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Query-Adaptive Multidimensional Indexing on Scalable

Data Stores

by
Shoji Nishimura

Recently, massive data management plays an increasingly important role in data
analytics because data access is a major bottleneck. Scalable data stores are widely
applied as such data infrastructure. The data stores should have the scalability on the
amount of data and data insertion throughput by just adding servers. The data stores
also should provide efficient simple operations such as key lookup and key range access.
However, they cannot natively support multidimensional queries, which are

fundamental functions of data analytics.

Multidimensional indexing is a solid method to achieve efficient multidimensional query
processing. In the context of scalable data stores, the index itself should be scalable.
Moreover, the scalable data stores distribute data among multiple servers and enlarge
management unit of data due to huge volume of data. Therefore data partitioning and

data skipping are critical to maximize query performance.

This doctoral dissertation thus proposes a solution to introduce multidimensional
indexing layer on top of scalable data stores, which includes optimization techniques of
data partitioning and data skipping for prioritized workloads. The dissertation discovers
notable properties of space-filling curves and highly utilizes them to realize efficient

multidimensional queries on top of scalable data stores.

The dissertation first introduces MD-HBase, a method to construct a multidimensional
indexing layer over range-partitioned data stores. The indexing layer provides
equivalent functionality of the kd-tree, a traditional multidimensional index. The
method applies Z-curve, a space-filling curve, to translate a multidimensional data to a
key. The method emulates the same space-splitting as the kd-tree by letting the
underlying data store choose the longest common prefix of keys within the page as a
range-partitioning pivot. ¥revise{KIO1}{The proposed method thus realizes a

multidimensional index layer by basic operations provided by the underlying data stores



and inherits scalability that the underlying data stores provide.} The dissertation also
proposes efficient algorithms for multidimensional range query and k-nearest neighbor
query on top of the index layer. The algorithms eliminate any false positive scans in the
index layer by subdividing the input query recursively into sub-queries exactly as the

space is partitioned by the index structure.

The dissertation then proposes a data partitioning framework named QUILT'S to achieve
near-optimal range partitioning based on well-designed space-filling curves. Optimal
data partitioning minimizes the number of page accesses during query processing.
However, it is impossible to achieve optimal against any query patterns. Moreover it is
known as an NP-hard problem to achieve optimal against a specific query pattern and
data distribution. The dissertation thus proposes an approximate method to reduce the
number of page accesses for given query patterns over the range partitioning based on
space filling curve. The problem can be interpreted as selecting a curve to achieve near-
optimal partitioning. The dissertation proposes a model to measure how a space-filling
curve fits a given query pattern. The key insight is that the measurement should change
in the case of the sparse or dense distribution. Through the analysis on the model, the
C-curve, also known as the composite index, and the Z-curve have opposite properties on
a given query pattern and data distribution. The dissertation proposes a bit-merging
curve family, which is a generalization of the C- and Z-curves, to synthesize a hybrid
curve that inherits the both curve properties. Finally, the dissertation proposes a
heuristic method to design a query-aware and skew-tolerant curve that achieves near-

optimal data partitioning.

The dissertation also proposes a data skipping method named multidimensional range
filter to achieve efficient pre-computation with small foot print. The core problem is to
answer the data existence within a given range. There is a trade-off between space and
false-positive ratio to give a correct answer. The dissertation analyzes the cause of high
false-positive ratio in the multi dimension case and then identifies two reasons: the data
sparsity and query pattern awareness. The dissertation introduces a special handling
mechanism for sparse region to the data structure. For the query pattern awareness, the
above curve design method can be applied to improve the false-positive ratio. The
dissertation implements a noble range management mechanism that controls

granularity of range management adapting to query patterns and query frequency.

The dissertation prototypes the multidimensional index layer on top of a range-



partitioned key-value store. The prototype system achieves efficient multidimensional
range query and k-nearest neighbor query without discouraging the scalability of the
underlying data store such as insert throughput. The dissertation also implements two
optimization techniques on top of the prototype systems and conducts extensive
experiments for data warehousing (DWH) and geographic information systems (GIS)
applications with real-world data. The proposed partitioning method reduces the number
of page accesses by an order of magnitude. The proposed method also reduces the false-
positive ratio to 10-20% on the both applications while a traditional method achieves at
least 60%.

The works in the dissertation contribute directly for designing the scalable data
management system that supports efficient multidimensional queries and leading to the

data analytics infrastructure for the Internet scale data.



