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Abstract—In this paper, we describe the design and implemen-
tation of Ibdxnet, an InfiniBand transport to enable high through-
put and low-latency messaging for concurrent Java applications
with transparent serialization of Java objects using DXNet.
Ibdxnet applies best practices by implementing a dynamic and
scalable pipeline with RC QPs and messaging verbs using the
ibverbs library. A carefully designed JNI layer ensures minimal
overhead to connect the native Ibdxnet library to the Java
counterpart without impacting performance. Existing as well as
new multi-threaded Java applications can use DXNet’s event-
based architecture concurrently to send and receive messages
and requests transparently over InfiniBand with the Ibdxnet
transport. We compared DXNet with Ibdxnet to the InfiniBand
supporting MPI implementations FastMPJ and MVAPICH2.
DXNet’s performance for middle sized and large messages keeps
up with FastMPJ’s and MVAPICH2’s. For small messages,
DXNet clearly outperforms both systems especially in a multi-
threaded environment. Furthermore, we compared the two key-
value storages DXRAM, which uses DXNet with Ibdxnet, and
RAMCloud, which uses a custom network subsystem based on
ibverbs, using the YCSB with two workloads. On a graph data
workload, DXRAM outperforms RAMCloud with a five times
higher throughput of 7.96 mops on 40 nodes.

Index Terms—High-speed networks, Big data applications,
Distributed computing

I. INTRODUCTION

The ever growing amounts of data, for example in big
data applications, are addressed by aggregating resources in
commodity clusters or the cloud [23]. This concerns appli-
cations like social networks [9], [27], search engines [35],
simulations [36] or online data analytics [17], [44], [46].
Storing all data in-memory or caching major parts reduces
local data access times significantly especially for graph-based
applications processing billions of very small data objects
(< 64 bytes) [13], [32], [42].

A lot of big data applications are written in Java or rely on
Java-based frameworks, e.g. Hadoop [30], Apache Kafka [25],
Hazelcast [19] or InfiniSpan [1]. Typically, these applications
use many threads to fully utilize all available cores on each
server. There are embarrassingly parallel algorithms working
well on batch processing frameworks, e.g. based on MapRe-
duce. However, many algorithms have data dependencies and
require low-latency remote data access in order to allow
scalability with the number of nodes. Examples are machine
learning algorithms (e.g. neural networks, deep learning) [43],

data-mining programs (e.g. PageRank [35], random walk,
graph coloring) as well as graph-based bioinformatics applica-
tions. As mentioned above, graphs are composed of potentially
trillions of small data objects. Thus, the algorithm exchanges
many small network packets with remote nodes often resulting
in challenging all-to-all communication patterns.

Java applications as well Java-based big-data frameworks
use mainly TCP sockets over Ethernet provided by Java NIO.
Java NIO sockets are fast but cannot exploit the potential
of high-speed networks like InfiniBand. One transparent ap-
proach is to use IP over InfiniBand (IPoIB) [24] which is
known to bring some benefits but far from the full potential
of InfiniBand [45]. This can only be achieved by using native
InfiniBand verbs. We analyzed the few available solutions,
such as a built in verbs implementation in the JVM or
libraries redirecting socket traffic over InfiniBand but none can
provide optimal performance especially for high concurrency
and many small network packets (§II).

In this paper, we present Ibdxnet, an InfiniBand-based
transport implementation for the Java-based network subsys-
tem DXNet [12]. DXNet provides high throughput and low-
latency asynchronous and synchronous messaging for many
concurrent threads accessing the network [13], [16], [18].
DXNet offers sending and receiving of messages with trans-
parent serialization of messaging objects, automatic connec-
tion management, is optimized for high concurrency on all
operations by implementing lock-free synchronization and is
implemented in Java. Ibdxnet implements a native subsystem
to interface with the ibverbs library for sending and receiving
data over InfiniBand hardware. A carefully designed JNI layer
is used to efficiently connect it to the transport implementation
of DXNet in Java.

