold-cache queries. We present results for cold-cache TPC-H queries at scale factor 50 in
Figure 3.9. Here, both ZigZag merge join and Minesweeper are much slower than hash join for
several queries. This occurs because, unlike in SSB, the largest relations in TPC-H—Orders and
Lineitem—are rewound in the course of query processing.

These rewinds are required due to predicates on relations in the query. For example, in query 3,
there is a range predicate on Orders that selects all tuples whose order date is prior to March 15,
1995. Consequently, the join must effectively be evaluated once for each order date prior to March
15, 1995, causing a large number of rewinds.

This manifests as a much larger per-tuple processing cost for ZigZag merge join versus hash join.
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with a warm cache.

On average, for cold-cache queries, hash join processes individual tuples 25x faster than ZigZag
merge join, and in some cases, hash join is nearly 80x faster per tuple. Accordingly, ZigZag merge
join needs to skip a large number of tuples in order to outperform hash join, but on average, ZigZag
merge join reads only 11x fewer tuples than hash join. This causes hash join to outperform ZigZag
merge join for most cold-cache TPC-H queries.

Low-memory experiments. We also experimented with running a single query, query 3, at
scale factor 100 under various amounts of available memory (see Figure 3.10a). When the cache is
warm and the machine has at least 16 GB of RAM available, ZigZag merge join and hybrid hash
join offer roughly equivalent performance on query 3. However, when the cache is cold, ZigZag
merge join is an order of magnitude slower than hybrid hash join, and this performance difference is
exacerbated as the amount of available memory decreases, eventually causing ZigZag merge join to

be almost two orders of magnitude slower than hybrid hash join.



70

104§ —

- f
O) i
&J) - i
g 10ty
= 0% i
.8 -
(D]

1071 | |

E N MR RN

Q2 @ Q@ Q@ Q@ Q@ Qo Q1 Q2 Q14 QI

mmm Hash Join mmm Minesweeper mmm ZigZag Merge Join
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This performance degradation is due to ZigZag merge join’s random seeks. When sufficient
memory is available, smaller relations involved in the join are cached, causing their random seeks to
be eliminated. As the amount of memory shrinks, more seeks access the disk instead of memory,
and ZigZag merge join’s warm-cache performance eventually equals its cold-cache performance.

Note that these results are dependent on hardware characteristics. The server we used for our
experiments has a large number of fast hard disks, giving it a large amount of sequential read
bandwidth but limited random read performance. This favors hash join in cold-cache experiments;
however, if we used hardware with better random read performance, it is possible that ZigZag merge
join would be more attractive.

To test this, we ran the low-memory experiment using solid state disks (SSDs) instead of
traditional hard disks (see Figure 3.10b). Solid state disks have substantially better random read
performance than traditional hard disks, and this reduces the penalty that ZigZag merge join

pays when the cache is cold or memory is unavailable. Unfortunately, SSDs do not completely
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eliminate the performance degradation for random I/O, and consequently, ZigZag merge join is
still outperformed by hybrid hash join on this query unless the cache is warm.

Some of the random I/Os that ZigZag merge join incurs are due to rewinds on later relations.
These rewinds can be removed by sorting intermediate results, allowing ZigZag merge join to
perform skip-sequential I/Os instead of random 1/Os for seeks. However, sorting intermediate
results introduces a blocking operator, and it limits the ability of ZigZag merge join to skip, since
the sorted result set will not have an index.? We do not explore the interaction of ZigZag merge
join and sorting intermediate results in this work, but we feel it could be an interesting avenue for

future investigation if cold-cache performance is a concern.

3.6.3 Specially crafted benchmarks

In Section 3.5, we mentioned that Minesweeper added two features over ZigZag merge join:
multi-way operation and constraint memory. Although these features did not improve performance
in generic database benchmarks like SSB and TPC-H, there are certainly queries and datasets where
they could make a difference. To explore these scenarios, we conducted several special-purpose
benchmarks using tailored data to show the impact of these features on performance in a controlled

manner.

Multi-way operation

We discussed multi-way operation in Section 3.3 with a simple three-relation join, R(A;) X

S(Ay) x T(Ay), populated as follows:
* R:[1,3,5,...,2N + 1] (i.e., odd numbers)
* 5:[2,4,6,...,2N] (i.e., even numbers)

* T: 2N +2,2N +3,...,3N]

2Some skipping is still possible, since binary or gallop search could be used without an index.
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Figure 3.11: The effect of multiway operation with a warm cache.

'The optimal certificate for this instance is 7'[1] > S[N], but ZigZag merge join will compute the
entire certificate of R & .S without ever attempting to join 7.

We show this result, for varying values of N, in Figure 3.11. As expected, Minesweeper’s
execution time remains constant as /V increases, since the amount of work it must do to determine
that the join is empty is fixed. In contrast, all other algorithms, including ZigZag merge join and

hash join, perform more and more work, making them arbitrarily slower.

First-time execution constraint caching

In principle, when performing a many-to-many join for the first time, Minesweeper may be able to
use knowledge gained from previous sorted runs of join key values to reduce seeks when joining
later runs, an eftect we call first-time execution constraint caching. For example, consider the following
query: R(A;) x S(Ay, Ay) x T'(Ay). For each sorted run of Ay values Minesweeper processes, it

explores some amount of 7" and stores its findings as constraints. As a result, when a previously
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Figure 3.12: The effect of first-time execution constraint caching with a warm cache.

explored region of 1" is encountered for a second time (i.e., when processing a later run of A, values),
Minesweeper can rely on the constraints it has already examined rather than performing new seeks.

More specifically, the effect of first-time execution constraint caching is affected by how much
overlap there is between sorted runs of A, values. In the worst case, all sorted runs of A values are
disjoint—as a result, knowledge learned from joining previous runs is useless, since it explored a
different portion of 7'. In the best case, all sorted runs of A, values are the same, in which case the
relevant portion of 7" will be explored after joining the first run, and no subsequent run will perform
unnecessary seeks in 7.

To test the effect of first-time execution constraint caching, we populate the relations as follows:
° R(Al) [17 .. ,N]
* S(A1, Ay): Uivzl([k] X1+ (k=1 —=J),....kI —(k—1)J])

« T(Ap): [1,..., NI
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N determines the number of sorted runs of A, values that are present in .S, I determines the number
of values in each sorted run, and J determines the number of values that overlap from one run to
the next.

We are not interested in manipulating the performance of R X S, as no constraints are useful
when joining two sorted runs a single time. Accordingly, we load R with a single contiguous run of
A, values, and every A, value in R joins with S. Finally, we vary the amount of overlap in As runs
from completely disjoint (J = 0) to completely overlapping (J = I) with N = 100 and / = 1000.

Our results are shown in Figure 3.12. Minesweeper performs one seek on 7" per unique value in
T4,(9); as the number of unique values decreases, Minesweeper performs fewer seeks. Therefore,
its performance improves as runs overlap.

However, both ZigZag merge join and hash join outperform Minesweeper, even when runs
are completely overlapping. This is because, although Minesweeper has effectively determined all
relevant values in 7" after processing a single A, run, it is not aware of this fact.

All Minesweeper knows is that the relevant values in 7" have not been ruled out by any constraint
so far—it does not remember that they are present. Consequently, Minesweeper seeks in every
relation, including T, for each probe point it evaluates. Thus, Minesweeper actually saves no seeks

versus ZigZag merge join.

Repeated execution constraint caching

When repeatedly performing a many-to-many join (as in the case of rewinds), Minesweeper
encodes the exact output of the join in the CDS. This enables subsequent executions of the join to
retrieve all output tuples directly by using index seeks, an eftect we call repeated execution constraint
caching. To test the impact of repeated execution constraint caching, we use the following query:
R(A;) x S(Ay, Ay) m T(Ay, As) »x U(A3). In this query, ' x U is executed repeatedly, and
Minesweeper can use its constraint memory to more efficiently process later executions of the join.
Accordingly, there are two factors that influence Minesweeper’s performance advantage.

The first factor that affects the size of Minesweeper’s advantage is the amount of work saved
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Figure 3.13: The effect of repeated execution constraint caching with a warm cache (N = 1000).

on a repeated execution of 7' X U compared with ZigZag merge join. Minesweeper’s execution of
T x U for a given Ay value is sensitive to the size of the optimal certificate on the first iteration,
but once all constraints are learned, Minesweeper’s performance depends only on the size of the
output. In contrast, ZigZag merge join performs a number of index seeks equal to the size of the
certificate on all iterations. Consequently, by varying the size of the certificate for 7" @ U, we can
make ZigZag merge join “waste” more time relative to Minesweeper.

