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ABSTRACT

This article gives an overview of history and recent de-
velopments in database systems on graphics processing
units (GPUs). GPU, which was originally designed as a
co-processor for rendering and graphics, has become a pow-
erful, programmable, many-core processor in the past decade.
As the GPU achieves much higher computation power and
memory bandwidth than the CPU, GPU accelerations be-
come an effective means to improve the performance of
main memory databases. Database systems on GPUs have
their root designs on traditional database systems on the
CPU, but many GPU-optimized system designs have been
introduced, ranging from data layouts, operator design to
query processing and query optimizations. Those designs
can achieve significant performance improvements over the
traditional designs. In this article, we start with introduc-
ing the background on GPU as a parallel architecture and
the traditional parallel query processing in main memory
databases. Next, we present the details of GPU-optimized
system designs. We then survey a series of commercial and
research systems, and outline the research trends.

We wrote this article as an introductory article in GPU-
optimized database systems especially in online analytical

Johns Paul, Shengliang Lu and Binsheng He (2021), “Database Systems on
GPUs”, Foundations and Trends® in Databases: Vol. 11, No. 1, pp 1-108. DOI:
10.1561/1900000076.
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processing (OLAP), which can be used as a short text for
graduate level or a survey for researchers. We emphasize on
the breadth and try to cover as many publications (such as
those published in ACM/IEEE) as possible, with necessary
details in some key GPU-optimized designs.
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1

Introduction

The explosive growth in the amount of data that needs to be ana-
lyzed (Data, 2020) and the slow down of CPU performance growth over
the last decade due to the breakdown of Moore’s law (Michelogiannakis
et al., 2016) has pushed the usage of heterogeneous architectures to
many data intensive applications. Among those heterogeneous archi-
tectures, graphic processing units (GPUs) have been successfully used
to improve the performance of in-memory data analytics. While CPU
performance growth has slowed down, GPU hardware has achieved
over 45x increase in core count and over 23x increase in global memory
bandwidth since 2008. Hence, GPUs have evolved as the hardware of
choice for high performance database systems, especially for Online
Analytical Processing (OLAP).

To demonstrate the attractiveness of GPU hardware for high per-
formance data analytics, we compare the key hardware capabilities of
modern CPUs against modern GPUs in Table 1.1. As shown in the table,
a typical GPU offers over 6x higher global memory bandwidth and close
to 200x more cores than CPUs. This use of higher bandwidth global
memory and their massively parallel architecture design is ideal for
OLAP systems that require the parallel processing of a larger number of
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data records. Therefore, we have witnessed significant efforts in the past
decade to enable the use of GPUs in high performance data analytics
operations (e.g., BreB et al., 2018; Paul et al., 2016; Chrysogelos et al.,
2019a; Funke and Teubner, 2020).

Table 1.1: Hardware comparison between GPUs and CPUs.

‘ Hardware Feature ‘ GPU ‘ GPU cPU
(NVIDIA Quadro V100) | (AMD Radeon RX 6900 XT) | (Xeon Gold 6230R)

8 | Core Count 5,120 5,120 26

& | Base Clock (GHz) 11 1.825 40

§ Boost Clock (GHz) 1.62 2.25 4.0

» | Cache Size (MB) 6 128 35.75

E Memory Type HBM 2.0 GDDR6 DDR4-2933
S | Memory Size (GB) 32 16 1024

= Memory Bandwidth (GB/s) 870 512 140

. | Hardware Generation Volta Radeon 6000 Series Cascade Lake
£ | Price! (USD) 8,000 2,100 2,500

© | top (W) 300 300 150

Despite the numerous hardware advantages of GPU hardware, de-
signing and optimizing high performance database systems for GPUs is
challenging due to the following reasons. First, due to their significant
hardware differences compared to CPUs, database systems need to be
re-designed from the ground up to ensure efficient use of GPU hardware,
ranging from data layouts, operator design to query processing and
query optimizations. Traditional designs are for a few cores, and on
the CPU, we are facing thousands of cores. Second, the GPU hardware
architecture has been evolving rapidly over the last decade. System
designs have to catch up with the hardware evolution. This, combined
with the lack of in-depth studies on the impact of different GPU archi-
tecture features, makes it difficult to design database systems that take
advantage of the right GPU architecture features. Third, the relatively
small global memory size of a single GPU often necessitates data access
from remote CPUs or GPUs when processing large data sets. This
makes it challenging to design efficient scalable GPU database systems
due to the significantly higher cost of remote data accesses.