We compared DXNet with Ibdxnet to MVAPICH2 and
FastMPJ, two MPI implementations supporting InfiniBand
(§VI). We used typical uni- and bi-directional network bench-
marks to evaluate throughput and latency with messages sizes
up to 1 MB. DXNet outperforms FastMPJ already in single-
threaded mode, especially on small messages and is on par
with the performance of MVAPICH2. Using multiple applica-
tion threads and message handlers, DXNet’s throughput can
be further increased outperforming MVAPICH2 up to twofold.

Furthermore, we compared the Java-based in-memory key-



value storage DXRAM, which uses DXNet as its network
subsystem, to the in-memory key-value storage RAMCloud.
We used the Yahoo! Cloud Service Benchmark (YCSB) with
two workloads to evaluate the pure network performance of
both systems (§VII). DXRAM outperforms RAMCloud on
both workloads and shows scalability with up to 40 nodes.

The contributions of this paper are:
• The design and implementation of a fast InfiniBand

transport for distributed and parallel Java applications not
requiring any modification to the JVM

• Automatic, scalable and concurrent connection manage-
ment allowing transparent dynamic up- and downscaling

• Extensive experiments and comparisons to MVAPICH2,
FastMPJ and within key-value stores (DXRAM and
RAMCloud) showing the benefits of the proposed solu-
tion

With DXNet and the transport Ibdxnet being open source
and available at Github, we provide a network subsystem with
InfiniBand for simple and fast data exchange using messages
and requests for new and existing Java applications.

The remaining paper is structured as follows: Section II
presents related work followed by Section III giving a brief
introduction to DXNet with its key-features. Section IV gives
an overview of the architecture and describes the details of
the ibverbs-based transport Ibdxnet in further sub-sections.
Section V describes briefly how the native Ibdxnet library
connects to the Java transport interface in DXNet. Section VI
presents the results of the experiments with MVAPICH2 and
FastMPJ. Section VII presents the results of the YCSB com-
paring DXRAM (using DXNet) to RAMCloud. Conclusions
are located in Section VIII.

II. RELATED WORK

We consider two categories for related work: low(er)-level
network stacks and networking middleware with higher-level
primitives and programming models. Because of limited space,
we focus only on solutions which support InfiniBand.

Before developing Ibdxnet and the InfiniBand transport for
DXNet, we evaluated available (low-level) solutions for lever-
aging InfiniBand hardware in Java applications. This includes
using NIO sockets with IP over InfiniBand (IPoIB) [24], the
Socket Direct Protocol (SDP) [22], IBM’s implementation of
the verbs API in Java called jVerbs [39], IBM’s Java sockets
over RDMA (JSOR) [41], Mallanox’s libvma [2] library for
sockets and native C-verbs with ibverbs. All solutions were
evaluated with uni- and bi-directional microbenchmarks on a
56 GBit/s InfiniBand network. The results show that socket-
based solutions and jVerbs cannot provide an adequate base
performance in throughput and latency compared to native C-
verbs implementations, especially on small message sizes and
on bi-directional communication. Furthermore, every solution
requires some compromises like a proprietary environment
(jVerbs, JSOR) or is not maintained anymore (SDP since
OFED 3.5). These reasons motivated a custom implementation
using the ibverbs library. Due to limited space, the results are
published in a separate publication.

MVAPICH2 [31] is an MPI implementation built onto
the MPICH source supporting various network interconnects,
such as Ethernet, iWARP, Omni-Path, RoCE and InfiniBand.
MVAPICH2 includes features like RDMA fast path or RDMA
operations for small message transfers and is widely used on
many clusters over the world [3]. Open MPI [4] is an open
source implementation of the MPI standard (currently full 3.1
compliance) also supporting interconnects, such as Ethernet
using TCP sockets, RoCE, iWARP and InfiniBand.

mpiJava [10] implements the MPI standard by a collection
of wrapper classes that call native MPI implementations, such
as MVAPICH2 or OpenMPI, through JNI. The wrapper-based
approach provides efficient communication relying on native
libraries. However, it is not thread-safe and, thus, is not able
to take advantage of multi-core systems using multi-threading.