Minesweeper’s advantage is also affected by the number of times T" x U is executed, and this is
determined by the number of rewinds necessary. This query rewinds once for each A; value in R
that joins with S. By increasing the number of A, values, we can increase Minesweeper’s advantage;
()| C(02,=:(T) ) U)[x|R = S|.

the total amount of work Minesweeper saves is ) .
2

We populate the relations as follows:

« R(A): [L,...,N]
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o S(Ay, Ay): [1,... N] x [1]

o T(Ay, As): [1] x ([1,3,....2M + 1] U [2M +2])

o U(As): [1] x ([2.4,...,2M] U [2M +2))

For simplicity, all values in R join with .S, we use only a single A, value, and the output from 7" x U
is always exactly one tuple. Since A has only one value, /N controls the number of times 7" X U is
executed, and M determines the size of C(T" x U).

Our results with N = 1000 and varying values of M are shown in Figure 3.13. As the certificate
size increases, Minesweeper achieves more and more savings. This query is particularly bad for
ZigZag merge join, since it continually executes useless seeks on each iteration, but hash join, which

never attempts to seek, is more resilient as the data volume increases.

Combined multi-way inference

Minesweeper is able to combine the information it learns from constraints across multiple tables to
form inferences about the output of the join. This is most important when the output from one of

the joins in a query is empty, because as soon as this fact is discovered, join execution is complete.
To test this, we use the following query: R(A;) x S(A;, As) X T(Ag, As) X U(A3).

We populate the relations as follows:
* R(Ay): [1,...,N]
* S(A1,Ag): [1,...,N] x[1,...,N]

* T(A27 A3): {(27 2)7 (27 4)}

U(A3): {1,3}

Note that 7' x U is empty; Minesweeper determines this on its first evaluation of the join, but
ZigZag merge join will execute 7' x U N times. 'Therefore, by varying N, we can control how

much wasted work is performed by ZigZag merge join.
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Figure 3.14: The effect of combined multi-way inference with a warm cache.

Our results are shown in Figure 3.14, and again, Minesweeper performs a constant amount of

work while both ZigZag merge join and hash join increase linearly.

3.7 Conclusion

In this chapter, we extended ZigZag merge join to operate over general relational queries, and we
analyzed its operation using a theoretical framework based on join certificates by Ngo et al. [73].
We showed that ZigZag merge join is optimal in terms of the certificate for a single join between
two sorted lists, but it is not optimal for joins involving multiple relations or multiple sorted lists
due to its binary nature. We then compared ZigZag merge join with a state-of-the-art theoretical
skipping join algorithm, Minesweeper.

Minesweeper adds two main features over ZigZag merge join: multi-way operation and con-

straint memory. Multi-way operation enables Minesweeper to use information from later joins in a
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query without having to find a match in earlier joins, and constraint memory allows Minesweeper to
be more efficient when repeatedly executing the same join (as in the case of rewinds). These features
give Minesweeper substantial advantages in the worst case, but may not be useful on average.

To evaluate this, we performed two general benchmarks using Star Schema Benchmark and
TPC-H. When the cache is warm, our results showed that both ZigZag merge join and Minesweeper
can outperform traditional, non-skipping join algorithms in certain cases, and ZigZag merge join
provides the best performance overall, outperforming Minesweeper by an order of magnitude in
some cases. This performance gap is due to the fact that Minesweeper performs more index seeks
than ZigZag merge join; ZigZag merge join is aware of the position of the iterators on each relation,
while Minesweeper inherently executes some index seeks that do not move the iterator. Additionally,
although Minesweeper’s constraint memory allows it to save some index seeks, the overhead of
maintaining the constraints means this does not translate into a performance advantage.

When the cache is cold, I/O access patterns have more of an impact. This did not affect our
results for SSB queries, since most tuples are read from the fact relation, and ZigZag merge join
processes this relation in a mostly sequential manner. However, for TPC-H queries, ZigZag merge
join and Minesweeper both rewind the largest two relations (Orders and Lineitem) a number
of times, causing substantially more random seeks. This manifests as a much higher per-tuple
processing cost than hash join (up to nearly 80x in some cases), and this higher cost means that
ZigZag merge join and Minesweeper outperform hash join on cold-cache queries only when a very
large number of tuples are skipped.

Furthermore, when the cache is cold and memory is limited, the amount of random I/O that
ZigZag merge join performs increases. In this situation, hash join outperforms ZigZag merge join
by almost two orders of magnitude on some TPC-H queries when using traditional hard disk drives.
'The cost of random 1/O can be reduced by using solid state disks, but our results show that, while
solid state disks improve ZigZag merge join’s cold-cache performance by an order of magnitude,
this is not sufficient to close the gap entirely.

In addition to general-purpose relational benchmarks, we also evaluated specific cases where
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Minesweeper’s unique features can substantially affect performance. In these cases, Minesweeper
can be arbitrarily faster than ZigZag merge join and the traditional join algorithms we tested.
Accordingly, for some situations, Minesweeper’s advanced functionality is key for efficient processing.

Regardless of the specific differences between ZigZag merge join and Minesweeper, our results
indicate that advanced skipping join algorithms have the potential to improve performance over the
standard suite of join algorithms. Furthermore, although these algorithms can be arbitrarily faster in
some special cases, the performance advantages these algorithms offer are in fact broadly applicable
to a wide range of queries and data. In essence, this chapter makes that case that the standard join
algorithms—index nested loops, traditional merge join, and hash join—are not sufhicient, and we
argue that more sophisticated skipping join algorithms are needed for performance.

These algorithms offer multiple new challenges that we have not discussed in this chapter. In
particular, it is not immediately clear when to use ZigZag merge join or Minesweeper over a more
traditional join algorithm; there are cases where hash join is the best choice, even when appropriate
indexes exist. This decision is based on two factors: how much data can be skipped and how much
work (i.e., how many index seeks and constraint updates) are required to skip that data. Our work
in the next chapter is intended to provide a baseline method for estimating these factors prior to

running a query.



81

4 Statistics for estimating certificate sizes

4.1 Introduction

Chapters 2 and 3 have shown that skipping join algorithms can have a substantial impact on
performance in a variety of situations. However, it is not always clear when these algorithms should
be applied. Certainly, one approach is to always use a skipping join algorithm if the appropriate
indexes exist, only falling back to traditional join algorithms when there is no other choice.

Unfortunately, as we saw in Chapter 3, skipping join algorithms do not always provide the
best performance. As a result, always blindly using a skipping join algorithm will leave potential
performance improvements on the table. However, it is not straightforward to determine what
the performance of a skipping join algorithm will be prior to running it—RDBMSs often collect
statistics about the data, but it is not clear whether common statistics, like histograms, are of any
use.

The efficacy of skipping join algorithms is determined by two factors: how much data can be
skipped, and how much time is required to skip that data. The first factor, how much data can
be skipped, is closely related to the size of the join output—if the join produces very few tuples
relative to the size of the input relations, then most tuples do not contribute to the output and can
be skipped. However, the second factor, how much time is required, is the product of the number
of seeks and the time per seek; if it is too large, the extra work required to perform the seeks may
outweigh the savings from skipping data.

Standard techniques for join cardinality estimation [14, 65, 72] can be used to predict how much

data can be skipped, and the average amount of time per seek can be estimated using, e.g., some
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sort of offline calibration process or the optimizer’s cost model. The number of seeks required, on
the other hand, is proportional to the size of the join certificate, and to the best of our knowledge,
no techniques exist for certificate size estimation.

More specifically, the size of the join certificate is related to the number of gaps where data
exists in one relation but not in another—the more individual gaps there are, the more seeks will
be required to exploit those gaps. Consequently, we need a method to determine where these gaps
exist (i.e., the range of missing values). One obvious approach is to utilize statistics that RDBMSs
already collect, but the standard histograms that RDBMSs maintain over their data are not helpful
in this case.

Consider two common types of histograms: equi-depth and equi-width [77]. An equi-depth
histogram will never store any missing values by definition (assuming the histogram has a nonzero
depth), since all bins have the same number of values. Equi-width histograms, on the other hand,
could detect missing values assuming a small enough bin size. In practice, however, RDBMSs use a
small number of bins for a large number of rows; Microsoft SQL Server 2008, for example, uses a
maximum of 200 bins even for relations with hundreds of millions of tuples [88]. As a result, it
is very unlikely that a bin will be empty unless the overall join key value distribution is extremely
skewed.

Accordingly, in this chapter, we introduce a new type of histogram called a gap map. Gap maps
are equi-width histograms that store each bin as a single bit; instead of storing the cardinality of
values in a bin, gap maps simply indicate the presence or absence of any value within the bin. By
using standard bitmap compression techniques, gap maps can store many more bins than regular
histograms, and assuming appropriate alignment across relations, they can be combined cheaply
using bitwise operations. This enables them to track missing values accurately, and therefore they
provide a method for estimating the size of a join certificate.