Numerous studies in the past decade have proposed GPU database
systems (BreB et al., 2018; Omnisci, 2009; Shanbhag et al., 2020; Heimel
et al., 2013) that try to address the above inefficiencies. These studies
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focus on optimizing the performance of GPU database systems at two
key levels: operator level and query level.

Operator level optimizations. Operator level optimizations at-
tempt to improve the performance of individual database operators on
single or multiple GPUs. In this regard, significant effort has been put
into optimizing compute and memory intensive operators like join (Rui
et al., 2015; Kaldewey, n.d.; Sioulas et al., n.d.), aggregation (Lauer
et al., 2010; Karnagel et al., n.d.; Tomé et al., n.d.; Cwi and Boncz,
n.d.) and sort (Satish et al., n.d.; Davidson et al., 2012; Sintorn and
Assarsson, n.d.; Merrill and Grimshaw, 2010). A variant of the join
operation, partitioned hash join, has especially received a significant
amount of attention from the research community (He et al., 2008c; Rui
et al., 2015; Sioulas et al., n.d.).

Existing studies on operator level optimizations focus on improv-
ing the execution efficiency of GPU database operators through more
efficient parallel execution of GPU threads or by taking advantage of
newer GPU architecture features. Despite the significant efforts from
the research community, existing database operator implementations
are often inefficient on GPUs due to their inability to make efficient
use of the modern GPU hardware. For example, existing GPU hash
join implementations fail to make efficient use of GPU hardware when
joining skewed input relations on a single GPU or when joining large
input relations on modern multi-GPU architectures.

Query level optimizations. Query level optimizations aim to im-
prove the overall query execution performance on GPUs. Earlier studies
focused on improving the overall query execution performance through
data layout optimization (Ghodsnia, n.d.; Heimel et al., 2013), better
data placement (Gelado et al., 2010; Becchi et al., 2010; Govindaraju
et al., 2006a; Kaldewey, n.d.) and data compression (Fang et al., 2010;
Przymus and Kaczmarski, 2014b; Przymus and Kaczmarski, 2014a; He
et al., 2014; Funasaka et al., 2016). More recent studies have focused
on improving the query execution performance by minimizing the cost
of moving the intermediate data between the relational operators/GPU
kernels. To achieve this, techniques such as efficient pipelining of re-
lational operators (Paul et al., 2016; Funke et al., 2018b), dynamic
fusion of GPU kernels (Wu et al., 2012) and just-in-time (JIT) code
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generation (BreB et al., 2018; Chrysogelos et al., 2019a; Funke and
Teubner, 2020; Paul et al., 2020) have been explored.
The rest of this article is organized as follows.

e Chapter 2: Background. We present the background and pre-
liminary on GPU hardware architecture. We will first present
the architectural evolution of GPUs as a many-core processor.
We have witnessed quite some changes of GPU architectures for
better performance and programmability for general-purpose com-
putation. Next, we present the programming model and memory
model, followed by the general programming and optimization
guideline for efficient GPU programs.

e Chapter 3: CPU Database. For completeness and comparison
purposes, we briefly present the architecture and design of main
memory databases on the CPU.

e Chapter 4: System Design on GPU. We present the key
design components of database systems from data storage layout,
operator design and concurrency control. Those components have

to be redesigned or revisited due to the architectural difference
between the CPU and the GPU.

e Chapter 5: Query Processing on GPUs. We start with
presenting the evolution of query processing on a single GPU, to
adapt to the evolution of GPU architectures. The key issue is on
the memory management due to the GPU memory limitations
and resource utilization from query processing. Then, we present
more recent advances in system design across multiple processors:
(a) CPU+GPU, or (b) multiple GPUs. The communication and
workload partitioning and scheduling are important issues for
those scenarios.

e Chapter 6: Systems. We discuss an extensive list of highly
influential database systems on GPUs in both academia and
industry. The goal is to demonstrate how the technical concepts
described in the earlier chapters are integrated by describing real
database systems on GPUs.
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e Chapter 7: Future Directions. We summarize this article
and outline the current and future research directions. Database
systems on the GPU are still a hot research topic, as new chal-
lenges rise from the hardware and new application requirements to
database systems. We hope this article can trigger more research
on this direction.
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