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ABSTRACT

Distributed partitioned joins are one of the most expensive oper-
ators in distributed DBMSs where a major part of the execution
is attributed to network transfer costs. Although high-speed net-
work technologies, such as RDMA, can lower this cost, they still
come with significantly higher latency than local DRAM access.
The emerging CXL interconnect protocol promises to provide di-
rect and cache-coherent access to remote memory while offering
byte-addressable memory access without CPU intervention. For
short-distance communication in distributed DBMSs, CXL repre-
sents an interesting alternative for low-latency requirements. In
this work, we explore how CXL can be leveraged for engine-internal
communication and data exchange. We discuss and apply commu-
nication strategies to distributed joins. We emulate various CXL
characteristics based on optimistic and pessimistic assumptions on
the real performance of upcoming CXL devices and evaluate their
impact on the execution of distributed joins. Our results show that
CXL has the potential to improve distributed join performance.
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1 INTRODUCTION

Scaling out computation and memory with Massively Parallel Pro-
cessing (MPP) is one solution to overcome the memory wall in
DBMSs. By connecting memory and CPUs of multiple systems,
computation can be efficiently parallelized. However, this shifts the
problem towards data transfer between distributed CPUs as the
main bottleneck [32]. Traditional approaches for data exchange in
distributed DBMSs rely on network-based implementations, which
often experience high latency and require careful algorithm design
to achieve fast communication and low latency. The emergence
of interconnect technologies like Remote Direct Memory Access
(RDMA) and Compute Express Link (CXL) presents new opportu-
nities to address these challenges. RDMA reduces the latency by
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Figure 1: Distributed and partitioned DBMS architecture for
hosts interconnected via CXL. Memory is shared via the
GFAM feature of CXL 3.0.

(

bypassing the CPU and network stack to exchange data using a
high bandwidth interconnect like InfiniBand, yet access latency on
remote data is relatively high compared to memory access [35].

CXL is an open standard interconnect for efficient communica-
tion between the CPU and devices like accelerators, memory buffers,
and I/O devices. The CXL specification cannot only influence the
architecture of upcoming systems but also provide solutions to
challenges associated with conventional distributed DBMSs. PCle-
carried load and store semantics allow inter-host communication to
be conducted similarly to intra-host communication, reducing the
overall complexity and potentially enhancing performance [18, 27].
Latency or bandwidth differences in hardware substantially affect
performance, necessitating systems to adapt to CXL characteris-
tics for full benefit. CXL 3.0 offers low-latency, memory-semantic
communication, allowing interconnected hosts peer-to-peer (P2P)
communication and share memory [9].

Moreover, the transition from traditional distributed architec-
tures to shared memory with CXL is accompanied by a paradigm
shift: from a distributed sender/receiver model to a shared or dis-
aggregated memory model [18]. This shift entails managing CXL
memory, inter-host synchronization, data placement, and differ-
ent access patterns for higher latencies. This paradigm shift has
been initiated by RDMA [19], and various studies have yielded
results on application-level cache coherence [11, 35, 39]. RDMA
faces challenges like increased read/write amplification, slower
synchronization, and extra round trips, all needing mitigation for
performance [34]. CXL integrates cache coherence with cache line
granularity access over PCle, which reduces overhead and complex-
ity. Further, insights from handling higher latencies in technologies
like Persistent Memory (PMem) can be applied to CXL, due to simi-
lar access semantics [6]. Still, the current development of CXL is
moving towards an intra-rack solution that requires interconnects
like RDMA for inter-rack communication [18, 35].
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In this paper, we analyze how existing MPP systems can be
seamlessly adapted to CXL and use distributed joins as an example
to demonstrate the feasibility of our approach. Distributed joins
are significantly influenced by the hardware characteristics of the
interconnect linking the distributed hosts. For this, we consider an
architecture as illustrated in Figure 1, where several hosts are in-
terconnected via a CXL switch and share memory using the global
fabric attached memory (GFAM) feature of CXL 3.0 [9]. Various
characteristics can impact distributed join algorithm performance,
e.g., the processing performance of data structures like hash tables is
influenced by latency, and transfer throughput by the interconnect
bandwidth. We investigate how specific characteristics of potential
CXL hardware impact distributed hash join algorithms. Given the
limited CXL hardware availability, we use hardware emulation to
provide insights into the expected performance of future CXL hard-
ware in distributed DBMSs and make the following contributions:

1) We discuss practical communication strategies for hosts inter-
connected via CXL (Section 3).

2) We implement data exchange primitives for distributed hash
joins by leveraging the capabilities of CXL memory (Section 4).

3) We integrate our CXL-based implementation into a commercial
DBMS and emulate potential CXL characteristics, evaluating
their impact on distributed hash join algorithms (Section 5).