FastMPJ [20] uses Java Fast Sockets and ibvdev to pro-
vide an MPI implementation for parallel systems using Java.
Initially, ibvdev [21] was implemented as a low-level commu-
nication device for MPJ Express [38], a Java MPI implemen-
tation of the mpiJava 1.2 API specification. ibvdev implements
InfiniBand support using the low-level verbs API and can
be integrated into any parallel and distributed Java applica-
tion. FastMPJ optimizes MPJ Express collective primitives
and provides efficient non-blocking communication. Currently,
FastMPJ supports issuing MPI calls using a single thread, only.

We also considered using an MPI implementation like
MVAPICH2 as a DXNet transport implementation. However,
we encountered limitations that currently make this approach
unfeasible: dynamic scaling, e.g. adding and removing ad-
ditional nodes during runtime, is not supported by current
implementations. Bootstrapping a process which uses MPI as
a network subsystem without an MPI communicator creates
isolated MPI worlds which cannot be connected afterwards
with the currently available implementations. Support for
multi-threading in the same process is only supported by
MVAPICH2, but not implemented efficiently (§VI).

III. DXNET: CONCURRENT MESSAGING FOR JAVA
APPLICATIONS

DXNet [12] is a network library for Java targeting, but not
limited to, highly concurrent big data applications. DXNet im-
plements asynchronous event-driven messaging with a sim-
ple to use application interface. Messaging describes trans-
parent sending and receiving of complex (even nested) data
structures with implicit serialization and de-serialization. Fur-
thermore, DXNet provides a built-in primitive for concurrent
and transparent request-response communication.

DXNet is optimized for supporting highly multithreaded
sending and receiving of small messages by using lock-
free data structures, fast concurrent serialization, zero
copy and zero allocation. It implements a custom lock-free
Outgoing Ring Buffer (ORB to efficiently handle outgoing
data and its own flow control (FC) mechanism to avoid
overburdening remote nodes if they cannot keep up with
processing incoming messages which increases latency and
decreases throughput. The core of DXNet provides automatic



Fig. 1. Simplified architecture of Ibdxnet with the msgrc transport engine

connection and buffer management, serialization of message
objects and an interface for implementing different transports.
Currently, an Ethernet transport using Java NIO sockets and
an InifiniBand transport using ibverbs (§IV) is implemented.

IV. IBDXNET: NATIVE INFINIBAND SUBSYSTEM WITH
TRANSPORT ENGINE

In this section, we give a brief overview of the design
and implementation of the native Ibdxnet subsystem. Figure
1 depicts a simplified view of the architecture including the
relevant components of the Idxbnet subsystem.

Java environment and native code. Because existing
libraries do not provide optimal performance when bringing
InfiniBand support to Java (§II), we decided to develop a
custom solution based on the native ibverbs library. However,
this requires calling native code from the Java environment
which is typically done by using the Java Native Interface
(JNI) [26]. Using JNI is often referred to being rather slow
but many examples available do not apply best practices.
We minimized the overall overhead by applying known best
practices [15], [26] like a careful design of the interface
with minimized context switching, caching of method IDs,
avoid copying of Java arrays nor accessing Java data
structures from native space. We avoid relying on Java’s
garbage collection when using native code entirely, e.g. no
heap allocations in our pipeline’s data path and using heap
allocated objects in native code, as it increases latency and
harms performance here. Furthermore, we evaluated different
means of passing data from Java to native and vice versa
as well as the function/method call overhead. Due to space
constraints, the full results are published in a separate report
[33] and we only summerize the most important aspects here.
The results show that the average single costs for context
switching are neglectable with an average switching time of
only up to 0.1 µs. We exchange data using only primitive
function arguments. Data structures are mapped and accessed
as C-structs in the native space. In Java, we access the native
C-structs using a helper class which utilizes the Unsafe library
[29] as this is the fastest method in both spaces.

