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Abstract:

Modern database management systems (DBMSs) are tasked with analyzing terabytes of data, employing
arich set of relational and machine learning operators. To process data at large scales, research efforts
have strived to leverage the high computational throughput and memory bandwidth of specialized
co-processors such as graphics processing units (GPUs). However, scaling data management on GPUs
is challenging because (1) the on-board memory of GPUs has too little capacity for storing large data
volumes, while (2) the interconnect bandwidth is not sufficient for ad hoc transfers from main memory.
Thus, data management on GPUs is limited by a data transfer bottleneck. In practice, CPUs process
large-scale data faster than GPUs, reducing the utility of GPUs for DBMSs.

This paper provides an overview of the author’s dissertation [Lu22a]. In our dissertation, we investigate
how a new class of fast interconnects can address the data transfer bottleneck and scale GPU-enabled
data management. Fast interconnects link GPU co-processors to a CPU with high bandwidth and
cache-coherence. We apply our insights to process stateful and iterative algorithms out-of-core by the
examples of a hash join and k-means clustering. Overall, GPU-enabled DBMSs are able to overcome
the data transfer bottleneck by employing new out-of-core algorithms that take advantage of fast
interconnects.

Keywords: relational database, GPU-accelerated data processing, data transfer bottleneck, NVLink,
Compute Express Link (CXL), Infinity Fabric, Triton join, single-pass k-means, translation lookaside
buffer (TLB)

The paper is structured as follows. First, we contextualize the role of GPUs today in Sect. 1,
and outline how GPU s fit into DBMSs in Sect. 2. In Sect. 3, we then motivate the dissertation,
and summarize the research challenges addressed in the dissertation in Sect. 4. We define
what a fast interconnect is in Sect. 5. We summarize our findings in Sect. 6 and give a
research outlook in Sect. 7.

1 The State of GPU-Enabled Data Management

Large-scale data management has become a pillar of science and industry, enabling
new research fields, services, and business models [HTTO09; Lal4]. Earth monitoring
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satellites [CV21] and genome sequencers [Dil8] generate terabytes of data every day.
Online services such as Google Search [Go22] and Uber [FS21] are backed by petabytes of
data. Database management systems (DBMS) routinely ingest and manage these large data
volumes[Am16; Ar20; Dal6; Gul5].

In order to continue scaling data management as the progression of Moore’s Law slows
down [BC11; Esl1; Hol4; HP19], co-processors such as GPUs, FPGAs, and ASICs have
been gaining adoption in research [Bal8; IKS20; Lo19; RBM22; Wul4] and industry [Cal6;
Jo21; KS21; Le21; RM16; Sh21] over the past decade. The entry barrier to co-processors is
now low with instant availability from all major cloud vendors, including Alibaba Cloud,
Amazon EC2, Google Compute Engine, and Microsoft Azure. Despite the growing adoption
and availability, in 2019 commercial GPU-enabled DBMSs occupied only a tiny 4.5-5.5%o
slice [Ma20; Ma21; Zi20] in the $46 billion DBMS market [Gal9]. GPU-enabled DBMSs
are found mostly in the form of research prototypes [Br18; Ch19; Ful8; Hel3; Mel6;
PHH16], start-ups [B121; Br22; FA19; He21; Ki22; Om21; Ra21; SQ22], and peripheral
products [JC19; Sh19]. Major DBMS vendors, such as Amazon, IBM, Microsoft, Oracle,
SAP, and Snowflake, currently do not integrate co-processors into the core of their DBMS
products. In contrast, there is wide-spread adoption in the deep learning [Del7; Ng19] and
high performance computing domains. For instance, 42% of the Top500 supercomputers
support co-processors [To24].

2 The Design of GPU-Enabled Database Management Systems
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Fig. 1: Design of a GPU-enabled DBMS.

The state-of-the-art GPU-enabled DBMS prototypes and products have similarities in how
they integrate GPUs and manage large data [BFT16; Ch19; Ful8; Le21; Mel6; Ra20]. As a
basis for further discussion, we extract relevant features into a general design. We present
an overview in Figure 1. For an in-depth background, we refer the interested reader to the
recent survey conducted by Rosenfeld et al. [RBM22].

GPU Use Cases. In principle, various tasks performed by a DBMS can be offloaded to a GPU,
e. g., query execution [Go04], query optimization [HM12], transaction processing [BB22;
HY11], stream processing [Ko16], and data loading [KLM21]. However, OLAP and machine
learning queries are the most established use-cases for GPUs in DBMSs [RBM22; Re20].