2 BACKGROUND

In the following, we briefly introduce the fundamentals of our work
by discussing parallel join strategies, data exchange technologies,
and CXL for inter-host communication.

2.1 Parallel and Distributed Joins

Distributed DBMSs commonly use data partitioning to distribute
work among hosts and enable parallel and distributed query pro-
cessing. Data is typically either pre-partitioned (e.g., using hash,
range, or random partitioning) or partitioned on the fly [3].

Joining partitioned data must ensure correctness as join partners
may be located in different partitions (and on different hosts). Data
co-partitioning and co-location are key to avoiding data transfer
and achieving fast query execution. For hash partitioning, data co-
partitioning of two tables can be achieved by choosing the join key
as the partitioning key, and for range partitioning one can choose
the same ranges on the join columns to ensure that all join partners
are assigned to the same partition. While one can try to co-locate
tables that are frequently joined together, designing a partitioning
schema for a whole database schema is challenging [5, 14] and will
still contain pairs of tables that are not co-located. There are three
main approaches to joining tables using hash join algorithms when
the build and probe sides are not co-partitioned:

» Repartition Hash Join (R-H]J): R-H]J enforces the partition
requirement by repartitioning both join sides on the join keys if
needed. Afterwards, both sides are co-located and the join can be
performed independently on these partitions without further data
exchange. The result table is partitioned according to the join keys.
» Broadcast Hash Join (BC-HJ): The build side of the join is
broadcasted to be available to all workers participating in the
join. After broadcasting, independent hash tables are built on each
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worker and probed independently. This approach is typically rea-
sonable if the build side is small or not partitioned. The result is a
table partitioned according to the probe side.

» Shared Hash Table Hash Join (SHT-HJ): In the SHT-HJ a
shared hash table is built in shared memory and probed concur-
rently afterwards. Shared memory access granularity may vary in
implementations from highly concurrent access of single hash table
inserts towards building local hash tables and merging them into
shared memory. The result table is partitioned according to the
probe side.

The optimizer decision between these approaches is complex and
depends on many factors, such as the number of distinct join keys
of the probe side (determining the number of hash table collisions),
the size of the probe side (BC-HJ and SHT-HJ do not repartition the
probe side at all) or the distribution of the probe side (skewness of
the partition key vs. the join key). Moreover, subsequent operations
might push a partitioning requirement on the join, i.e., subsequent
repartitioning might be avoidable depending on the partitioning
of the join result. If applied to a distributed DBMS, all described
approaches require data exchange or concurrently working on
shared memory. Therefore, we investigate how these approaches
can be adapted to leverage CXL memory.

2.2 Data Exchange Implementations

Distributed joins aim to enhance parallel processing by utilizing the
resources of multiple hosts. Parallel join processing with NUMA
architectures has been investigated in [17]. This work shows that
resulting performance can benefit from careful implementation
based on the underlying system architecture. The work of [23]
shows that parallel joins can benefit from additional caching layers
like HBM. Similarly, CXL can be seen as a further caching layer.
Efficient data exchange is the key to the previously described ap-
proaches. Modern solutions range from network-based approaches
to disaggregated memory [4, 16]. In the following, we briefly show
strategies of data exchange between hosts used in distributed joins.

Message Passing Interface (MPI). is a standardized protocol
for inter-host and inter-process network communication [4]. The
standard defines routines, syntax, and semantics for writing MPP
applications. There are several open-source (OpenMPI, MPICH) and
industrial implementations (Intel-MPI). It supports blocking and
non-blocking point-to-point and group communication over the
network [4]. With this, data can be exchanged via usual network
protocols. However, protocol conversions and data buffering in the
network stack (OS, NIC, TCP, Ethernet) limit overall performance.

Remote Direct Memory Access (RDMA). is a protocol that en-
ables hosts to access the memory of remote machines directly via
the network. Regarding hardware, it is offered by InfiniBand, RDMA
over Converged Ethernet, or iWarp. A memory area must be pinned
and registered with the network interface card (NIC) to facilitate
direct memory access. RDMA-capable NICs bypass the network
stack to avoid the OS’s context switches and intermediate buffers,
which reduces communication overhead and latency [20]. Further,
control and data messages are separated. Read or write requests can
be executed asynchronously and independently with specialized
NICs and without host CPU involvement. RDMA allows one-sided
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Version CXL 1.0 CXL 2.0 CXL 3.0
Type 1: Smart NICs CXL Single .
XL Mul
Devices [Type 2: FPGAs, GPUs Hierarchy SWitCh’Hiefarch levtrlitch
Type 3: Memory Expanders Logical Devices Y
Type 1: CXL.io, CXL.cache L . P2P Access,
Protocols| Type 2: All SWItC})}EZE:abHC’ GFAM,
Type 3: CXL.io, CXL.cache J GIM

Table 1: CXL version history, supported devices and intro-
duced protocols.