Messaging verbs. Many applications using InfiniBand pre-
fer RDMA over messaging verbs for performance reasons.
However, we decided to rely on messaging verbs instead for

two reasons: First, messaging verbs fit better into the exist-
ing architecture. Our messaging based processing pipeline
cannot benefit from RDMA verbs not involving the CPU. In-
stead, it would require additional synchronization mechanisms
to detect processed/incoming buffers increasing complexity of
the pipeline. Second, it is not guaranteed that RDMA verbs
always improve the performance over messaging verbs
[40] especially when a complex system is built on top of
it. Using messaging verbs, we have implemented the msgrc
engine based on RC queue pairs (QPs) and the msgud engine
based on UD QPs. Due to space constraints, we focus only
on the design and implementation of the msgrc engine. The
msgud engine will be described and evaluated in a separate
publication.

Connection management. With dynamic up- and down-
scaling of the system regarding node counts and highly con-
current environments with hundreds of threads, transparent and
efficient connection management is necessary. We elaborate
on the various challenges imposed and the design of our
connection management addressing them in Section IV-A.

Data processing pipeline. This is the heart of the trans-
port and crucial regarding performance. We introduce the
design of a fully asynchronous pipeline using a dedicated
thread for sending (§IV-B) and receiving (§IV-C). The
pipeline is designed to ensure scalability with the number
of nodes and high hardware utilization on high loads.
Otherwise, a very brief stall of the pipeline would impose
overall major performance penalties. We use one dedicated
thread for sending (§IV-B) and one for receiving (§IV-C) to
benefit from the following advantages: a clear separation of
responsibilities resulting in a less complex architecture, no
scheduling of send/receive jobs when using a single thread
and increased concurrency because we can run both threads on
different CPU cores. The architecture also allows us to create
decoupled pipeline stages using lock-free queues and ring
buffers. Thereby, we avoid complex and slow synchroniza-
tion between the two threads and potentially many application
threads because they do not have to access shared resources
concurrently.

A. Automatic and Scalable Connection Management

Motivation. When using ibverbs and RC QPs, the appli-
cation has to exchange connection information in order to
establish a connection between two QPs using an out-of-band
channel. Typically, this is done by using IP-addresses and
a TCP/UDP socket over Ethernet. We implement automatic
node discovery with IP address to abstract nodeID mapping
which is part of the connection creation process. Furthermore,
we exchange additional data on connection creation like the
nodeID and transport engine implementation dependent data
along with the physical QP ID.

Challenges. With many threads concurrently accessing con-
nections to send data to many nodes simultaneously, efficient
and low-overhead connection management is important to not
impact performance. For example, multiple application threads
want to send data to a node but the connection is not yet es-



tablished. Who creates the connection and synchronizes access
of other threads? How to avoid synchronization overhead or
blocking of threads that want to get an already established
connection? How to manage the lifetime of a connection?
How to handle open connections if a node is not available
anymore? All these challenges are addressed by a dedicated
connection manager in Ibdxnet. It handles all tasks required
to transparently establish and manage connections.

Node identification and connection. A node is identified
by a unique 16-bit integer nodeID (NID) (configurable
size). The NID is assigned to a node during startup of the
connection manager and cannot be changed during runtime. A
connection consists of the source NID (the current node), the
destination NID (the target remote node) and transport specific
attributes, e.g. one or multiple ibverbs QPs, buffers and other
data necessary to send and receive data using that connection.
The connection manager provides a connection interface for
the transport engines which allows them to implement their
own type of connection including required attributes.

Node discovery. The following example describes a connec-
tion with a single QP. Before a connection to a remote node
can be established, the remote node must be discovered and
known as available. We use a dedicated connection-manager
thread which executes the node discovery in configurable
intervals and manages a list with discovered nodes (NID to IP-
address mappings). An initial list with hostnames of available
nodes is provided on startup and can be extended during
runtime for dynamic scaling. A node must be discovered and
have a NID assigned before creating a connection.

Connection creation. Connection creation is also handled
asynchronously by the connection-manager thread. If a thread
wants to use a connection to send data, it queries the con-
nection manager for the connection. If the connection is
not yet established, the manager thread executes these tasks
asynchronously by executing a two phase protocol to exchange
all necessary connection information, such as physical QP ID,
NID and transport engine defined data, with the remote. A
remote QP is also created if necessary during that process. The
QP is set to ready-to-receive and ready-to-send before com-
pleting connection creation. The application thread waits until
the connection is created. Concurrent threads can easily detect
if connection creation is in progress and wait for completion
when trying to acquire the same connection concurrently.