OLAP and ML. Online analytical processing (OLAP) and machine learning queries are
formulated ad hoc by the user to explore a data set [BKY19; CD97]. They are complex, i. e.,
consisting of scans, joins, and aggregations in the case of OLAP, and additionally linear
algebra operators and iterative control flow in the case of machine learning. Although these
workloads are read-heavy, the queries work on the entire data set. As a human is in the loop,
response times should be short. Thus, the goal of GPU-enabled DBMSs is to achieve the
high data rates necessary to query large data volumes in a timely fashion.

DBMS Design. From a design perspective, GPU-enabled DBMSs are column-oriented,
in-memory DBMSs [Br14; He09; Hel3; YLZ13]. This DBMS design stores data in CPU
memory and is optimized for analytical query processing [BZNO0S; KN11]. Storing large
data sets in CPU memory is possible because modern servers have terabytes of memory
capacity (i.e., DRAM) [21c; 21d; St18], and non-volatile memory technologies such as
Intel Optane are capable of increasing the capacity by an order-of-magnitude [Ar19; Sh20].
Column-oriented in-memory DBMSs increase the data access performance relative to
row-oriented data layouts [Br14; He09].

Query Execution. Within the DBMS, GPUs extend the query execution engine [BFT16;
Ch19; Ful8; Le21; Mel6; Ra20]. The DBMS gains a runtime with operators specialized for
GPU execution. During execution, the DBMS transfers the data from CPU memory to the
GPU ad hoc and executes the query [BFT16; Ch19; Ful8; Le21; Mel6; Ra20]. The other
DBMS components required to execute a query, e. g., SQL parsing and query planning and
optimization, are retained on the CPU [Br14; CSA19; Hel3].

Single Data Pass. Different execution paradigms exist to construct query execution engines.
Some engines generate code just-in-time to emit operator pipelines [Br18; Ch19; Ful8; Pa20],
others vectorize [Mel6] or tile [PHH16; SMY20] the execution, and operator-at-a-time
execution is yet another variant [Br14; Hel3; Le21]. The processing paradigm is immaterial
to our thesis, but we must consider that only operator pipelines and vectorized/tiled engines
are capable of processing queries in a single data pass [Ful8; SMY20], which avoids
transferring data items over the interconnect multiple times.

3 Motivation

From a design standpoint, modern GPU-enabled DBMSs are able to achieve a high
query execution performance. Furthermore, the performance of GPU hardware is rapidly
increasing with each GPU generation [Su20; Sv21]. However, in order to sustain their query
performance, GPU-enabled DBMSs require fast access to data.

Motivation 1: Data-intensive Query Processing. To out compete CPUs in performance
benchmarks, GPU experts often assume that their input data are stored in the on-board
GPU memory [Br18; FT20; Hel3; Pa20; PMS15; SMY20]. GPU memory provides high-
bandwidth access to the data, but has only a limited storage capacity and therefore cannot



hold large data volumes [20b; 21b]. In practice, GPU-enabled DBMSs scale to large data
volumes by storing data in CPU memory instead of in GPU memory [Br14; Ch19; Ful8;
Le21; Mel6; PMK14; Ra20; YLZ13]. CPU memory has sufficient capacity to store large
data volumes [21a; 21c; 22; St21], as its capacity is two orders-of-magnitude greater than
GPU memory [21b; 21e]. However, moving data from CPU memory to the GPU reduces
query performance because the data are transferred over an interconnect. Consequently,
database research points out that a data transfer bottleneck is the main reason behind the
comparatively slow adoption of GPU-enabled DBMSs [BS10; Ful8; GH11; Mel6; Ra20;
SMY20; YLZ13].

Motivation 2: Stateful Data Processing. During query processing, DBMSs require
additional memory to retain the intermediate state of the query [Brl4; CSA19; Ful8].
Queries involving state, e. g., joins, are considered a strong point of GPU-enabled DBMSs, as
keeping the state in GPU memory results in high query performance [He08; KML15; NEK18;
Pa21; Rol9; RT17; Sal0; Sil9; SJ17; Tol8; Yal7]. However, recent investigations reveal
that a large state size incurs memory contention [BFT16; Me16] and causes commercial
GPU-enabled DBMSs to fail query execution [Ch19; Ch20; FT20; Le21; Pa21]. Thus,
current GPU-enabled DBMSs are not optimized to handle large state. We consider fragility
in scaling the state size an obstacle for building production-ready DBMS products.