communication where data is written to a remote buffer without
interaction with the remote host using READ, WRITE operations or
two-sided upon a sender/receiver model, where occurring writes
are communicated to the other host using SEND, RECV operations. In
[19] the authors study RDMA-based MPI communication for remote
shared memory using a polling approach. Our approach, however,
adopts multiple strategies via CXL shared memory communica-
tion, offering enhanced flexibility and integration. [11] shows an
approach where RDMA is used for inter-datacenter communication
and shared memory for intra-rack communication. Shared memory
access across interconnected hosts necessitates cache coherency
to ensure data consistency, as modifications may be stored in local
caches [30]. RDMA lacks a cache-coherent protocol, necessitating
the implementation of software coherency protocols [24, 39].

Compute eXpress Link (CXL). is an open standard specification
that defines several interconnect protocols between processors and
different device types built upon PCle (cf. Table 1). CXL version 1.0
specifies three device types [27] and three protocols [9]: CXL. io for
PCle-based I/O setup, CXL . mem for memory access via PCle-carried
load/store operations, and CXL.cache for cache-coherent access
across CXL devices. CXL 2.0 adds CXL switch support, allowing
hosts to extend and manage CXL devices within a single hierarchy
and introduces memory pooling to multiple host processors.

CXL 3.0 expands cache-coherency semantics for Type 2 and 3
devices to facilitate peer-to-peer communication and memory shar-
ing of the same segment among multiple devices within a cache-
coherency domain. The specification supports fabric topologies
connecting multiple hosts with Global Fabric Attached Memory
(GFAM). This allows disaggregated memory and networking be-
tween multiple hosts and devices where the communication is
encapsulated in PCIe messages. CXL 3.0 is entirely based on PCle
6.0, doubling the bandwidth (121 GB/s x16) compared to CXL 2.0 (63
GB/s x16). We focus on the CXL 3.0 specification, which provides
cache-coherent P2P communication and shared memory via GFAM.

CXL support is available since the Intel Sapphire Rapids and
AMD Epyc Genoa architectures. Research on CXL has been con-
ducted on first 1.0 hardware and emulation [1, 2, 12, 22, 28, 31, 33, 35—
38]. In [37] a CXL latency simulator has been proposed, which uses
a tracer to add additional CXL latencies. An emulation of CXL with
multiple nodes has been shown in [1]. Instead of a single-host em-
ulation, we utilize an emulation environment with separate OS and
management. First latency numbers of real hardware are given in
[12, 25, 31, 33, 35, 38]. DirectCXL [12] is one of the first prototypes
for DRAM memory connected to a host through PCle. Further, they
present first numbers regarding latency (300 — 500ns). The work of
[25] shows further prototype latency numbers for a Type 3 device
(> 500 ns) and bandwidth (< 10 GB/s).
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Figure 2: CXL shared memory device runtime (left), and its
internal memory organization (right): header (1), data access
tables (2) to access data by offset within the CXL area (3).

Software Runtime. CXL Type 3 devices function as headless,
remote NUMA nodes, allowing memory expansion devices (Type
3) to integrate additional host-managed device memory (HDM) as
main memory [31]. HDM can also operate as a DAX device, enabling
direct memory management similar to PMem devices. Figure 2
(left) illustrates the CXL software runtime. In the Linux Kernel,
CXL devices are exposed as device entries, enabling the creation
of CXL regions using the cxlctl tool. Subsequently, daxctl can be
used to configure the HDM as a devdax device. Access to the HDM
is facilitated through the exposed path, such as /dev/cx1. With
this, mmap can be utilized to map the HDM to the virtual address
space of an application. When connected with other hosts (with
CXL 3.0), the same device can be accessed in this way, both hosts
using mmap. Samsung Scalable Memory Development Kit (SMDK)
and SK Hynix’s Heterogeneous Memory Software Development
Kit (HMDK) provide libraries with a similar software stack [13, 26].

3 INTER-HOST COMMUNICATION VIA CXL

As CXL drivers are in an early development stage, we manage
the HDM at the application layer. CXL shared memory has to be
managed equally by all hosts. We place a header at the first bytes
of the CXL shared memory device (cf. Figure 2 (right)). It includes
details such as the number of hosts, the initial offsets of free memory
areas, synchronization mechanisms (e.g., spinlocks or barriers), and
a reference counter for each area. The remaining CXL memory
can be shared globally or allocated among the hosts. However, the
applications are responsible for the management, i.e., there is no
protection of read/write access, and synchronization is required for
concurrent access.

Premises on CXL. Given the current state of CXL software de-
velopment (frameworks, device drivers) and hardware availability,
we make the following assumptions for this work:

(P§1) CXL shared memory acts as a remote NUMA node with
uniform NUMA distance for all hosts (PCle Software View [9]).
This arrangement permits atomic operations within an exclusive
cache line by a host, visible to other hosts, requiring that all reads
and writes conform to cache line sizes (GFAM and GIM [9]).