However, gap maps have several issues that prevent them from being a general-purpose solution.
With a bin size of 1, gap maps are able to exactly determine the size of the optimal certificate for

a two-relation join with one attribute and no predicates, but as the bin size increases, gap map
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accuracy degrades sharply. Additionally, for more complex queries, use of gap maps becomes more
difficult.

When a query contains predicates, for accurate certificate estimation, the gap map must be
filtered to only include join key attributes that belong to tuples which pass the predicate, either
on-the-fly or as a precomputed map. Similarly, as the number of join attributes grows, more gap
maps are needed; relations with multiple join attributes must store one gap map per combination of
prefix attribute values. Since the number of gap maps required for exact estimation is dependent on
the complexity of the query and the distribution of the data, this can be impractical in many cases.
‘Therefore, we do not present gap maps as a crisp solution to join certificate size estimation but rather
as a way to explore the problem and shed light on the issues that can be encountered along the way.

'This chapter provides the following contributions:

* The design of gap maps, a histogram variant for tracking absent values that can be easily

combined to estimate the size of a join certificate.

* Algorithms for constructing gap maps efficiently and for using them to estimate certificate

sizes without decompression.

* An in-depth discussion of when gap maps are effective and the challenges involved in scaling

them to arbitrary datasets and queries.

The rest of this chapter is organized as follows. We introduce gap maps, and how to construct
and use them, in Section 4.2. We perform an empirical analysis of gap map performance and
space requirements over synthetic data in Section 4.3, and we discuss the impact of query and data

complexity on the number of gap maps required in Section 4.4. Finally, we conclude in Section 4.5.

4.2 Gap maps

A gap map is a bitmap where each bit represents a possible join key value, built over a join attribute

in an input relation. We assume that the domain of join key values is finite and discrete; in the case
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Values 1 7 20 27 Gapmap A 01000010000000000000000000000001
l l l l GapmapB 01000010001100100000001111000000
Gapmap (01000010000000000001000000100000
%(—/
Gap between values Output values Skipped values
(a) Gap map for a list of unsigned integer values. (b) Information gained by combining gap maps.

Figure 4.1: A simple gap map example.

of continuous types, such as decimal numbers, we assume that they are quantized to a discrete set at
the cost of some precision. We align all gap maps to a common starting value (e.g., the minimum
possible value), and then we set each bit in the gap map to 1 if the corresponding join key value is
present in at least one tuple in the input relation (see Figure 4.1a). Each run of 0 bits in the map
indicates a gap in the input data where no join key values exist.

By combining the gap maps of different relations, we can estimate the size of the optimal
certificate for joining those relations by determining which join key values will be skipped (see
Figure 4.1b). In this section, we describe how to construct gap maps efficiently, and we propose two
algorithms for using them to estimate join certificate sizes that provide varying levels of accuracy
with differing performance. The bulk of our discussion focuses on a simple case with two relations

and a single join attribute; we discuss more complex queries in Section 4.4.

4.2.1 Building gap maps

In principle, a gap map requires one bit per possible join key value. While this is feasible for data
types with rather limited ranges, like 32-bit integers, it is not feasible for data types with a large
number of possible values, like 64-bit integers (an uncompressed gap map over a 64-bit integer
would require 2 EB to store). However, in practice, gap maps are much smaller than this worst-case
scenario, and this happens due to two reasons.

First, the join key values that are actually present in a relation are highly likely to be only a small
fraction of the possible values. Since gap maps are only sensitive to unigue join key values, not

264

repeated values, to actually fill the entire range of a 64-bit integer would require 2°* tuples, which
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themselves would be difficult to store. As a result, gap maps compress very well using standard
bitmap compression techniques like run-length encoding (RLE) [49].

Second, gap maps do not need to use a one-to-one mapping between values and bits. We say
that each gap map has a bin size b, which indicates how many values each bit represents. This
decreases the size of the uncompressed gap map by a factor of b, at the cost of a loss of precision
when estimating the certificate size. The estimated certificate size for a given gap map may be off by
a factor of 2b — 1, since combining two bins with b values each may contribute 2b — 1 comparisons
to the certificate if the values in the bins are perfectly interleaved. Furthermore, because gap maps
are intended to be combined with others, gap maps with different bin sizes must be lossily converted
to have the same bin size; therefore, in an ideal situation, all gap maps in a database have the same
bin size.

All gap maps over a given relation’s join attributes can be built in a single scan. Because
uncompressed gap maps can be impractically large, it is not feasible to build a gap map and compress
it after the fact. Instead, we incrementally construct a word-aligned hybrid (WAH) compressed
bitmap [100]. In a WAH bitmap, there are two types of words: fill words and literal words.

Fill words encode runs of repeated bits (either O or 1), while literal words store bits as-is. When
constructing a gap map, we instantiate literal words as needed, and we add fill words only after all
the input has been consumed. This allows us to take advantage of the fact that join key values occupy
only a small portion of the value space, since we implicitly store zero fills during construction, and
we never have to break a fill word into literals.

To accomplish this, we must be able to determine if a literal word has already been instantiated,
and we need to be able to determine how many fill words should separate each literal word. Ac-
cordingly, we store literal words in a tree indexed by their offset from the minimum value in the
gap map. Since each word represents a fixed number of values based on the bin size, it is easy to
calculate a given word’s offset. Thus, when we read a new input value for the gap map, we look for its
corresponding literal word in the tree, instantiate it if needed, and set the appropriate bit. When all

input values have been read, we “stitch” the literal words together with appropriate zero-fill words,
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and we also combine repeated words of set bits into one-fill words as we encounter them.
We show the pseudocode for this algorithm in Algorithm 6. Note that our implementation
stores values in order from the least significant bit to the most significant bit. This decision is

arbitrary, but it does aftect the algorithms we use to combine gap maps later.

Algorithm 6 Algorithm to build a gap map for attribute A, in relation R with bin size b and w-bit
words.
words = &

r < GETNEXT(R)
while r # EnD(R) do
0 e |2]
word_pos < | =45
offset «— a — (word_pos X (w — 1))
if no word exists in words with position word_pos then
words[word_pos] < 0

set bit offset in words[word_pos] to 1

last_word_pos < —1
run_count < 0
output <—
for word_pos, word in words do
distance < word_pos — last_word_pos
if distance > 1 then > There is an implicit run of 0 bits.
if run_count > 0 then
add a one-fill word containing run_count runs to output
run_count < 0

add a zero-fill word containing distance — 1 runs to output

last_word_pos <— word_pos
if word has all bits set to 1 then
run_count < run_count + 1
else > Current run of 1 bits is broken.
if run_count > 0 then
add a one-fill word containing run_count runs to output
run_count < 0
add word to output

if run_count > 0 then > May have ended with a run of 1 bits still in progress.
add a one fill word containing run_count runs to output
run_count < 0
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4.2.2 Querying gap maps
For this section, we assume a query R(A;) X S(A;) with gap maps M, (R) and M4, (5), and we
introduce two algorithms for estimating the size of the join certificate.

The first algorithm, which we call Bizwise, uses bitwise operations to combine the gap maps.
These bitwise operations are fast, but this algorithm tends to overestimate the size of the certificate.
'The second algorithm, which we call Merge, emulates the behavior of ZigZag merge on the bits of

the gap maps. This algorithm is slower, but provides much more accurate estimates.

Bitwise

In Bitwise, we break our join certificate size estimation into two parts: first, we estimate the number
of skips that will result from gaps in S, and second, we estimate the number of skips that result from
R. We can estimate the number of skips that result from gaps in .S by computing a new gap map
M = My, (R) N =M, (S), which indicates the values that are in R but fall into some gap in S.

More specifically, we know that each run of set bits in M indicates a single skip, since all of those
values fall into the same gap. Consequently, our challenge with Bitwise is to compute the number of
runs of set bits, and this is indicated by the number of transitions from 0 to 1 in M (i.e., the number
of 1 bits whose preceding bit is 0). We now show how to compute this without decompressing the
gap map.

Since we use WAH compression for gap maps, we must consider how to handle both fill words
and literal words. Fill words are straightforward. Each fill word represents a single contiguous run
of either 0 or 1 bits. Accordingly, we care only about runs of 1 bits, and we simply need to increment
our count by one if the last bit in the preceding word was a 0 (bits preceding the first word in a gap
map are implicitly 0).