Motivation 3: Iterative Algorithms. In addition to relational queries, modern DBMSs [B122;
Hel2; KBY17; Kh18; Pal7; Sc20; Sc21; Zh21] and specialized systems [Bo16; Bo20;
Crl5; Kul9; Ro13; Sp17; Xil8] target machine learning queries. Machine learning queries
differ from relational queries in that they iterate over the same data, i. e., the working set,
multiple times [BKY19]. Although GPU are able to quickly compute machine learning
queries, GPU execution strategies for, e. g., k-means, typically assume that the working set
fits into GPU memory [An13; As15; JDJ21; KK20]. In effect, systems scale-out to multiple
GPUs to manage large data sets, which increases the cost of processing queries.

Overall, GPU co-processing does not scale to large data volumes. Currently, GPUs are
only able to speed-up short queries over small data sets, which have a small scope for
improvement. Hence, an opportunity is lost for state-of-the-art DBMSs to achieve faster
response times on those long-running, large-scale queries where performance matters.

4 Research Challenges Addressed

In their dissertation [Lu22a], the author investigates the scalability limitations of GPU
co-processing and analyze how a faster interconnect helps us to overcome them. A new class
of fast interconnects provide GPUs with high-bandwidth, cache-coherent access to main
memory. Recent examples include NVLink 2.0 [17a] and C2C [Nv24a; Nv24b], Infinity
Fabric [19a], and Compute Express Link 2.0 [20a]. Efficiently utilizing a fast interconnect
in a GPU-enabled DBMS requires us to reevaluate fundamental design decisions in order to
adapt to the new hardware properties.



Our dissertation consists of three main contributions that address the challenges stated
below. Based on our insights, we have continued our research by following up on the
dissertation. We summarize:

Challenge 1: Scalable Data-intensive Query Processing. Our first contribution focuses
on the interconnect hardware [Lu20]. Specifically, we examine the principle limitations of
GPU interconnects in the context of databases. We introduce fast interconnects, and show
by the example of NVLink 2.0 that a fast interconnect improves the basic bandwidth and
latency characteristics beyond PCI-e 3.0. Due to these improvements, we conclude that
GPUs are now capable of efficiently processing large, out-of-core data sets. However, our
measurements show that fast interconnects also lead to new challenges, such as handling
operators with a large state efficiently.

Challenge 2: Scalable and Robust Stateful Data Processing. Guided by our findings, we
propose the Triton join [Lu22b], a new join algorithm that efficiently handles large-scale
joins for which the join state exceeds the GPU memory capacity. Although fast interconnects
provide faster random-access bandwidth than PClI-e, the join throughput experiences a
sharp performance drop when the join state exceeds the GPU memory capacity. Thus, large
joins face the challenges of limited scalability and robustness. Previous approaches avoid
the transfer bottleneck by preprocessing data on the CPU and thereby reducing the transfer
volume. In contrast, we show that fast interconnects enable GPUs to efficiently partition
data out-of-core, and are thus able to scale to a large join state using exclusively the GPU.
With our Triton join, the principle limitation posed by the GPU memory capacity is solvable
with a throughput of more than 50% vs. a join with a small state.

Challenge 3: Scalable Iterative Algorithms. In our final contribution [Lul8a; Lul8b], we
demonstrate that iterative machine learning algorithms are able to process large data sets
by examining k-means and proposing a scalable GPU execution strategy. State-of-the-art
execution strategies accelerate k-means by extracting the compute-intensive parts and
offloading these computations to the GPU. However, as execution is split into a CPU
phase and a GPU phase, this execution strategy incurs data transfer overhead and misses
optimization opportunities. On each iteration, the CPU and the GPU transfer the model
over the interconnect, and separately pass over the data. These overheads exacerbate as the
algorithm requires tens of iterations to converge [El03]. As a result, the state-of-the-art
strategy executes slower than a CPU-only baseline. In contrast, we avoid the model transfer
overhead by proposing a new centroid update algorithm optimized for GPUs. In a second
optimization step, this enables us to fuse all phases of k-means into a single data pass per
iteration. Thus, our new GPU-only execution strategy efficiently scales k-means to large
data volumes.

Follow-Up Work. Enabled by fast interconnects, new use cases for the GPU emerge. For
example, data loading involves streaming data from an I/O device such as network interface
or disk to the GPU, and parsing the data format. We demonstrate that the DBMS can



offload parsing of complex formats such as CSV to the GPU [KLM21]. In a similar vein,
high-bandwidth network interfaces are pressuring stream processing engines to become
more efficient [Ze19]. Due to algorithmic advances, compute-intensive stream joins are
approaching the limit of PCI-e when processed on GPU [Mi21; Nu24]. Fast interconnects
open the door to further improvements.