(P§2) Cache coherency is ensured across a single hierarchy sup-
porting at least 2-4 hosts through CXL, utilizing CXL.mem and
CXL.cache. The advent of CXL 2.0 necessitates an additional soft-
ware cache coherence protocol like described in [24, 39].

(P§3) Direct host-to-host communication is possible with shared
memory as the medium for interaction. This requires sufficient
available memory for host-to-device & device-to-host data transfers.
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Figure 3: Host communication types via CXL shared memory. For every participating host, the application must ensure a
consistent view of the CXL memory in terms of size and (logical) regions. Access to individual addresses is managed through

offsets, relative to the starting address of the CXL memory area.

Inter-Host communication. With CXL, communication be-
tween hosts relies solely on memory semantics to interact with
remote shared memory. We devise three key strategies to ease
communication and data transfer among hosts connected via a
shared CXL memory device (cf. Figure 3). These strategies map the
communication model of MPI into CXL shared memory [19].

» Polling checks local read pointers and shared write pointers
repeatedly in a loop for a change (D. When a host writes @), it
increments a write pointer in CXL. Polling hosts detect a change,
read the data (3), and increment their local pointers. Polling is effec-
tive for scenarios with frequent message transfers between hosts,
especially when it requires only a few iterations for notification.
This strategy is employed once communication has initiated and
data is processed in CXL shared memory.

» Conditional strategy utilizes a condition variable in CXL to
check for changes (D reducing the need for continuous checking.
When there are no changes, the thread can proceed with other
tasks. Once the writing host notifies by setting the condition (),
the other hosts can detect the change when they check again 3.
Using a condition variable for shared memory communication is
advantageous in infrequent communication scenarios or for initiat-
ing intra-host communication. Additionally, it can be employed to
synchronize access to a shared resource, serving as a lock.

» Hybrid MPI/CXL combines the MPI approach with CXL by
using MPI solely to notify other hosts of changes. Initially, a host
writes data to CXL memory (D. Then, it uses MPI to send a pointer
(as an offset) pointing to the written CXL data (2). Receiving hosts
can read the data through the received pointer 3. The hybrid
MPI/CXL strategy is advantageous for initiating communication
between hosts, such as launching distributed queries. Placing the
data in CXL memory reduces message size, as only the pointer
needs to be sent. We use this strategy for host orchestration and
management, specifically for exchanging the number of available
hosts and additional execution parameters.

Synchronization. Data in CXL memory can be accessed by
host-to-device (H2D), by device-to-host (D2H) transfer, or directly

through pointers. The CXL specification guarantees that host-initiated

atomic operations can be observed by other hosts, which is fun-
damental for our synchronization approach [9]. This enables the
implementation of various synchronization primitives, similar to
those used in standard concurrent synchronization. For this, we im-
plement locking as a spinlock using compare-and-swap and barriers
based on an atomic counter and fetch-and-add operation.

CXL Mem

! 7 write ptr = read ptr 24T ¢——@
| Towag lock < 1' Wait
hare " | foeeemaacdoannaaas false ' Inew data
128 bytes locked <
get last entry > E CXL Context
CXL Context | | lentry offset: 0, size 0 1| HostID: 1
Host ID: 0 < +| Read Ptr: 0
Read Ptr: 0 write 128 byte at 0~ !
entry & write ptr++ | | write ptr != read ptr ? E i
> (= - !
unlock true: write_ptr = 1k .
________________ >
unlocked read entry 0 2' CXL Context
.................. ——————— .
128 bytes at 0 Host ID: 1
» Read Ptr: 1
read data 3

A

Figure 4: Host 0 writes data in CXL shared memory while
Host 1 polls for changes and reads data.

Data Exchange. On the local host side, every host manages a
CXL context by itself. The CXL area is managed with data access
tables (DAT) (cf. Figure 2). The individual identifier of a host is
assigned at startup and communicated via MPL Shared data in
CXL memory is sequentially organized (i.e. as a ring buffer) where
individual data can be accessed by DAT entries storing the offsets
and sizes of individual data. Further, read and write pointers are
stored in CXL memory for each area. A host-managed CXL context,
along with its read and write pointers, enables the identification of
newly written data by other hosts.

The data exchange procedure between two hosts is illustrated
in Figure 4. To share data, a host acquires a lock to write data to a
specific CXL area (D) before reading the last written entry in the
DAT using the write pointer of the CXL area (2. Then, the host
writes the data to the appropriate offset, determined by adding the
size to the last written offset (3. The header of the area will be
updated at the end, and the lock will be released (@. To read the
recent data, a host compares its local read pointer with the read
pointer of the relevant area (D). If matching (2), the host can read the
data at its read pointer (3, increment it, and continue reading until
a termination message is encountered. The sender must explicitly
signal termination through a final message.