Literal words are somewhat more complicated. To count the number of runs within a literal
word w, we need to compute PopuLATIONCOUNT((w & (w < 1)) Aw) (where PopuLaTiONCOUNT

is a function that counts the number of set bits in a bitmap and < is a bitwise left shift operator).
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Algorithm 7 Algorithm to count the number of runs in a gap map consisting of w-bit words.
count < 0
prev_bit < 0
for each word in words do
if word is a fill word then
current_bit < the fill bit in word
if last_bit # current_bit then
count < count + 1

prev_bit <— current_bit
else
shifted_word < (word < 1)V prev_bit
count <— count + PopuLaTioNCounT((shifted_word & word) N\ word)

prev_bit < word A (1 < (w —2))
return count

We propagate the last bit from the previous word (0 if no previous word exists) as the least significant
bit in w < 1. The XOR between w and w >> 1 gives us an initial count for the number of runs,
but it can potentially count a single run multiple times—a run of set bits that is entirely contained
within the word will be counted twice, once for the beginning of the run and once for the end. To
address this, we AND the result with w, which ensures that each run will be counted at most one
time. We show the pseudocode for this algorithm in Algorithm 7.

M captures how many runs in R will be skipped by gaps in S, but both ZigZag merge join and
Minesweeper skip on both sides of the join. Accordingly, we must also compute M4, (S)A—=My, (R)
and count the number of runs of set bits it contains. This technique provides an upper bound on the
size of the optimal certificate, but it can overestimate the certificate size in many cases.

This occurs because of the interaction between seeks from R and seeks from S. Some values in R
that may cause seeks in S may end up skipped themselves, and as a result, they do not actually cause
a skip. Since we decomposed certificate size estimation into two discrete steps, we have no way of

handling this case using the bitwise algorithm, and we introduce a second algorithm to address this.

Merge

Our second algorithm for estimating the size of a join certificate emulates the behavior of ZigZag

merge join. We use two iterators over M4, (R) and M4, (S). Each iterator tracks its current bit
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Algorithm 8 Algorithm to estimate the size of the certificate between two gap maps, left and right.

Input: left_it and right_it, iterators over the bits of left and right, respectively
advance left_it to the first set bit
advance right_it to the first set bit
count <0
while left_it # Enp(left) and right_it # Enp(right) do
if PostTion(left_it) = Posrrion(right_it) then
advance left_it to the next set bit
advance right_it to the next set bit
else if Position(left_it) < PosiTion(right_it) then
advance left_it to PostiTioN(right_it)
if left_it is not pointing to a set bit then
advance left_it to the next set bit

count <— count + 1
else
advance right_it to PostrTionN(left_it)
if right_it is not pointing to a set bit then
advance right_it to the next set bit

count <+ count + 1
return count

position, and it provides a method for skipping to the next set bit.

Because the bitmaps are compressed, finding the next set bit can be quite efhicient. Zero-fill
words enable skipping of entire runs of zeros very quickly, and for literal words, many processors
provide instructions that compute the next set bit directly. Therefore, we can implement a ZigZag
merge-style algorithm over the gap maps with reasonable performance.

The overall logic is straightforward. We begin by placing each iterator at the first set bit, and
then we compare their positions. If their positions are equal, we advance both iterators to the next
set bit. If M4, (R)’s position is less than M4, (S)’s, we increment our count and advance it to the
first set bit whose position is greater than or equal to M4, (S)’s position, and vice versa if M4, (S)’s
position is less than My, (R)’s. We show the pseudocode for this algorithm in Algorithm 8.

This algorithm produces exact certificate size estimates when the bin size is 1, since it is essentially

equivalent to ZigZag merge join.
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4.3 Experimental results

We implemented gap maps in a C++ application and examined the performance of building and
querying them over synthetic data. Our datasets covered four different distributions, each with
N tuples. Specifically, we generated uniform random data, Zipfian data (with s = 1), normally
distributed data (with = % and o = %), and data that followed the ClusterData model [3]. We
store each dataset in its own relation, and each relation has only a single join attribute.

In this section, we construct 32-bit gap maps exclusively. Gap maps can also be stored in 64-bit
words, but this causes them to require substantially more space, and our preliminary testing did not
show a significant performance improvement over 32-bit gap maps.

These results are intended to provide a flavor for gap maps’ efficacy in various situations, and

they are not intended to be a comprehensive exploration of the entire space.

4.3.1 Building gap maps

Constructing gap maps is sensitive to the number of tuples that need to be processed and the
distribution of the join attribute values in those tuples. When join attribute values are repeated,
gap maps take less time to construct, since they do not need to instantiate new words as often.
Similarly, when join attribute values are clustered around a certain part of the space, particular words
are accessed repeatedly, making them more likely to be already instantiated and cached.

We show the performance of building gap maps with bin size 1 as the number of tuples increases
in Figure 4.2. Even at 100 million tuples, gap maps take less than a minute to construct. Uniformly
distributed data is the slowest to construct, since it has the most unique values and covers the
broadest range of the space. ClusterData and Zipfian data both have more redundancy in their
values, and so take less time. Finally, our normally distributed data is tightly clustered and has the
most redundancy, and therefore is constructed the fastest.

The size of a gap map is also sensitive to the join value distribution, since repeated values do not

require additional space. We show the size of a gap map (in words) in Figure 4.3. Here we can see
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Figure 4.2: Gap map build performance as the number of tuples increases with bin size 1.

that, although we constructed a gap map over data from the ClusterData model in about the same
time as a gap map over Zipfian data, the ClusterData gap map required roughly double the space.
This is because, although ClusterData exhibits more locality than uniformly distributed data, it still
covers more of the space than Zipfian data does. Lastly, as expected, our tightly clustered normally
distributed data required the least amount of storage space.

Overall, gap maps are reasonably compact. For highly redundant data, like our normally
distributed data, the gap map for 100 million tuples can be stored in about 1 MB. Even for
uniformly distributed data with little redundancy, a 100-million tuple gap map requires only 24 MB.

'Thus, we feel it is reasonable to assume that an entire gap map could be cached in memory.

4.3.2 Querying gap maps
We compared our two algorithms for certificate size estimation, Bitwise and Merge, on gap maps

with 50 million tuples. We estimated the size of the certificate with bin size 1 over all combinations
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Figure 4.3: Gap map size as the number of tuples increases with bin size 1.

of distributions, and we show our results in Table 4.1. In this experiment, Merge produces the exact
certificate size, while Bitwise often overestimates the size of the certificate.

Bitwise provides the closest estimate when data is uniformly distributed or distributed according
to the ClusterData model, offering estimates that are 15-30% off from the true value. However,
when data is normally distributed, Bitwise can be off by an order of magnitude or more. This is
because our normal distribution is tightly clustered, and therefore, it produces large skips in the
relation it joins with. These skips eliminate many of the seeks that Bitwise expected from that
relation, which Bitwise does not account for.

On the other hand, Bitwise does provide better performance than Merge in several cases. This
is because Bitwise performs operations on a per-word basis. Every fill and literal word has the
same bitwise operations applied to it, and therefore Bitwise’s per-word processing cost is fixed. In
contrast, Merge jumps from set bit to set bit, and some words take longer to process than others.

Accordingly, for gap maps with a large number of set bits, Merge will do much more processing
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Estimated cert. size (k) Execution time (ms)

R distribution S distribution Merge Bitwise Merge  Bitwise
Normal 1673.97 11,842.44 37.99 37.99

ClusterDat ClusterData  26,242.91 33,401.36 447.90 99.98
USEEEEAR T Uniform 28,153.67 34,826.42 487.89  100.98
Zipfian 9095.07 14,375.96 140.97 53.99

Normal 1695.98 13,299.00 38.99 36.99

Uniform Uniform 29,712.96 35,689.35 514.89 93.98
Zipfian 9845.71 15,406.89 150.97 55.99

Zinfian Normal 547.10 7277.41 13.00 25.99
P Zipfian 5922.11 8097.52 136.97  50.99
Normal Normal 690.69 859.90 42.99 7.00

Table 4.1: Certificate estimation results depending on distribution for 50 million tuples with bin
size 1.

than Bitwise, but provide a more accurate answer.

Our next experiment evaluates the accuracy of gap maps as the bin size increases. We expect that
accuracy will degrade with larger bins, since binning values has the potential to remove some gaps
from the map, and we show results for uniformly distributed data in Figure 4.4; other distributions
are similar. Unfortunately, gap map accuracy quickly degrades as the bin size increases. Even a
bin size of 2 is sufficient to introduce more than 40% error, and by a bin size of 6, gap maps are
effectively useless.

'This is because the size of the certificate is very sensitive to each individual gap. A bin size of 6
means that any gap of 12 values or less will be eliminated. In our synthetic datasets, most of the
gaps fall within this range, and as a result, our estimation techniques will dramatically underestimate
the size of the certificate.

Interestingly, although Bitwise overestimates the size of the certificate when the bin size is 1,
as the bin size increases, its error rate is almost identical to Merge. Recall that Bitwise does not
account for the fact that a single skip from one relation may eliminate several skips in the other
relation. However, the eliminated skips tend to be close together, and as the bin size increases, those

skips merge into a single run, and end up being counted correctly. As a result, when operating over
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Figure 4.4: Certificate size estimation accuracy for uniformly distributed data with 50 million tuples
as bin size increases.

gap maps with larger bin sizes, the choice of algorithm is less important than when exact gap maps
(i.e., bin size 1) can be used.