5 Fast Interconnects: A Definition

Up until this point, we have given an intuitive understanding of what the term fast interconnect
means through examples. To cover the changing hardware landscape, we formalize the term
by providing a definition. We base our definition on a set of hardware properties, and reason
why these properties facilitate efficient data management. For the interested reader, our
dissertation contains a deep-dive on GPU and interconnect hardware technology.
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Fig. 2: The distinguishing properties of fast interconnects.

Definition. We define a “fast interconnect” to have two distinguishing properties which we
illustrate in Figure 2: ® the aggregate bidirectional interconnect bandwidth approximately
matches the per-socket CPU memory bandwidth and ® the interconnect is cache-coherent.
In our definition, cache-coherence means that the hardware natively supports a system-wide
address space, data-dependent accesses to pageable memory, and system-wide atomic
memory operations.

Rationale. We justify why our definition requires high bandwidth and the four cache-
coherence sub-properties. One, sufficiently high interconnect bandwidth is necessary to
level the playing field between the GPU and the CPU. Without high bandwidth, the GPU
cannot efficiently access CPU memory (and vice-versa). Two, cache-coherence (excluding
the subsumed properties) is necessary because CPUs transparently cache data. Without
cache-coherence, programmers must manage caches manually to avoid accessing stale data.
Three, without a system-wide address space, programmers must manually translate pointers
in order to move them from one processor’s address space to the next. Four, without pageable
memory access, memory accessed from a different processor must be pinned beforehand.
Five, without atomic memory operations, processors cannot share and mutate data at a fine
granularity. Overall, these properties work together to make memory accesses and memory
management faster and more convenient.



Practical Limitations. Processors are free to take advantage of only a subset of the
interconnect’s features. For example, IBM POWERY9 CPUs do not achieve the peak
bandwidth of NVLink 2.0 [IB18], and the L1 caches of current GPUs do not implement
cache-coherence in hardware [CGF18; Mil7]. Consequently, the programmer must deal
with these shortcomings, e. g., by managing the consistency of cached data in software.
However, in this case, the hardware continues to provide memory consistency [Nv24b],
which is complementary to cache-coherence [HP17]. Ideally, the interconnect supports all
features to avoid restricting processors to the intersection of their feature sets.

Conclusion. In our fast interconnect definition, we specify properties that complement each
other and form a basis on which DBMSs can tightly integrate co-processors. Thus, a fast
interconnect provides DBMSs with the means to resolve the data transfer bottleneck from a
hardware perspective.

6 Scaling the Data Volume with a Fast Interconnect
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Fig. 3: NVLink 2.0 eliminates the GPU’s main-memory access disadvantage compared to the CPU.

From a software perspective, however, DBMSs need to take advantage of the fast interconnect.
We summarize the key findings of the dissertation.

Scalable Data Management using GPUs. We observe that GPUs can load data from CPU
memory with bandwidth similar to the CPU, as shown in Fig. 3. Thus, offloading data
processing on GPUs becomes viable even when the data is stored in CPU memory.

As a consequence of higher interconnect bandwidth, transfers are no longer the main
bottleneck. In some cases, the high interconnect bandwidth shifts the bottleneck to other
resources, such as random access bandwidth, TLB misses, and computation. For example,
we have shown speedups of up to 6X over PCI-e 3.0 for hash joins operating on a data
structure in GPU memory. In this case, performance is limited by random access bandwidth
to GPU memory.



Due to the unified address space and lower latency, GPUs are able to operate on out-of-core
data structures. In our evaluation, we showed up to 20X higher hash join throughput with
NVLink 2.0 than with PCI-e 3.0. However, we recommend that GPUs should continue
to operate in GPU memory if possible. Despite attaining speedups over PCI-e, operating
within GPU memory is still 6.5X faster compared to transferring data over NVLink 2.0.
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Fig. 4: Scaling to large data volumes needs an interconnect-conscious design.

A fast interconnect is necessary, but not sufficient. In Fig. 4, we showcase the principle. In
the case of a small hash table, the interconnect hardware itself allows the GPU to outperform
the CPU. However, when observing a large hash table, the GPU not only looses its advantage
but experiences a slowdown. In contrast, the goal of our work is to consistently achieve a
speedup.

For example, spilling data structures to CPU memory should be done with extreme caution.
In the best case, a non-optimized hash join experiences irregular access patterns for a 2X
slowdown compared to an optimized CPU radix join. In the worst case, the GPU hash join
suffers from GPU TLB misses, which cause a further 400X slowdown compared to the TLB
hit case.

However, a better algorithm can exploit that fast interconnects provide sufficient bandwidth
to spill large state to CPU memory. e. g., with our Triton join, a 2X speedup over a strong
CPU baseline is possible even when the state size exceeds the GPU memory capacity.