4 JOIN ALGORITHMS ON CXL

The data exchange process is a primary bottleneck in distributed
systems, particularly when considering join algorithms in a dis-
tributed setting. Individual hosts must wait for data from other
hosts, exacerbating the bottleneck with the use of slow intercon-
nects, frequent protocol conversions, and data serialization.
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CXL leverages PCle to provide high bandwidth and low latency
and offers memory-like access capabilities, which are ideal for mit-
igating these challenges. In this section we describe distributed
join algorithms in a multi-host setup connected by CXL shared
memory. Each host runs a database node with multiple workers,
leveraging the approaches described for inter-host communication.
The CXL memory area is organized as described in Figure 2 and
structured by the number of participating hosts referred to as CXL
areas (allowing GFAM or GIM [9]). Each area is (logically) assigned
to a single host during query setup. The CXL areas contain a header
and a separate DAT for each operator pair (sender, receiver) of a
join, simplifying the identification of data belonging to an operator.

4.1 Repartition Hash Join

Data in distributed DBMSs can be partitioned over all participating
hosts. Executing a partitioned hash join results in repartitioning
the data (R-HJ). The phases of this algorithm are:

(1) Repartitioning of both joins sides on join keys,
(2) data exchange of partitions to the appropriate nodes, and
(3) join on local partitions.

Repartitioning Phase. The purpose of the repartitioning phase is
to partition both join sides such that tuples with matching join keys
result in the same partition. After co-location, these partitions can
be processed independently. Partitioning is done by selecting tuples
by the join keys of both join sides. Selected tuples will be serialized
and inserted into one or multiple buffers to prepare them before
the actual exchange. Serialization is necessary as host-local data
cannot be accessed directly from other hosts. Each buffer is tagged
by an operator and the host id to determine the belonging data.
Additionally, the count of tuples inserted is placed in the initial
bytes of the buffer, offering additional information to the receiver.

Data Exchange Phase. We adapt the sender-receiver model im-
plemented via the polling approach in CXL for data exchange. The
query optimizer enforces the communication pairs of the individual
partitions, the number of sender/receiver threads per operator, and
the number of buffers per operator.

On the sending side, when the data is partitioned according
to the previous step, the partitions (buffers) will be transferred
to their determined destination. Sending data is implemented by
writing data directly into the assigned CXL area of the destination
host. This allows hosts to communicate via CXL shared memory
and reduces additional synchronization for concurrent access. To
perform the exchange via CXL, the sending host locks the CXL
area and performs the data exchange procedure as described in
Section 3. For optimal performance, distributed join algorithms
need to consider the hardware access latency. For this, we employ
two strategies. Tuples for a particular partition can either be placed
directly on an allocated buffer in CXL or beforehand a host local
buffer and copied afterward to CXL memory. We refer to these
strategies as CXL-D(irect) and CXL-C(opy).

For CXL-D, buffers are allocated using cx1_malloc similar to
the usual malloc but returns a pointer to CXL memory. Data for the
buffer can be directly written using memcpy. With CXL-C, the data
will be first copied to local memory and afterward as one single
transfer with cx1_memcpy to CXL shared memory. This function
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additionally manages the DAT of the CXL area. Depending on the
size and resulting access latency of the CXL memory one of the
methods has to be preferred. When the transfer of tuples to the
CXL buffer is complete, the DAT entry with offset position and size
will be inserted and the write pointer of this CXL area header will
be increased, indicating available data for participating hosts. Then,
the cache line of the sender needs to be flushed to make changes
visible to other hosts. This will be done for all buffers. After this,
a final buffer without tuples will be placed in CXL, containing the
number of buffers sent to indicate the end of the transfer.

On the receiving side, the hosts poll the CXL area for changes
that start directly at query execution. This is done iteratively by
comparing the read pointer of the hosts’ CXL context with the write
pointer in the CXL area header as described in Section 3. Whenever
a change is detected, the buffer can either be read directly (CXL-D)
or copied to a host local buffer (CXL-C). As data can be sent by
multiple senders concurrently, the order of the data can be mixed up.
The receiver can obtain the belonging data through a tag inserted
in the buffer. The receiving side polls until the termination message
with the number of messages sent from the sender is obtained.

After the data exchange, both join sides are co-located and parti-
tioned according to the join keys. The remaining join steps can be
performed locally on the partitions without further data exchange.
The results of the join can either be processed further or merged at
later processing.

4.2 Broadcast Hash Join

The main characteristic of the BC-H]J is the broadcast of the build
side to all available hosts. The optimizer will enforce which build
side will be considered for the broadcast. The phases of the BC-H]J
are as follows:

(1) Broadcast of the build side to participating hosts,
(2) build of local hash tables, and
(3) probe on local hash tables.