Finally, we investigate how gap maps can be applied to two generic relational queries, specifically
our versions of Star Schema Benchmark Q2.1 and Q2.3. Our results in Chapter 3 showed that
ZigZag merge join offered almost no performance advantage over hybrid hash join for Q2.1, while
ZigZag merge join provided much better performance than hybrid hash join on Q2.3. While we do
not have a full cost model, we can use gap maps to provide an intuition as to why ZigZag merge
join’s performance differs for the two queries.

To do this, we first construct a gap map over the partkey attribute in the LineOrder relation.
'Then, we construct two additional gap maps over the Part relation. For Q2.1, we construct a gap
map on partkey for all tuples with category equal to “MFGR#12,” and for Q2.3, we construct a gap
map on partkey for all tuples with brand equal to “MFGR#2239.”
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By combining these gap maps with the gap map on LineOrder, we can estimate the size of
the certificate for the first join in the query. Using Merge, Q2.1’s gap maps estimate the first join
requires 45,902 seeks to find 47,850 matching values. This is obviously many fewer seeks than
required to answer the entire query, but it indicates that there is little skipping in the first join, since
the number of seeks is very close to the number of matching values.

In contrast, running Merge on Q2.3’s gap maps indicates that its join requires only 1,185 seeks
to find 4,154 matching values. As a result, not only does it require fewer seeks in absolute terms
than Q2.1, its ratio of seeks to matching values is much better, indicating that more data is being
skipped. This shows that gap maps can provide some evidence as to whether a query would be a
good fit for ZigZag merge join, at least in simple cases.

To accurately estimate the size of the certificate for the entire query would require combining
gap maps across multiple joins, which poses problems both in terms of the amount of computation

and the amount of storage space required. We discuss these issues briefly in the next section.

4.4 Query complexity

Our results in this chapter address a two-relation join with a single join attribute. However, this is
the ideal case, and when queries are more complex, gap maps become more difficult to use effectively.
More specifically, the number of gap maps that must be stored and combined for an arbitrary query
can increase dramatically in some situations.

For example, suppose we we have a query o4, —,(R(A;, A2) X S(As3)), where x is an arbitrary
A; value. To effectively determine the size of the certificate for this query, we need to use a gap map
built over 74, (0 4,-,(R)); since x is an arbitrary value, to accommodate any possible query we will
require one gap map per unique A; value. This means the number of gap maps is dependent not
only on the complexity of the query, but also on the distribution of the daza.

This is exacerbated for queries with more than two relations. Suppose we have a three-relation

join, R(Ay) ™M S(A;, As) X T(Asg). The certificate for R x S can be determined with just two gap
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maps; however, the certificate for S X 7' is dependent on the distribution of each run of A; values.
Accordingly, we need a gap map per unique A; value that appears in .S, even though we do not have
any predicates in the query.

Furthermore, when estimating the certificate size, we need to combine the gap maps for each
Ay value in w4, (R x S) with the gap map for 7. 'This means we may end up doing a lot of work
to determine which gap maps need to be combined, and this grows as queries involve more joins.
Therefore, for large relations or complex queries, the sheer number of gap maps needed can quickly
become unmanageable and impractical.

One approach for dealing with this might be to combine multiple gap maps into a single
approximate gap map. However, any approximation of a gap map will suffer from some degree of
inaccuracy, and we showed in Section 4.3 that certificate estimation is very sensitive to approximation
errors. As a result, it is not clear how to combine multiple data distributions in a way that limits

error strongly enough to be useful in practice.

4.5 Conclusion

In this chapter, we introduced gap maps, a first attempt at statistics for estimating the size of a
join certificate. Although gap maps can be constructed and queried efficiently for a two-relation
join without predicates, there are several challenges in scaling gap maps to more complex queries,
in particular the large number of gap maps required to produce accurate estimates. Furthermore,
while gap maps can in principle represent multiple values in a single bit, the error in their estimated
certificate size grows dramatically as the bin size increases, even for just two values per bin.

These issues combined suggest that gap maps, and perhaps binning synopsis structures in general,
are not an effective solution to this problem. Instead, it may make more sense to rely on strategies
to correct poor skipping decisions after the fact. For example, if an RDBMS notices that a skipping
join algorithm is not skipping effectively, it may make a runtime decision to revert to a simpler

variant (e.g., convert from Minesweeper to ZigZag merge join, or from ZigZag merge join to



97

traditional merge join) or in some cases simply stop execution and reoptimize, as in progressive
optimization [63, 66].

Additionally, although we focused on certificate size estimation in this chapter, the optimal
certificate depends on the global attribute order. Therefore, a related area of work is to advise
RDBMS administrators on the best indexes to construct to optimize the performance of skipping
join algorithms and to integrate this feedback into a database engine tuning advisor [1, 24, 28].
Gap maps may be better suited to this area than to query-time optimization, since an offline advisor
process has more time to construct gap maps, and after tuning is complete, gap maps would no

longer need to be stored, alleviating storage issues for complex queries.
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5 Related work

5.1 Full-text search in databases

The integration of RDBMSs and IR systems has been discussed repeatedly over the years. Biller [18]
and Stonebraker et al. [89] argued for the inclusion of text storage features in an RDBMS as early as
1982. More recently, several members in the database community have noted that the functionality
of RDBMSs and IR systems has been converging [25, 96] and that some new RDBMS features
could have a large impact [19].

Heman et al. [51] and Cornacchia et al. [26] demonstrated that inverted indexes can be pro-
cessed efficiently in an open-source column-store database. They achieved high query performance
through the use of vectorized execution and novel compression techniques with a PAX-like lay-
out [2]; however, their work used the traditional merge join algorithm. Accordingly, our work
is complementary to theirs, since we demonstrate a way to further increase performance through
algorithmic improvements.

Whang et al. [97] implemented Odysseus, an ORDBMS with a number of IR features. The
overall design of Odysseus is similar to the specialized design we discussed in Section 2.3.1, with the
addition of a full B-tree index over each posting list rather than a simple skip list. This work further
highlighted the possibilities of a specialized design, but did not compare it to a pure relational
approach.

DeFazio et al. [29] proposed cooperative indexing as a way to provide some of the storage-level
optimizations used by IR engines when storing the inverted index in relations. This work investigated

scalability, rather than raw performance, and given its focus on the storage layer, it did not include a
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discussion of the join algorithms used.

The pure relational approach can also be more complex than we studied in this thesis. Holmes [52]
showed that SQL can be used to parse keyword queries, and several researchers have demonstrated
relational IR in parallel settings [37, 39, 68]. The main results of this work are demonstrations of
the flexibility and power of the relational approach, rather than performance.

Set-containment joins could also be used to evaluate conjunctive queries by viewing each docu-
ment as a set of terms and checking to see if that set contained the set of keywords in the query. This
would enable the use of algorithms such as those proposed by Ramasamy et al. [82] and Melnik et
al. [69], which utilize hash-based signatures of sets and partitioning, and it could possibly allow for
better performance in systems that support set-valued attributes. We do not compare against these
algorithms in this work, but this represents an interesting area for future exploration.

Some previous work has compared relational IR systems with specialized IR engines. Kaufmann
etal. [57] and Grossman et al. [46] showed that relational IR can be competitive with special-purpose
IR engines, and Ercegovac et al. [33] performed a general benchmark of full-text search features
across RDBMSs. Because these benchmarks were cross-system, they highlighted general trends
and did not dive deeply into the reasons for the performance differences, and thus did not expose
the algorithmic differences that our single-system experiments showed.

Finally, a related area of research is keyword search over relational databases, such as that done by
Bahlotia et al. [16] and Hristidis et al. [53]. This work aims to allow users to pose keyword queries
to query structured data instead of SQL, and as such, it is primarily concerned with enumerating
possible joining networks that may match a given search; however, inverted indexes are used
peripherally in this work to aid in determining which joining networks are of interest or to locate

previously stored auxiliary information, like form templates (as in Baid et al. [10]).
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5.2 Skipping algorithms

Skipping in the IR community. Skipping among posting lists has frequently been proposed for
high performance in the context of set intersection, and the primary issue in this domain is how to
determine which set to draw eliminator values (i.e., values used to seek in other lists). Demaine
et al. [30] described an algorithm called Adaptive that uses the value from the set with the fewest
remaining elements as the eliminator. They later showed that Adaptive can be outperformed in
practice by a simpler algorithm that intersects two sets at a time (called Small vs. Small or SvS),
and they proposed a hybrid algorithm, Small Adaptive, to address this issue [31]. Barbay et al. [11]
suggested rotating among sets, drawing eliminators from each in turn, producing an algorithm
called Sequential, and Baeza-Yates [8] proposed an adaptive algorithm that combines the properties
of a binary search-based variant of nested loops and merge intersection. Barbay et al. [12] extended
this work by comparing different algorithms for seeking in sets, showing that interpolation search
can outperform binary and gallop search.