Interconnect-Conscious Design. As the bottleneck shifts, optimization becomes chal-
lenging. Multiple constraints can simultaneously affect different parts of the program.
Simultaneously, the hardware properties of fast interconnects open the design space to
create new algorithms.

We advocate an interconnect-conscious DBMS and algorithm design:

1.  Regarding data access, DBMSs can take advantage of cache-coherence to directly
access and mutate data anywhere in memory, potentially simplifying software design.



2. Regarding state access, awareness of the interconnect architecture can lead to higher
performance. In case of the Triton join, the knowledge that interconnects are packet-
oriented lead to perfect coalescing (i. e., tailoring the access pattern to fill each the
packet with the maximum payload size).

3. Regarding data locality, end-to-end GPU execution eliminates overheads incurred by
co-processing. This paradigm also enables exploiting the GPU’s memory hierarchy
to optimize execution.

Conclusion. Fast interconnects enable GPUs to cover a broader spectrum of database
use-cases, but we require new algorithms to fully exploit the performance potential of fast
interconnects. We have demonstrated efficient out-of-core data access, state access, and
iterative algorithms.

7 Research Outlook

Our dissertation lays the foundation for research on scalable data management using GPUs
with fast interconnects. At the time when the research for the dissertation was conducted, it
was not clear whether fast interconnects would outlive a single hardware platform. As of
this writing, we are headed towards the third GPU generation with a fast interconnect [17a;
Nv24a; Nv24b], and major cloud service providers announcing availability [He24; Th24;
Ve24]. This continued hardware evolution provides a perspective for further DBMS research.

In the following, we discuss five open research challenges.

DBMS Design. In our research, we have focused on joins and k-means to show that principle
limitations of data management on GPUs can be solved using fast interconnects. Future
work could broaden our findings to other relational operators such as selections, group-by
aggregations, and set operators. We are currently investigating interconnect-conscious index
structures to scale, e. g., highly selective queries, range queries, outer joins, and inequality
joins. By lowering the penalty of data transfers, operator placement on heterogeneous
processors could be reinvestigated. Our heterogeneous, morsel-driven work scheduling
approach could be extended to operator pipelines, whereby the GPU could itself schedule
work using native atomics. The trade-offs inherent to data compression should be reevaluated
for fast interconnects and hardware-accelerated compression [Ab20; Nv24a; Rh18]. These
innovations should be combined to improve the overall query performance of a DBMS.

Data Streaming. Fast interconnects are particularly interesting for data stream management
due to the inherent network I/0. Modern network interface cards can achieve a bandwidth
comparable to that of CPU memory, and thus require new approaches to ingest and process
data [KLM21; Ze19]. However, individual streams are unlikely to reach these speeds. Taking
advantage of the hardware would involve either complex streaming queries with many
joins or scaling the number of queries. High data velocities could result in large windows
that require spilling a large state to CPU memory via the interconnect. Furthermore, fast



interconnects can also integrate network interface cards into the system, which provides
new research opportunities [RRW18].

Deep Learning. Neural network models such as BERT [Del9] and GPT-3 [Br20] are
affected by the data transfer bottleneck due to their large size. In effect, parameter servers
must scale to a large model size with fast response times to parameter queries. An out-of-core
parameter server could scale the model size by applying our hardware insights.

Data Loading. We notice that the data load time is typically not measured in research
publications. However, benchmarks such as TPC-H reflect that real-world workloads often
bulk load data before executing queries [17b, §4.3]. Loading converts the data format from,
e.g., CSV, to a DBMS-specific format. We have shown promising results by leveraging
GPUs to reduce the data load time [KLM21]. Future work could revisit our approach to load
multiple data streams in parallel, create indices during loading, and validate the input format
to guard against errors. Ultimately, this line of research would result in fast end-to-end query
performance.

Storage Volume. Non-volatile memory and flash disks could be investigated to scale the
data volume beyond CPU memory. Fast interconnects provide GPUs access to these storage
technologies, which present additional challenges due to their read and write characteristics.
In contrast, disaggregated memory scales to petabytes of space as well, but might involve
complex data access paths [19b; St21].

Fast Interconnect Technologies. In our dissertation, we have evaluated NVLink 2.0 on
account of its commercial availability. However, fast interconnects from multiple hardware
vendors are becoming available (e. g., CXL). Future work could evaluate and compare the
upcoming fast interconnect technologies.

In conclusion, we expect that continued research will evolve GPU-enabled DBMSs towards
fast interconnects, and thereby expand the scope of GPUs in data management.
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