Connection failure and cleanup. Once node failure is
discovered, typically by a failed send work request (WR), the
connection-manager thread is ordered to cleanup the connec-
tion. It sets the connection state to not available and frees all
allocated resources of it. Now, the connection-manager thread
has to re-discover the failed node before a connection can be
established, again.

B. Sending of Data Using RC QPs

This section describes the application of different concepts
for sending data that are the key to performance in our
implementation. This also includes some basic concepts which

Fig. 2. Example for sending and receiving data using scatter gather elements:
Get data (aggregated messages) from ORB, send 1 SGE. Receive data
scattered to multiple receive buffers.

are already known but we consider it worthwhile mentioning
them because they are important to performance.

Challenges. There are a number of conceptual challenges
to consider for the implementation to ensure high performance
when sending data: Handling of outgoing data should not in-
troduce additional overhead, e.g. buffer allocation, registering
buffers with the protection domain in the data path or copying
of data. As the receive buffer size on the remote must be
at least the size of the outgoing data, larger data sizes must
be considered by either executing a protocol to request a
target buffer size or slicing of larger data chunks. Sending of
additional out-of-band data is required to identify the incoming
data on the remote without having to wrap the data. Ensure
high utilization of involved data structures to keep the pipeline
busy, e.g. keep the send queue (SQ) and buffers filled whenever
possible. Full asynchronous processing is the key to avoid
waiting for any sort of completion. Instead, execute the next
task and collect the results of previously executed tasks later.

1 workPackage = GetNextDataToSend(
2 prevWorkResults, completionList);
3 Reset(prevWorkResults);
4 Reset(completionList);
5 if (workPackage) {
6 connection = GetConnection(
7 workPackage.nodeId);
8 prevWorkResults = SendData(
9 connection, workPackage);

10 ReturnConnection(connection);
11 }
12 completionList = PollCompletions();

Listing 1. Send thread main flow (simplified)

Decoupled pipeline stages and synchronization. A dedi-
cated send thread executes the send control flow separately
from the application threads. An application thread has to
provide outgoing data via a per-connection dedicated ring
buffer data structure. This ring buffer is implemented using
lock-free synchronization and provides mechanisms to ensure
high concurrency for up to hundreds of application threads
[12]. This creates two decoupled pipeline stages with a single
point of synchronization and avoids expensive synchronization



(excluding ibverbs; these are already thread safe).
Asynchronous and interleaved control flow. Listing 1

depicts a simplified version of the send thread’s asynchronous
control flow main loop with the relevant aspects. The send
thread pulls the data available to send asynchronously from the
ring buffer with the call GetNextDataToSend. The workPack-
age holds all relevant information of a data package pulled
from the ring buffer (pointer positions and target remote).
The prevWorkResults data describes the amount of data that
was successfully posted or not posted because there was no
space left in the send queue. The completionList is filled,
once sending of posted data is confirmed (completion polled).
This data is used to move the pointers in the ring buffer.
The prevWorkResults and completionList are cleared at the
beginning of the current iteration. If the workPackage is valid,
i.e. outgoing data is available, the corresponding connection
is requested according to the target workPackage.nodeId. With
this call, the connection is automatically established by the
connection manager if it does not exist, yet (§IV-A). The
workPackage is processed in SendData by setting the buffer
area to send in a WR to the area enclosed by the ORB pointers
of the workPackage. We avoid allocating a temporary buffer
and copying because the ring buffer is allocated and registered
with the protection domain on startup and setting arbitrary
positions within that pinned area is valid. Once the data is
posted, the acquired connection is returned to the manager.
Concluding the control flow, the send thread always polls
for completions on the shared completion queue (CQ), once.
Further details are described in the next paragraphs.