'This work is largely complementary to this thesis. Trees of binary ZigZag merge join operators
are equivalent to an interleaved version of Sequential, and Minesweeper is analogous to a multi-way
intersection algorithm. In principle, many of the algorithms proposed for set intersection can be
applied to joins; however, our focus is less on particular algorithms and more to show that the
general concept of skipping join algorithms is important. Furthermore, our experimental results
showing that ZigZag merge join can provide better performance than Minesweeper in practice is
similar to studies of set intersection algorithms that show simpler algorithms outperforming more
complicated algorithms that have better theoretical bounds [9, 13, 27, 31].

Skipping in the RDBMS community. The RDBMS community has also explored the benefits
of skipping in a number of different ways. These algorithms include many different methods,
including both indexes and hashing, and we discuss a selection of them here.

Graefe [40] discussed efficient ways of implementing nested queries using nested iterators. These

nested iterators can take advantage of indexes in some cases, and can be made more efficient by
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using spool operators, but they bind (i.e., seek) only on one side of a join. Consequently, ZigZag
merge join differs in that it binds on boz5 sides; additionally, many of the optimizations discussed by
Graefe can be applied to the ZigZag merge context in a complementary fashion.

Raman et al. [81] investigated intersection of RIDs in the context of index ANDing. They use an
adaptive, probabilistic algorithm for determining the order in which sets should be intersected, and
they store the high RID value on each page as a way to quickly eliminate pages with no matching
values. However, they do not use the upper levels of the B-tree to skip, and consequently have to
binary search in a list of all leaf pages when probing for a RID.

Similarly, Bucket-Skip Merge Join (BSMJ) [56] divides input relations into buckets and stores a
high and low key for each bucket; all buckets are stored in sorted order by the low key. 'This allows
BSM]J to skip buckets of tuples at a time, since if two buckets have disjoint key—value ranges, they
cannot possibly contain any matching tuples, but they do not make use of any secondary indexes.

Diag-Join [50] exploits time-of-creation clustering to enable skipping on one-to-many joins. It
uses a sliding window across its input relations to limit the amount of tuples joined at any given time,
and it achieves high performance by building a hash table over the window to accelerate probes. This
strategy works only when time-of-creation clustering is present and the join is one-to-many—it is
not applicable to arbitrary data and queries.

Criss-Cross Hash Join (CCH]J) [38] arranges pages into contiguous zones with one zone per
hash bucket. It then processes relations zone-by-zone, alternating hashing over both relations
(“criss-crossing”). 'This strategy allows CCHJ to outperform hybrid hash join in some situations,
but it does not permit arbitrary skipping of tuples.

Cao etal. [22] introduced SCALE, a variant of sort-merge join optimized for self joins. SCALE
assumes that the self join is on two separate attributes (i.e., R X R on R.A = R.B). We do not
consider this case in our work, as the self join used in text processing is on a single attribute.

ZigZag merge join has been applied in several areas. Halverson et al. [47] used a ZigZag
algorithm to efliciently handle inverted index queries for XML processing in an RDBMS, and

Oracle Rdb implemented ZigZag merge join for general queries [7]. However, neither of these
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pieces of work has discussed the practical performance impact of ZigZag merge join on full-text
queries and relational processing.

Leapfrog Triejoin [95] is a multi-way skipping join algorithm that is closely related to ZigZag
merge join. Leapfrog Triejoin divides a query into levels, with one level per join attribute; each level
contains a single Leapfrog join operator that performs a multi-way join between all relations in the
query that have that join attribute. When a match has been found at one level, Leapfrog Triejoin
advances to the next level and attempts to find a match for the next join attribute given the values
tound for all previous attributes. As a result, when each join attribute appears in a maximum of
two relations, Leapfrog Triejoin is identical to a binary tree of ZigZag merge join operators, and
therefore our results from Section 3.6.2 apply to Leapfrog Triejoin as well.

Graefe mentions that skipping could be combined with a generalized join (g-join) algorithm [41].
However, the intent of this work is to achieve predictable performance with a single general-purpose
join algorithm (rather than an optimizer-based choice among a set of algorithms), and skipping
is mentioned only in passing. In contrast, the purpose of this thesis is to explore the performance
impact skipping can have on a variety of situations.

Ngo et al. [75] discuss worst-case performance for Leapfrog Triejoin and an earlier algorithm by
Ngo et al. [74], and they create a general join framework that shows both of these joins are special
cases of a single join algorithm. This work considers optimality in terms of the input size of an
instance, and its results are extended by Ngo et al.’s description of join certificates and analysis of
Minesweeper [73]. As ZigZag merge join is closely related to Leapfrog Triejoin, our experimental

evaluation in this thesis is a companion to the theoretical analysis in Ngo et al.’s work.

5.3 Statistics for skipping

Although the notion of a certificate is present in both set intersection [11, 30] and join algo-
rithms [73], to the best of our knowledge, no work has been done on a way to estimate the size of a

certificate prior to running the join. However, there has been a great deal of work on statistics for
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join cardinality estimation, which is closely related.

Histograms are a very common structure used for database statistics [54]. However, many
histograms assume a uniform distribution within bins (though this is sometimes relaxed [14, 71,
78]), and they construct bins according to specified rules, e.g., equi-width, equi-depth, or some other
optimality metric [55]. These constructions typically fail to capture join key attribute values that are
missing from the data, and the same is true for alternative synopsis structures like wavelets [67].

While it is reasonable in the case of join cardinality estimation to misestimate missing values—
after all, these synopsis structures are likely to state that the value is /ow—skipping join algorithms
are very sensitive to this property. Whether a tuple is present or not can make the difference between
skipping or not skipping, and the cumulative error caused by these misestimations can dramatically
change the expected performance of a skipping join algorithm.

A similar argument applies when considering sampling-based techniques [34, 61, 65, 72, 91]. A
sample of the data is naturally going to have many gaps, and it is not clear which gaps are “natural”
(i-e., are in the real data) and which gaps were introduced by the sampling process.

Gap maps are somewhat similar to bitmap indexes [23]. In fact, if the bin size is 1 and the
join key attribute is unique, a gap map will store essentially the same content as a bitmap index.
However, gap maps support larger bin sizes, and additionally, since they are not used to answer
queries, gap maps may be inaccurate and do not need to be constantly maintained.

Gap maps are not the first bitmap-oriented histogram. Furfaro et al. [35] introduced Grid
Hierarchical Binary Histograms (GHBHs). GHBHs partition the value space into regions of
varying detail; a region where values are far from uniformly distributed will be subdivided into
smaller regions, and each summary statistic (e.g., the count of values in a region) is stored efficiently
along the hierarchy of regions. However, GHBHs are still not designed to capture missing values,
and because they store full summary statistics, they require somewhat more space than gap maps.

We used Word-Aligned Hybrid (WAH) compression from Wu et al. [100] for gap maps.
However, many other types of bitmap compression techniques have been proposed [4, 6, 62, 87],

and these schemes could also be used for gap maps.
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6 Conclusion and future work

In this thesis, we demonstrated that skipping join algorithms can provide better performance versus
traditional join algorithms over a variety of workloads, including in-RDBMS full-text search and
general relational queries like those used in Star Schema Benchmark and TPC-H. We compared two
skipping join algorithms, ZigZag merge join and Minesweeper, and found that, while Minesweeper
has better worst-case performance, ZigZag merge join often performs better in practice. Finally, we
introduced gap maps, a first attempt at statistics for estimating the amount of work a skipping join
algorithm will perform prior to execution, and we showed that while they are efficient to construct
and query, the number of gap maps required for complex queries and data is impractical.

A central issue in this work is what input is reasonable for a join algorithm, or in other words,
what assumptions can be made about how the data is stored and indexed. Clearly, if no information
is known about how the data is stored, it is difficult to find optimize for performance. In this case,
it seems likely that, lacking a better option, we would fall back on hash join.

On the other hand, if we were given more information, we could optimize further. If the input is
sorted, merge join may be faster than hash join; if one input is small and the other is indexed, index
nested loops join may be the best choice. These are commonly known scenarios in the database
context, and our work has focused on an even more particular case where all inputs are indexed
according to a global attribute order. Here, we have shown that skipping join algorithms like ZigZag
merge join and Minesweeper can provide better performance on a variety of workloads and datasets,
including both in-RDBMS full-text search and general relational benchmarks like Star Schema
Benchmark and TPC-H. On some level, this is an intuitive result—these algorithms make the best

use of the additional constraints on the input data, and so provide the best performance.
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Nonetheless, this does not mean that we have explored the entire space. To suggest a few options,
one could imagine that the input data may have fewer assumptions (e.g., perhaps only half of the
relations are indexed appropriately), or there may be detailed auxiliary statistics available on the
populated range of join key values. Join algorithms that are able to adapt to these situations may be
able to provide better performance.