Broadcast. In pure network-based solutions without the pres-
ence of shared memory, broadcast data are transferred multiple
times, degrading overall performance due to multiple copies. CXL
with shared memory enables shared data placement directly acces-
sible by other hosts.

Instead of transferring buffers from one host to the assigned CXL
memory area of the other hosts, like with the R-H]J, broadcasting
hosts place the data directly in their assigned CXL memory area.
The main advantage of broadcasting via CXL shared memory is
that only one transfer per buffer is necessary. Broadcasting can
be performed by multiple hosts when data is (pre)partitioned. If
a host has no data to broadcast, it places a termination message
with 0 as the number of tuples sent. In the same way, as in the
R-H]J, transfers can be direct (CXL-D) or through copies from local
buffers (CXL-C). With each host writing to its assigned CXL area,
additional synchronization is unnecessary, enhancing parallelism.
Receiving workers need only to collect the data from all other areas
to obtain the complete data. Collecting is again done by polling.
As every worker maintains its CXL context and read-pointers for
all areas, new data can be recognized by comparing them with the
write pointer of the areas.
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message runtimes.

To enhance polling response, we expanded the polling to include
iterations over other areas in each cycle, allowing data access in
CXL from the fastest host. The build and probe phase starts as soon
as a host reads the final message from the sender(s).

Build & Probe. As soon as the data exchange is complete and
each host receives the data hash tables can be constructed locally.
Hash table construction utilizes CXL-C or CXL-D, affecting build
and probe performance based on CXL characteristics.

4.3 Shared Hash Table Hash Join

In SHT-HJ, hosts operate directly on a hash table placed in CXL
memory. The underlying hash table implementation is built upon
vectorization [29] and chaining for collision resolution [15].

In contrast to the previous two hash join algorithms, the SHT-HJ
operates on a data structure allocated in CXL instead of memory
buffers. This implies a more fine-granular and frequent data access
which is more affected by the CXL memory latency. The individual
steps of the SHT-HJ are:

(1) Allocate a global hash table,
(2) build the global hash table with workers, and
(3) probe them individually.

Hash Table Build. A barrier synchronizes hash table alloca-
tion, with the first worker at the barrier allocating a global hash
table in its CXL area via cx1_malloc. The optimizer determines a
suitable allocation size for the hash table. The barrier blocks other
hosts and their workers until the allocation is completed. Then, the
hosts iterate over the DAT of the CXL areas to find the allocated
hash table. The allocated hash table is the first entry of a DAT. All
subsequent allocations by other hosts to extend the hash table have
to be in the same CXL area which can be achieved by passing the
appropriate area to cx1_malloc. After this, all workers begin with
the building phase of the join. The lock of the CXL area, where the
hash table is allocated synchronizes concurrent access when build-
ing the hash table in CXL memory. Intra-worker synchronization is
not necessary since every thread works on different bucket ranges.

The individual workers can work directly in CXL (CXL-D) or
create the buckets first in the host-local memory and copy them
afterward to the main table (CXL-C). The latter is useful when there
are many tuples and a high CXL access latency. When the build is
complete, the workers copy their buckets from memory into CXL
shared memory using cx1_memcpy.

Latency Bandwidth
Read Write Emulation Read Write Emulation
Local NUMA 87ns 93ns <100ns 107 GB/s 98 GB/s 29 GB/s
Remote NUMA 147 ns 155ns <500ns 33 GB/s 29 GB/s 29 GB/s
PMem 411ns 940 ns <2000ns 30 GB/s 12 GB/s 29 GB/s
Emul. Network 3233 ns <4000 ns 8 GB/s 29 GB/s
Table 2: Latency and bandwidth of supervisor hardware and
resulting measures in emulated instances.

Both approaches only differ in data allocation and final merg-
ing in the case of CXL-C. On the implementation side, it requires
switching pointers from main memory to CXL shared memory.
This proves the seamless integration of CXL shared memory into
distributed DBMSs. Every host waits on a final barrier for other
hosts to finish the build stage.

Probe. For probing, the hash table can be accessed directly in
CXL memory (CXL-D) or copied to the local memory of the workers
(CXL-C). As data is partitioned and co-located, different workers
operate on distinct ranges of buckets. Thus, transfer or access costs
can be reduced.

4.4 Query Execution

A query often consists of multiple joins executed on the results of
respective previous joins. The usual implementation with MPI pro-
vides extended communication by tagging messages, i.e., a message
is tagged by operator and worker id to identify belonging tuples to
an operator. For CXL, we assign each join operator its own DAT
(see Figure 2 right side). The number of DATs has to be configured
by the query optimizer. Workers of an operator can identify their
belonging message from other hosts by accessing their specific DAT
in the CXL area identified by the assigned operator identifier.

