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ABSTRACT
Multidimensional arrays are a fundamental abstraction to
represent data across scientific domains ranging from as-
tronomy to genetics, medicine, business intelligence, and
engineering. Arrays come under multiple shapes — from
dense rasters to sparse data cubes and tensors — and have
been studied extensively across many computing domains.
In this survey, we provide a comprehensive guide for past,
present, and future research in array data management from
a database perspective. Unlike previous surveys that are
limited to raster processing in the context of scientific data,
we consider all types of arrays — rasters, data cubes, and
tensors. We identify and analyze the most important re-
search ideas on arrays proposed over time. We cover all
data management aspects, from array algebras and query
languages to storage strategies, execution techniques, and
operator implementations. Moreover, we discuss which re-
search ideas are adopted in real systems and how are they
integrated in complete data processing pipelines. Finally, we
compare arrays with the relational data model. The result
is a thorough survey on array data management that should
be consulted by anyone interested in this research topic —
independent of experience level.

Florin Rusu (2023), “Multidimensional Array Data Management”, Foundations and
Trends® in Databases: Vol. 12, No. 2-3, pp 69–220. DOI: 10.1561/1900000069.
©2023 F. Rusu
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1
Introduction

Multidimensional arrays are one of the fundamental computing ab-
stractions to represent data across virtually all areas of science and
engineering (Harris et al., 2020) — and beyond. In science, spatio-
temporal data acquired by sensors measuring environmental conditions
or generated by simulations of physical phenomena are represented as
3- or 4-D dense arrays — also called rasters or grids. Concrete exam-
ples include spatial 3-D (x/y/z) arrays of Earth subsurface voxels, 3-D
(x/y/t) time series of X-ray and fMRI medical images, and 4-D (x/y/z/t)
optical or radio telescope signals in astronomy (Baumann et al., 2021).
In business analytics, data cubes aggregate statistical measures such as
the mean, variance, and median across all the combinations of the values
on a set of multiple — possibly hierarchical — dimensions (Gray et al.,
1996). For example, a retailer may want to compute the monthly average
volume of sales for every city and every product category. Unlike the
science rasters, the coordinates of a data cube do not necessarily have
a strict ordering — they are categorical, not ordinal. Moreover, many
entries in the data cube can be empty, resulting in a sparse array. In
machine learning and artificial intelligence, highly-dimensional models
are defined over features extracted from text and image data. For ex-

2
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3

ample, the text synthesis models applied in natural language processing
consist of embeddings with billions of features (Brown et al., 2020).
These models are represented as 1-D vectors, 2-D matrices, and their
multidimensional tensor generalizations. Machine learning training and
prediction consist of a sequence of linear algebra operations between
the model and the training/testing data — also represented as tensors.

Due to their ubiquity, multidimensional arrays — rasters, data
cubes, and tensors — have been studied extensively across many areas
of computer science — including compilers, programming languages,
scientific and high-performance computing, graphics, machine learning,
and databases. With the exception of databases, the vast majority
of these studies are focused on the computational aspects of array
processing — not the data management issues. Within the database
field, the first “call” to extend the unordered set-based relational model
with ordered rasters dates back to 1993 (Maier and Vance, 1993).
Although rasters had initially spurred research interest, they had been
overshadowed by data cubes upon their introduction in 1996 (Gray
et al., 1996). However, the era of “Big Data” from the late 2000s and
early 2010s has renewed the interest in raster and sparse ordered arrays.
The main driver has been the large volume of spatio-temporal data
generated by scientific applications. This has led to the creation of the
SciDB array database (Cudre-Mauroux et al., 2009) as a collaboration
between data management researchers and astronomers fostered by the
XLDB suite of conferences. The success of deep neural network models
in classifying objects from images and text has brought the spotlight
on tensor processing in the late 2010s — which continues by the time
of this writing.

In this work, we survey the research on multidimensional array data
management — including rasters, data cubes, and tensors — from a
database perspective. Thus, our focus is on work published in database
conferences and journals. Nonetheless, we also include references to
relevant work from other computing domains whenever necessary. Our
definitive goal is to identify and analyze the most important research
ideas on arrays proposed over time. We cover the full spectrum of data
management, from array algebras and query languages to storage strate-
gies, execution techniques, and operator implementations. Moreover, we

Full text available at: http://dx.doi.org/10.1561/1900000069



4 Introduction

discuss which research ideas are adopted in real systems and how are
they integrated in complete data processing pipelines. Given that the
unordered set-based relational data model is dominant across databases,
we compare the differences to arrays at every step in the presentation.

The resulting survey aims to serve two main objectives. First, it
summarizes concisely the most relevant work on multidimensional array
data management by identifying the major research problems. Second,
the survey organizes this material to provide an accurate perspective
on the state-of-the-art and future directions in array processing. To the
best of our knowledge, this is the first complete survey on array data
management that includes rasters, data cubes, and tensors. Previous
surveys are limited to raster processing in the context of scientific data.
For example, the first survey on array storage and processing (Rusu
and Cheng, 2013) does not consider data cubes and tensors. The VLDB
2021 tutorial on array DBMS (Zalipynis, 2021) discusses the design of
the ChronosDB system for external raster processing.

The most recent survey on array databases (Baumann et al., 2021)
gives a thorough analytical and experimental comparison among several
raster systems — nineteen systems are compared and four of them are
experimentally benchmarked. While there is some unavoidable overlap
between our work and this survey, their approach and take-away message
are quite different. The focus of Baumann et al. (2021) is RasDaMan

— the array database developed by the same authors. The presenta-
tion of the main concepts — including algebra and query language,
storage, and processing — is centered on the solutions implemented
in RasDaMan. Alternative solutions are only briefly referenced. The
end message is that RasDaMan is the most feature-complete array
database system available — which is true given its 30+ years of devel-
opment. This work delves considerably deeper in each of the topics and
covers more breadth. Our perspective on multidimensional array data
management considers all types of arrays — rasters, data cubes, and
tensors. The focus is first on methods and then on their realization in
a particular system. Our end goal is to summarize all the methods in a
systematic presentation and provide a thorough analysis. In summary,
we view Baumann et al. (2021) as system-centric while this work is
technique-centered.

Full text available at: http://dx.doi.org/10.1561/1900000069



5

This work surveys a large body of work on multidimensional arrays
published over three decades and is organized as follows. We start with
a theoretical formalization of arrays and their categorization in Section
2. The defining operations for every type of array are presented in
Section 3. The next three sections follow the architecture of a data
processing system — going top-down from the user interface to the
execution internals. Array algebras and query languages are introduced
in Section 4. Array storage techniques are presented in detail in Section 5.
Execution strategies and array operators are discussed in Section 6. The
implementation of these ideas and their integration in real systems are
analyzed in Section 7. We conclude with a summary of the most relevant
ideas and an outlook to future directions on array data management in
Section 8.
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