In the limit, of course, the result of the join is precomputed, and the optimal “join algorithm”
for this data simply reads it out. While this may sound a bit absurd, consider that this is essentially a
materialized view, a feature already supported by a large number of relational database management
systems. As a result, we feel that it is not too outlandish to expect that there may be a wide range
of assumptions that may hold for a given input, and different assumptions will provide unique
opportunities.

For example, Minesweeper utilizes only a single global attribute order, and this can impact its
performance. Consider a query like R(A;) x S(A;, Ay) 1 T'(A;), and suppose we populate it as

follows:
« R(Ay): [1,...,N]
« S(Ay, A): [1,... N x [1,...,N]
« T(Ay): [N+1,...,2N]

'The output of this query is empty—no value in 74, (S) exists in T—but Minesweeper cannot quickly
determine this fact. Since Minesweeper assumes that S is sorted on (A;, A3), any constraints
Minesweeper learns on 74, (S) are conditioned on some A; value, and Minesweeper must evaluate
every run of As values in R x S to see if it joins with 7". 'This makes sense if there is only a single
global attribute order, but suppose we have an additional index / on S(A3).

Index I is not consistent with the global attribute order, and in fact, it is not generally suitable
for evaluating this query as it provides no efficient way to join S with R. Nonetheless, it can provide

useful information; in this case, two seeks in I could be used to determine the minimum and
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maximum A value in S, and so establish that the query is empty very rapidly. Thus, an algorithm
that takes advantage of this index can be arbitrarily faster than one does not.

We can integrate this processing very simply into Minesweeper. Minesweeper already performs
multiple seeks in each relation along the global attribute order; for the above query, Minesweeper
will seek in S for some (A;) tuple and some (A;, A;) tuple. Consequently, all Minesweeper must
do is check for the presence of an additional index on A, (or, more generally, any join attribute in
the relation) and probe it as well.

One may be wondering how this modified algorithm relates to the theory behind Minesweeper.
After all, Minesweeper is optimal in terms of the minimum-size certificate, but we have just shown
a variant of Minesweeper that can be arbitrarily better. To understand this, recall that Ngo et al.
showed that the minimum-size certificate is dependent on the global attribute order. Consequently,
one can see that if the order was 7" @ S X R, Minesweeper would be just as good as our proposed
variant.

However, the global attribute order is not selected arbitrarily—input data must be indexed
appropriately to support it. Furthermore, an entirely new global attribute order is not required, since
I is a partial order that still provides useful feedback. Because the definition of a certificate does not
allow for combinations of multiple (possibly partial) orders, the minimum-size certificate cannot
capture this information, and therefore Minesweeper is minimum-size certificate optimal despite
not covering this case.

This suggests that the definition of a certificate could be broader, and new (or modified) algorithms
may be required to be optimal for new definitions and different assumptions on input data. We feel
that this is an interesting area of research with a number of possibilities from both a theoretical and
a practical perspective, and we look forward to further developments in the future.

Finally, an issue that we have not addressed is how skipping join algorithms can be implemented
in real-world systems. Most relational database management systems already support merge join
and secondary indexes, and in this case, ZigZag merge join is only a small modification. In

fact, our prototype system implements ZigZag merge join and traditional merge join in the same
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operator—changing between them is a matter of removing only a few lines of code.

In contrast, Minesweeper’s implementation is much more complicated. Unlike secondary indexes,
data structures like the CDS are not shared by any other part of the RDBMS, and Minesweeper’s
multi-way design is not consistent with the binary nature of most traditional join algorithms. As
a result, it may make more sense to implement ZigZag merge join as a baseline skipping join

algorithm, and consider Minesweeper only if motivated by a specific workload or use case.
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Algorithm 9 Algorithm for outputting the cross product of matching groups in R » S.

function ProcessGrour
if left_seeked then
r <— GETNExT(R)

if right_seeked or not left_seeked then
s <= GETNEXT(S)

rewound < false
while r # END(R) and not output do
if = s then
add r X s to results
output <— true
else
if rewound then SETLEFTRUN(tTUE)
in_group < false
left_seeked < false
right_seeked < false
else
rewind S to the beginning of the run
r < GETNEXT(R)

Algorithm 10 Algorithm for rewinding iterators over operators as needed.

function REWINDIFNEEDED
if r # Enp(R) and (s = EnD(S) or HasLerTRUN(R)) then
rewind S to the beginning of the run
s <— GETNExT(S5)
if not HasLerTRUN(R) then
advance R to the next run
else

CLearLErTRUN(R)
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Algorithm 11 Algorithm for seeking in a ZigZag merge join or a base relation.

function Seex(operator, key)
if operator is a ZigZag merge join then
if operator.R has join attributes in key then
operator.left_seeked < true
Seek(operator. R, key)
if operator.S has join attributes in key then
operator.right_seeked < true
Seek(operator.S, key)
else > operator must be a base relation
perform an index lookup in operator’s relation for key
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B Star Schema Benchmark queries
Query 2.1
SELECT lo_partkey, lo_suppkey, lo_orderdatekey, d_datekey, p_partkey,
s_suppkey
FROM lineorder, date, part, supplier
WHERE lo_orderdatekey = d_datekey
AND lo_partkey = p_partkey
AND lo_suppkey = s_suppkey
AND p_category = 'MFGR#12'
AND s_region = 'AMERICA'
Query2.2
SELECT lo_partkey, lo_suppkey, lo_orderdatekey, d_datekey, p_partkey,
s_suppkey
FROM lineorder, date, part, supplier
WHERE lo_orderdatekey = d_datekey
AND lo_partkey = p_partkey
AND lo_suppkey = s_suppkey
AND p_brand BETWEEN 'MFGR#2221' AND 'MFGR#2228'
AND s_region = 'ASIA'
Query 2.3
SELECT lo_partkey, lo_suppkey, lo_orderdatekey, d_datekey, p_partkey,

s_suppkey
FROM lineorder, date, part, supplier
WHERE lo_orderdatekey = d_datekey
AND lo_partkey

p_partkey
AND lo_suppkey = s_suppkey
AND p_brand= 'MFGR#2239'
AND s_region = 'EUROPE'
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Query 3.1

SELECT lo_custkey, lo_suppkey, lo_orderdatekey, d_datekey, s_suppkey,
c_custkey

FROM customer, lineorder, supplier, date

WHERE lo_custkey = c_custkey

AND lo_suppkey = s_suppkey

AND lo_orderdatekey = d_datekey

AND c_region = 'ASIA'

AND s_region = 'ASIA'

AND d_year >= 1992

AND d_year <= 1997

Query 3.2

SELECT lo_custkey, lo_suppkey, lo_orderdatekey, d_datekey, s_suppkey,
c_custkey

FROM customer, lineorder, supplier, date

WHERE lo_custkey = c_custkey

AND lo_suppkey = s_suppkey

AND lo_orderdatekey = d_datekey

AND c_nation = 'UNITED STATES'

AND s_nation = 'UNITED STATES'

AND d_year >= 1992

AND d_year <= 1997

Query 3.3

SELECT lo_custkey, lo_suppkey, lo_orderdatekey, d_datekey, s_suppkey,
c_custkey

FROM customer, lineorder, supplier, date

WHERE lo_custkey = c_custkey

AND lo_suppkey = s_suppkey

AND lo_orderdatekey = d_datekey

AND (c_city '"UNITED KI1' OR c_city

AND (s_city = 'UNITED KI1' OR s_city

AND d_year >= 1992

AND d_year <= 1997

'"UNITED KI5')
'"UNITED KI5')
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SELECT lo_custkey,
c_custkey
FROM customer, line
WHERE lo_custkey =
AND
AND
AND
AND

AND

lo_suppkey = s_
lo_orderdatekey

(c_city
(s_city =

d_yearmonth = '

'UNITED KI1'
'"UNITED KI1'

lo_suppkey,
order, suppl
c_custkey
suppkey

= d_datekey
OR c
OR s
Dec1997'

lo_orderdatekey,

ier, date

_city

_city

d_datekey,

'"UNITED KI5')
'"UNITED KI5')

s_suppkey,

Query 4.1

SELECT lo_custkey,

s_suppkey,
FROM date,
WHERE lo_custkey =
AND
AND
AND
AND
AND
AND

customer

lo_suppkey = s_
lo_partkey =
lo_orderdatekey

c_region =

s_region

(p_mfgr = 'MFGR

p_partkey,

lo_suppkey,

, supplier,
c_custkey

suppkey

p_partkey

= d_datekey

"AMERICA'
"AMERICA'

