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Abstract

Previous research has shown that cache behavior is im-
portant for main memory index structures. Cache con-
scious index structures such as Cache Sensitive Search
Trees (CSS-Trees) perform lookups much faster than
binary search and T-Trees. However, CSS-Trees are
designed for decision support workloads with relatively
static data. Although B+-Trees are more cache con-
scious than binary search and T-Trees, their utilization
of a cache line is low since half of the space is used
to store child pointers. Nevertheless, for applications
that require incremental updates, traditional B+-Trees
perform well.

Our goal is to make B+-Trees as cache conscious
as CSS-Trees without increasing their update cost too
much. We propose a new indexing technique called
\Cache Sensitive B+-Trees" (CSB+-Trees). It is a
variant of B+-Trees that stores all the child nodes of any
given node contiguously, and keeps only the address of
the �rst child in each node. The rest of the children can
be found by adding an o�set to that address. Since only
one child pointer is stored explicitly, the utilization of
a cache line is high. CSB+-Trees support incremental
updates in a way similar to B+-Trees.

We also introduce two variants of CSB+-Trees.
Segmented CSB+-Trees divide the child nodes into
segments. Nodes within the same segment are stored
contiguously and only pointers to the beginning of each
segment are stored explicitly in each node. Segmented
CSB+-Trees can reduce the copying cost when there is
a split since only one segment needs to be moved. Full
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CSB+-Trees preallocate space for the full node group
and thus reduce the split cost. Our performance studies
show that CSB+-Trees are useful for a wide range of
applications.

1 Introduction
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Figure 1: CPU-memory Performance Imbalance

As random access memory gets cheaper, it be-
comes increasingly a�ordable to build computers
with large main memories. The recent \Asilomar
Report" ([BBC+98]) predicts: \Within ten years, it
will be common to have a terabyte of main memory
serving as a bu�er pool for a hundred-terabyte
database. All but the largest database tables will
be resident in main memory." But main memory
data processing is not as simple as increasing the
bu�er pool size. An important issue is cache be-
havior. The traditional assumption that memory
references have uniform cost is no longer valid given
the current speed gap between cache access and
main memory access. [ADW99] studied the perfor-
mance of several commercial database management
systems in main memory. The conclusions they
reached is that a signi�cant portion of execution
time is spent on second level data cache misses and
�rst level instruction cache misses. Further more,
CPU speeds have been increasing at a much faster
rate (60% per year) than memory speeds (10% per
year) as shown in Figure 1. So, improving cache
behavior is going to be an imperative task in main
memory data processing.

Index structures are important even in main
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memory databasesystems. Although there are no
disk accesses,indexescan be usedto reduceoverall
computation time without using too much extra
space. Index structures are useful for single value
selection, range queries and indexed nested loop
joins. With a large amount of RAM, most of the
indexes can be memory resident. In our earlier
work [RR99], we studied the performanceof main
memory index structures and found that B+ -Trees
are more cache consciousthan binary search trees
and T-T rees [LC86]. We proposed a new index
structure called \Cache-Sensitive Search Trees"
(CSS-Tree) that has even better cache behavior
than a B+ -Tree. CSS-Treesaugment binary search
by storing a directory structure on top of the
sorted list of elements. CSS-Trees avoid storing
child pointers explicitly by embedding the directory
structure in an array sequentially , and thus have
a better utilization of each cache line. Although
this approach improves the searching speed, it
also makes incremental updates di�cult since the
relative positions betweennodesare important. As
a result, we have to batch updates and rebuild the
CSS-Tree oncein a while.

In this paper, we introducea new index structure
called the \Cache-Sensitive B+ -Tree" (CSB+ -Tree)
that retains the good cache behavior of CSS-Trees
while at the same time being able to support
incremental updates. A CSB+ -Treehasa structure
similar to a B+ -Tree. Instead of storing all the child
pointers explicitly , a CSB+ -Tree puts all the child
nodesfor a given node contiguously in an array and
storesonly the pointer to the �rst child node. Other
child nodes can be found by adding an o�set to
the �rst-c hild pointer. This approach allows good
utilization of a cache line. Additionally , CSB+ -
Trees can support incremental updates in a way
similar to B+ -Trees.

CSB+ -Treesneed to maintain the property that
sibling nodes are contiguous, even in the face of
updates. We call a set of sibling nodes a node
group. There are several ways to keepnode groups
contiguous, all of which involve some amount of
copying of nodeswhen there is a split. We present
several variations on the CSB+ -Treeidea that di�er
in how they achieve the contiguit y property. The
simplest approach is to deallocate a node group
and allocate a new larger node group on a split.
\Segmented" CSB+ -Trees reduce the update cost
by copying just segments of node groups. \F ull"
CSB+ -Trees pre-allocate extra space within node
groups, allowing easier memory management and
cheaper copying operations.

We compare the various CSB+ -Tree methods
with B+ -Trees and CSS-Trees, both analytically
and experimentally . We demonstrate that Full
CSB+ -Trees dominate B+ -Trees in terms of both
search and update times, while requiring slightly
more space than B+ -Trees. Other CSB+ -Tree
variants that take substantially lessspacethan B+ -
Treesalsooutperform B+ -Treeswhen the workload
has more searchesthan updates.

It is now well accepted that many applications
can bene�t from having their data resident in a
main memory database. Our results are signi�cant
for main memory database performance because
index operations are frequent. Full CSB+ -Trees
are the index structure of choice in terms of time
performance for all workloads. For applications
with workloads where there are more searches
than updates, the other CSB+ -Tree variants also
outperform B+ -Trees. Such applications include
on-line shopping where the inventories are queried
much moreoften than changed,and digital libraries,
where the frequency of searching for an article is
higher than that of adding an article.

The rest of this paper is organized as follows.
In Section 2 we survey related work on cache
optimization. In Section 3 we introduce our
new CSB+ -Tree and its variants. In Section 4
we compare the di�eren t methods analytically.
In Section 5 we present a detailed experimental
comparison of the methods. We conclude in
Section 6.

2 Related Work

2.1 Cache Memories and Cache
Conscious Techniques

Cache memoriesare small, fast static RAM memo-
ries that improve program performanceby holding
recently referenceddata [Smi82]. A cache can be
parameterized by capacity, block (cache line) size
and associativit y, where capacity is the size of the
cache, block size is the basic transferring unit be-
tweencache and main memory, associativit y deter-
mines how many slots in the cache are potential
destinations for a given addressreference. Typical
cache line sizesrange from 32 bytes to 128 bytes.

Memory referencessatis�ed by the cache, called
hits, proceedat processorspeed; those unsatis�ed,
calledmisses,incur a cachemisspenalty and haveto
fetch the corresponding cache block from the main
memory. Modern architectures typically have two
levels of cache (L1 and L2) between the CPU and
main memory. While the L1 cache can perform
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