5 EVALUATION

Our experiments were performed on a system equipped with 4 Intel
Xeon 8376H CPUs (56 threads each, across 4 NUMA nodes), 768 GB
DDR4 RAM (24 DIMMs), 1537 GB Intel Optane Persistent Memory
200 Series (24 NV-DIMMs of 128 GB), and 6 Intel NVMe SSDs (2.5
TB each), running on Linux 5.4 and Ubuntu 20.04. We integrated
the distributed join algorithms into the commercial Actian Vector
DBMS [10], built on the X100 [7] analytical database engine. For
MPI, we use Intel MPI 2019. For all approaches, we use mpirun to
start and manage multiple hosts.
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Emulation. We use QEMU and NUMA-based emulation of CXL
shared memory due to the unavailability of CXL 3.0 hardware [8].
We emulate multiple instances on a single hypervisor. Hence, we
implicitly provide hardware-controlled cache coherency for CXL
shared memory, as with premise P§2. NUMA-based emulation can
show more realistic CXL characteristics since prototypes are not
optimized for latency [35].

A QEMU instance can be configured with different memory
configurations by placing a file-backed memory in an appropriate
location, like PMem. We use three hardware latencies to evaluate
different latency configurations: optimistic (local NUMA), realistic
(remote NUMA), and pessimistic (PMem-like) (cf. Table 2). The
resulting memory performance corresponds to the characteristics
of the underlying hardware (including some emulation overhead)
since syncs and flushes are pushed to the underlying device. In
the emulated environment, the CXL device is exposed as a remote
NUMA node, allowing the OS to access it as detailed in Section 2.2.
For local NUMA latency, emulated instances and the CXL device
are set up on the same NUMA node of the hypervisor. For re-
mote NUMA, they are configured on different NUMA nodes using
numactl. For PMem, we configure the memory on a PMem de-
vice. The emulated maximum bandwidth is similar in all settings
(PMem-like). We use the hypervisor’s CPU with a Kernel-based
Virtual Machine (KVM) and measure the run time in CPU cycles
with rdtsc, rdtscp, and cpuid instructions to retrieve CPU cycle-
accurate results from the emulated instances [21].

Further, we use the hypervisor network stack to provide the
highest possible network performance between emulated instances.
With this, we can emulate a high-bandwidth and low-latency net-
work for the baseline as network packets are transferred via DRAM
between emulated hosts without leaving the NIC. With this setup,
we can evaluate different CXL characteristics of possible future
hardware and their effects on the resulting DBMS performance.

The CXL specification includes numbers for additional latencies
introduced by the protocol, which we also consider in our evalu-
ation [9]. Further, we include added performance numbers which
we emulate by explicit cache line flushes to show the worst-case
behavior of possible coherence mechanism.

DaMoN ’24, June 10, 2024, Santiago, AA, Chile

== MPI SHM CXL
BC-H) SHT-HJ

N
o
o

M CPU Cycles
=
o
o

o

500 2000 100 500 2000 100 500 2000
Latency

=
o
o

Figure 7: Host-local shared memory execution with MPI vs
CXL with |§| = 50k, with 4 hosts and 2 threads each.

Host communication. A benchmark with different memory
access latencies for the communication approaches presented in
Section 3 is shown in Figure 5. The benchmark measures the round
trip time (RTT) of 100 message exchanges between two hosts. In
all settings, the polling approach provides the fastest RTT. MPI
and hybrid methods, both network-dependent, show similar run
times. Sending a pointer that points to data in CXL reduces transfer
overhead. The conditional approach, which checks for messages via
the server’s main loop, performs between polling and hybrid. CXL
can utilize the PCle 4.0 x16 slot’s bandwidth of 32 GB/s, surpassing
the network bandwidth significantly. Using strace, we found CXL-
based methods cut system calls by up to 50% and decreased time per
call by reducing network stack calls, thus lowering communication
costs.

Microbenchmark Joins. For the distributed join microbench-
mark, we employ synthetically generated datasets. We benchmark
a join R »< S, with R = 100, 000. S varies in size, including 10, 000,
50,000, and 100,000 to show performance on a low and higher
transfer amount. We conduct the benchmark in a 4-node setting
and the data are equally partitioned among the hosts.

Figure 6 depicts the comparison between the distributed join
variants with CXL. We compared each join with their equivalent
network-based MPI implementation and measured only the query
time. For every run, the CXL implementation reduces the execution
time. With an increasing latency, the execution time of the CXL
approaches increases since data has to be accessed multiple times
with H2D and D2H transfers. With the increasing |S|, MPI run time
degrades since multiple buffer transfers over the network while
the CXL implementation utilizes data transfers over PCle and its
bandwidth by using memcpy-like transfers. CXL run time increases
marginally with increasing transfer size due to higher bandwidth.