Immediate data field for out-of-band data A WR offers
a field for sending immediate data (a 4 byte value) that
is not part of the registered memory area of the buffer
to the remote. We use this feature to include the NID of
the source node sending the data (2 bytes) and FC data if
available (1 byte). This avoids adding that data to the payload
stored in the buffer which requires a temporary buffer and
copying or an additional side channel like another QP which
requires additional processing time on posting and polling.
This benefits overall performance, especially with many
simultaneous connections. By including the source NID with
every WR posted, we can identify incoming completions on
the remote. Otherwise, the only information provided is the
sender’s unique physical QP ID. In our case, this ID must be
mapped to the corresponding NID of the sender. However, this
introduces an indirection every time a package arrives which
impacts performance.

Scatter gather elements (SGEs) for improved buffer
management. For sending data, we use SGEs to enable flexi-
ble buffer management for the receiver as well as benefit from
sending large messages or many small aggregated messages.
Figure 2 depicts an example with three (aggregated) ready to
send messages in the ORB. We create a WR for the outgoing
data and provide a single SGE which takes the pointers of
the enclosed memory area. In the example, the total size
received on the remote exceeds the size of a single receive
buffer. However, as we also post a corresponding receive WR

with a SGE list of 8 elements on the remote, all data can
be processed with a single WR and is transparently scattered
to 5 receive buffers of equal size. The 5 buffers with data are
forwarded for processing and the 3 unused ones go back to the
buffer pool (§IV-C). This avoids high fragmentation degrees
when sending many small messages because empty buffers
can be cut off and re-used immediately. The number of SGEs
of a WR is set to 0 to send FC data with the immediate data
field but without any payload data.

Chaining of work requests. We create and chain multiple
WRs within a single call to ibv post send to reduce call
overhead. Multiple WRs are used if the outgoing data exceeds
the maximum configurable size (num sges × recv buffer size)
that can be received by the remote. The outgoing data is split
into multiple WRs which are chained and posted to the SQ.

Shared completion queue. All SQs share the same CQ.
When data is posted to multiple connections and completions
are polled, we avoid having to iterate a per SQ/connection
dedicated CQ. The PollCompletions call has to poll only a
single CQ which avoids overhead and further complexity.

Asynchronous completion polling. The PollCompletions
function calls ibv poll cq, once, to poll for any completions
available on the SCQ. The send thread tracks the number
of posted WRs and knows how many WCs are outstanding
on the SCQ. If none are being expected, polling is skipped.
ibv poll cq is called only once per PollCompletion call and
every call tries to poll WCs in batches to keep the call
overhead minimal. Experiments have shown that most calls to
ibv poll cq, even on high loads, will return empty, i.e. no WRs
have completed. Thus, ”synchronous” polling after posting a
WR and until at least one completion is received is the wrong
approach. It wastes CPU time that can be spent on other tasks
of the pipeline, e.g. further filling up the SQ of the same
or another connection increasing overall utilization. Using
completion events instead of polling does not solve this and
instead increases latency. This performance impact increases
with the number of simultaneous connections being served.
Furthermore, this increases the chance of SQs running empty
because time is wasted on waiting for completions instead of
keeping all SQs filled. Full SQs ensure that the HCA is kept
busy which is the key to performance. However, we have
seen that ”synchronous” polling is commonly used in many
examples as well as larger projects [5], [7].

C. Receiving of Data Using RC QPs

Analogous to Section IV-B, this section describes the con-
cepts for receiving data that are the key to performance. Most
concepts overlap with the ones that were already presented
in Section IV-B but have a slightly different implementation.
Thus, we keep them brief and just mention the relevant
differences. Again, we include well known concepts to show
their importance regarding performance.

Challenges. Receiving data adds additional challenges to
the ones imposed by sending data with some overlapping.
Managing buffers used for receiving data: allocations, regis-
tering with the protection domain and data copying is harmful



to performance in the data path. To ensure low latency, the
CQ must be polled at a high frequency depending on the time
required to process any incoming buffers which increases the
time the CQ is not polled. Furthermore, fast refilling of the RQ
to avoid HCA stalls on receiving new data is important, too.
Like on sending data, full asynchronous processing is the key
to avoid waiting for completions and waste processing time.