#1' OR p_mfg

lo_partkey,

d_datekey

part,

r =

lo_orderdatekey,

lineorder

'"MFGR#2 ')

c_custkey,

Query 4.2

SELECT lo_custkey,

s_suppkey,
FROM date,
WHERE lo_custkey =
AND
AND
AND
AND
AND
AND
AND

customer

lo_suppkey = s_
lo_partkey =
lo_orderdatekey

c_region

s_region =

(d_year 1997

(p_mfgr

p_partkey,

'MFGR#1'

lo_suppkey,

, supplier,
c_custkey

suppkey

p_partkey

= d_datekey

"AMERICA'
"AMERICA'

OR d_year =

OR p_mfgr =

lo_partkey,

d_datekey

part,

1998)

lo_orderdatekey,

lineorder

'"MFGR#2"')

c_custkey,
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Query 4.3

SELECT lo_custkey, lo_suppkey, lo_partkey, lo_orderdatekey, c_custkey,
s_suppkey, p_partkey, d_datekey

FROM date, customer, supplier, part, lineorder

WHERE lo_custkey = c_custkey

AND lo_suppkey = s_suppkey

AND lo_partkey = p_partkey

AND lo_orderdate = d_datekey

AND c_region = 'AMERICA'

AND s_nation '"UNITED STATES'

AND (d_year = 1997 OR d_year = 1998)

AND p_category = 'MFGR#14'




C TPC-H queries and additional results

Query 2
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SELECT p_partkey, ps_partkey, ps_suppkey, s_suppkey, s_nationkey,
n_nationkey, r_regionkey

FROM part, supplier, partsupp, nation, region

WHERE p_partkey = ps_partkey

AND s_suppkey = ps_suppkey

AND p_size = 15

AND p_type like '%%BRASS'

AND s_nationkey = n_nationkey

AND n_regionkey = r_regionkey

AND r_name = 'EUROPE'

Query 3

SELECT c_custkey, o_custkey, o_orderkey, 1_orderkey
FROM customer, orders, lineitem

WHERE c_mktsegment = 'BUILDING'

AND c_custkey = o_custkey

AND 1_orderkey = o_orderkey

AND o_orderdate < '1995-03-15"

AND 1_shipdate > '1995-03-15"




Query 5
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SELECT c_custkey, o_custkey, 1l_orderkey,

s_nationkey, n_natonkey, r_regionkey

o_orderkey,

1_suppkey,

FROM customer, orders, lineitem, supplier, nation, region

WHERE c_custkey = o_custkey

AND
AND
AND
AND
AND
AND
AND
AND

1_orderkey = o_orderkey
1_suppkey = s_suppkey
c_nationkey = s_nationkey
s_nationkey = n_nationkey
n_regionkey = r_regionkey
r_name = 'ASIA'

o_orderdate >= '1994-01-01"

o_orderdate < DATEADD(YY, 1, CAST('1994-01-01"

AS DATE))

s_suppkey,

Query 7

SELECT s_suppkey, 1l_suppkey, o_orderkey,

s_nationkey, c_nationkey, nl.n_nationkey,

1_orderkey,

FROM supplier, lineitem, orders, customer, nation nl,

WHERE s_suppkey = 1_suppkey

AND
AND
AND
AND
AND
AND

o_orderkey = 1_orderkey

c_custkey = o_custkey

s_nationkey = nl.n_nationkey
c_nationkey = n2.n_nationkey
(n1l.n_name = 'FRANCE' AND n2.n_name
1_shipdate BETWEEN '1995-01-01"' AND

= 'GERMANY')
'1996-12-31"

c_custkey,

n2.n_nationkey

nation n2

o_custkey,
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Query 8

SELECT p_partkey, 1_partkey, s_suppkey, 1_suppkey, 1l_orderkey, o_orderkey,
c_nationkey, nl.n_nationkey, r_regionkey, s_nationkey, n2.n_nationkey

FROM part, supplier, lineitem, orders, customer, nation nl, nation n2, region

WHERE p_partkey = 1l_partkey

AND s_suppkey = 1_suppkey

AND 1_orderkey = o_orderkey

AND o_custkey = c_custkey

AND c_nationkey = nl.n_nationkey

AND nl.n_regionkey = r_regionkey

AND r_name = 'AMERICA'

AND s_nationkey = n2.n_nationkey

AND o_orderdate BETWEEN '1995-01-01' AND '1996-12-31'

AND p_type = 'ECONOMY ANODIZED STEEL'

Query 9

SELECT p_partkey, s_suppkey, 1l_partkey, 1_suppkey, ps_suppkey, ps_partkey,
o_orderkey, 1_orderkey, s_nationkey, n_nationkey

FROM part, supplier, lineitem, partsupp, orders, nation

WHERE s_suppkey = 1_suppkey

AND ps_suppkey = 1_suppkey

AND ps_partkey 1_partkey
AND p_partkey = 1_partkey

AND o_orderkey = 1_orderkey
AND s_nationkey = n_nationkey

AND p_name LIKE 'Y}%green’%'

Query 10

SELECT c_custkey, o_custkey, 1l_orderkey, o_orderkey, c_nationkey, n_nationkey
FROM customer, orders, lineitem, nation

WHERE c_custkey = o_custkey

AND 1_orderkey = o_orderkey

AND o_orderdate >= '1993-10-01"

AND o_orderdate < DATEADD (mm, 3, CAST('1993-10-01' AS DATE))

AND 1_returmnflag = 'R’

AND c_nationkey = n_nationkey
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Query 11

SELECT ps_suppkey, s_suppkey, s_nationkey, n_nationkey
FROM partsupp, supplier, nation

WHERE ps_suppkey = s_suppkey

AND s_nationkey = n_nationkey

AND n_name = 'GERMANY'

Query 12

SELECT o_orderkey, 1_orderkey

FROM orders, lineitem

WHERE o_orderkey = 1_orderkey

AND 1_shipmode IN ('MAIL','SHIP')

AND 1_receiptdate >= '1994-01-01"

AND 1_receiptdate < DATEADD(mm, 1, CAST('1995-09-01' AS DATE))

Query 14

SELECT 1_partkey, p_partkey

FROM lineitem, part

WHERE 1_partkey = p_partkey

AND 1_shipdate >= '1995-09-01"

AND 1_shipdate < DATEADD(mm, 1, '1995-09-01"')

Query 16

SELECT p_patkey, ps_partkey

FROM partsupp, part

WHERE p_partkey = ps_partkey

AND p_brand <> 'Brand#45'

AND p_type NOT LIKE 'MEDIUM POLISHEDY%'

AND p_size IN (49, 14, 23, 45, 19, 3, 36, 9)

AND ps_suppkey NOT IN (SELECT s_suppkey FROM supplier WHERE s_comment LIKE
"%%Customer’,Complaints¥%% ')




Index seeks (k)

ZigZag merge join  ZigZag merge (NH) Minesweeper Index nested loops
Q2 205.74 804.11 4743.86 718.17
Q3 13,467.55 87,372.16 468,746.60 147,883.10
Q5 20,128.02 52,088.87 465,433.20 93,880.25
Q7 77767 26,372.42 172,227.30 22,566.32
Q8 3235.87 7739.43 84,733.72 5948.07
Q9 19,060.24 19,802.29 338,226.80 43,191.20
Q10 5159.14 8176.83 96,827.14 89,477.90
Q11 17.34 20.11 157.68 20.11
Q12  20,958.81 22,685.78 272,160.70 402,302.10
Q14 443.02 3719.41 29,572.05 303,748.00
Q16 0.03 0.06 0.27 14,800.80

Table C.1: Number of index seeks needed to answer TPC-H queries at scale factor 50.

Tuples read (k)
ZigZag merge  Minesweeper Hybrid hash Index nested loops
Q2 1458.53 9822.22 40,700.28 1468.44
Q3 109,841.90 863,734.80 376,508.40 297,262.90
Q5 164,521.10 1,043,033.00 382,506.20 233,286.10
Q7  41,284.01 339,855.10 383,006.60 45,278.66
Q8 18,949.01 155,656.70 382,573.90 12,510.00
Q9 106,860.90 815,736.20 386,049.80 102,705.90
Q10  52,044.47 222,591.50 156,526.50 184,747.00
Q11 1668.64 2004.10 40,500.00 1648.53
Q12 181,804.80 669,284.70 375,006.50 827,335.20
Q14  22,430.34 77,483.95 310,005.80 611,238.20
Q16 0.08 0.42 50,500.04 29,601.58

Table C.2: Number of base data tuples read to answer TPC-H queries at scale factor 50.
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