Direct vs Copy. We compared the direct CXL memory access
against the copy approaches. The results are shown in Figure 6 as
CXL-D and CXL-C. For the R-HJ and BC-HJ, the CXL-D approach
is more affected by latency than CXL-C. The CXL-D approach is
always slower because of the increased access costs in the highest
latency setting. However, since the access granularity in the SHT-
HJ is smaller (buffer vs tuples), direct access is more beneficial.
CXL-D is advantageous for high data volumes and low latency,
leading to reduced data transfers. Also, CXL-D can hide latencies
efficiently for small data and fewer data accesses. Whenever there
is high latency, the CXL-C can hide the latency more effectively.
SHT-H]J with CXL-D outperforms R-HJ and B-H]J due to finer access
granularity on higher latencies. BC-HJ benefits large data and high
latencies with reduced data transfers.
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Intra-host shared memory. We run the MPI baseline with four
nodes directly on the supervisor. In this setting, the MPI base-
line was configured to transfer messages through shared memory
(I_MPI_SHM flag). The results in Figure 7 show still less execution
time for the CXL-based approaches. The BC-H]J and SHT-HJ show
the fastest execution for lower latency, while in higher latencies the
different algorithms are comparable. Therefore, CXL can achieve
NUMA-like performance for data exchange in a distributed setting.
Adding additional CXL protocol latency (= 50ns [9]) for every CXL
memory access on both hosts affects the run time marginally. The
CXL approach achieves comparable performance in algorithms
with fewer data transfers like SHT-H]J. Thus, the CXL architecture
could offer a NUMA-like behavior for scaled distributed DBMSs
while providing distributed resources.

TPC-H. To evaluate the distributed joins with a more realistic
workload, we use the well-known TPC-H benchmark. We executed
TPC-H queries (SF 500) on four nodes using CXL shared memory,
specifically targeting queries Q3, Q7, Q13, Q14, and Q20 known for
data transfer-bound hash joins. Queries Q3 and Q7 use the B-H]J,
queries Q13 and Q14 leverage the R-HJ, and query Q20 the SHT-HJ.
The execution times (normalized to network-based baseline) are
shown in Figure 8. The higher bandwidth of a CXL can decrease
run time by up to 25% for queries bottlenecked by data exchange.
For the BC-HJ in Q3 and Q7, data transfers are reduced to a single
data transfer into CXL shared memory. The CXL-C approach hides
additional latency by initially buffering data in local memory. R-HJ
in Q13 and Q14 is significantly impacted by latency from frequent
memory access. Multiple buffers add to processing complexity,
making direct access to CXL shared memory advantageous. The
SHT-H]J works directly on data structures with fewer data transfers,
making CXL-D more beneficial. However, for higher latency, CXL-C
can mitigate the effects more effectively.

6 CONCLUSION

In this work, we described possible communication strategies for
hosts interconnected via CXL shared memory. Based on these strate-
gies, we present different data exchange approaches for distributed
hash join algorithms that leverage CXL shared memory provided
by future CXL 3.0 hardware. The distributed hash join algorithms
were evaluated using different emulated CXL shared memory se-
tups. This work has demonstrated that while working with CXL
offers performance benefits, it also introduces additional challenges
that must be effectively addressed to fully exploit CXL.

To summarize, the results of this work are as follows:

1) P2P communication via a CXL shared memory device must be
conducted solely through memory semantics. Concurrent data
access and coordination must be implemented within the system.
We addressed this issue by adapting the communication model
from a network-based approach to a shared memory setting,
utilizing CXL memory management with read/write pointers.

2) Different communication schemes can be adapted from the sender-
receiver model to shared memory with minimal changes to the
network-based implementation. The pooling approach offers the
fastest communication response, even at higher latencies.

3) In comparison to network-based solutions, CXL reduces the
volume of data shared across hosts since every host can access
the same memory region. This is particularly advantageous for
broadcasting data to all participating hosts like with the BC-HJ.

4) In contrast to RDMA, CXL incorporates a cache coherence proto-
col, simplifying the overall development process for data sharing.
However, data exchange between racks still requires additional
interconnects such as RDMA.

5) CXL enables the transformation of the distributed system into
one that operates as if it were a single cohesive unit. As demon-
strated with the SHT-HJ, every host contributes to computing a
data structure, significantly enhancing the level of parallelism.

The results show that CXL has the potential to change future archi-
tectures of up-scaled distributed DBMS leading to significant per-
formance enhancements. CXL shared memory allows distributed
DBMS to function as a logically unified system.

Future CXL 3.0 hardware might introduce additional latencies
due to cache coherency mechanisms and specific protocol charac-
teristics, as well as bandwidth limitations. Furthermore, especially
in distributed systems, the bandwidth limitations and increased
latencies of the interconnect must be considered.
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