1 workCompletions = PollCompletions();
2 if (recvQueuePending < ibqSize) {
3 Refill();
4 }
5 if (workCompletions > 0) {
6 ProcessCompletions(workCompletions);
7 }
8 if (!RingBufferIsEmpty()) {
9 PushReceivedBuffers();

10 }

Listing 2. Receive thread main flow (simplified)

Decoupled pipeline stages and synchronization. Similar
to Section IV-B, a dedicated receive thread executes the receive
control flow. The received data is passed to application threads
in the next stage via a data structure, e.g. a queue. This
introduces a single point of synchronization which can be
implemented using lock-free techniques for low overhead and
avoids additional synchronization in the receive control flow.

Asynchronous and interleaved control flow. Listing 2
depicts a simplified version of the receive control flow ex-
ecuted in a loop by the dedicated receive thread. The loop
starts by calling PollCompletions to poll the SCQ for WCs.
Before processing the WCs returned, the SRQ is refilled with
buffers from a pool by calling Refill, if the SRQ is currently
not completely filled. Next, if any WCs were polled previously,
they are evaluated in the ProcessCompletions call. Afterwards,
the buffers with the data received are pushed to a lock-free
ring buffer. Separate handler threads remove and continue
processing them, e.g. de-serialization and dispatching. None
of these calls are blocking, e.g. the thread polls the CQ
once instead of busy polling until a completion is available.
Keeping the SRQ filled is important to avoid HCA stalls
which impact performance.

Buffer pool and fast RQ refill. For buffer management, we
use a buffer pool of configurable total and buffer size. A single
large memory area (total pool size) is allocated and registered
with the protection domain on startup. This area is sliced into
multiple equally sized buffers of the configured buffer size for
the pool. The buffers are used to refill the SRQ. Every WR
consists of a configurable number of SGEs which make up
the maximum receive size. This is also the limiting size the
send thread can post with a single WR (sum of sizes of SGE
list). Using this method, the receive thread does not have to
take care of any software slicing of received data because
the HCA scatters one big chunk of send data transparently
to multiple (smaller) receive buffers on the receiver side. At
last, Refill chains the WRs to a linked list which is posted on

a single call to ibv post srq recv for minimal overhead.
Shared receive and completion queue. We use a SRQ

and SCQ for receiving incoming data from all connections.
This avoids the overhead of iterating and polling on multiple
queues for incoming data. If the SRQ is not completely filled,
we refill it using the buffer pool mentioned previously.

Asynchronous completion polling. The same concept as
explained for the send thread in Section IV-B is also applied
for receiving data.

V. IB TRANSPORT IMPLEMENTATION IN DXNET (JAVA)

This section describes the most important aspects of the
transport implementation for DXNet in Java which utilizes the
low-level transport engines, e.g. msgrc provided by Ibdxnet
(§IV). We describe how the data from Java is forwarded to
Ibdxnet for sending as well as incoming data is forwarded to
Java from Ibdxnet.

Connection handling. All tasks related to connection han-
dling are implemented in Ibdxnet (see IV-A). The Java trans-
port implementation is just forwarding connection creation
requests to the native subsystem. Callbacks received from
Ibdxnet (e.g. node discovered, connection created, connection
closed) are connected to their Java counterparts.

Asynchronous pulling of data from the ORB. The send
thread calls the JNI function GetNextDataToSend to switch
to the Java space. There, the Write-Interest-Manager (WIM)
manages interest tokens using atomic counters and a FIFO
queue to keep track of the ORBs of all connections that
have ready-to-send (RTS) data available. The send thread
periodically enters the Java space to poll the WIM for the next
ORB to process. If RTS data is available, it reads the current
pointer positions of the ORB storing the data and returns to
the native space for sending (see control flow in §IV-B). On
the next switch to Java space, the thread reports back about
the previously posted data and also about any completions that
confirm that posted data was actually sent. The pointers of the
ORB of the associated connections are moved according to
the amount of data confirmed sent.

Asynchronous processing of received buffers. When the
receive thread receives incoming buffers, it switches to the Java
space by calling the JNI call PushReceivedBuffers (§IV-C),
pushes the buffers to the lock-free FIFO-based Incoming
Buffer Queue (IBQ) and returns back to the native space.
The buffers in the IBQ are processed by dedicated threads
in Java which de-serialize and dispatch them to application
pre-registered handler methods (§III).

VI. NETWORK MICROBENCHMARKS

For better readability, we refer to DXNet with the transport
Ibdxnet and msgrc engine as DXNet from here onwards.

We implemented commonly used network microbench-
marks to compare DXNet to two MPI implementations sup-
porting InfiniBand: MVAPICH2 and FastMPJ. We decided
to compare to MPI implementations for the following reasons:
To the best of our knowledge, there is no other library/system
available that offers similar messaging features like DXNet.



Often, big data applications implement a custom network stack
to simplify system-specific optimizations and shorten data
paths. If not based on MPI, their stack is not available as
a separate application/library like DXNet. MPI can be used to
partially cover some features of DXNet but not all (§II). We
are aware that MPI is mainly targeting the HPC application
domain whereas DXNet is targeting big data applications.
However, MPI is also used in big data applications [8], [28],
[37] and several aspects related to the network stack and the
technologies are overlapping in both application domains.

Based on the osu benchmarks included with MVA-
PICH2, we implemented benchmarks to measure uni- and bi-
directional throughput as well as uni-directional latency for
DXNet and FastMPJ for basic point-to-point communication.
Furthermore, we extended the benchmarks to also support all-
to-all communication with more nodes and multiple threads.

We used up to 8 servers of our private cluster, each equipped
with one Intel Xeon E5-1650 (3.5 GHz) 6 core CPU, 64 GB
RAM and Mellanox ConnectX-3 HCA. All nodes are linked up
using a single 56 Gbit/s Mellanox FDR switch. The nodes are
running Ubuntu 16.04 with kernel version 4.4.0-57. We used
FastMPJ 1.0 7 with the device ibvdev to run the benchmarks
on InfiniBand hardware and MVAPICH2 version 2.3. Optimal
configuration values were determined with several test runs.

Due to space constraints, we can only present the most
relevant aspects of the extensive evaluation. Further results,
e.g. results of all window sizes of the MPI libraries, can
be found in our report [33]. Each benchmark was executed
three times and the results are displayed using error bars. All
throughput benchmarks send 100 million messages and all
latency benchmarks 10 million messages. The total number of
messages is incrementally halved starting with 4 kb message
size to avoid unnecessary long running benchmark runs. In all
figures, the payload throughput (GB/s) is displayed as contin-
uous lines and the message throughput in million messages
per second as dotted lines. MVAPICH2 and FastMPJ do not
support implicit message aggregation like DXNet does. Thus,
the benchmarks were executed with window sizes (WS) of 1
to 64 with exponential growth to determine the optimal WS to
compare to DXNet. Experiments determining latency measure
full round-trip-times (RTT). Since FastMPJ does not support
multi-threading in a single process, all benchmarks were
executed single threaded. DXNet’s ”single-threaded” results
are executed with one application thread and one message
handler. A pure single-threaded mode executing both sending
and receiving is not possible with DXNet due to its event-
driven architecture. To simplify matters, we still refer to this
mode as ”single threaded”. For reference, we used the well
known perf tools ib send bw and ib send lat to determine a
common baseline for each experiment (where possible).

MVAPICH2 supports multi-threading in a single process but
the implementation uses a single global lock causing high
fluctuations and degrades performance significantly. Figure
3 depicts the results of the bi-directional benchmark with
separate send and receive threads. Even with this most basic
configuration, the results are not usable for a meaningful com-
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Fig. 3. MVAPICH2: Two nodes, bi-directional throughput and message rate,
multi-threaded with one send and one recv thread with increasing message
and window size (WS)
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Fig. 4. Two nodes, uni-directional throughput and message rate with increas-
ing message size

parison to DXNet. Thus, we omitted further multi-threading
benchmarks for this evaluation.

Uni-directional. Figure 4 depicts the results of the uni-
directional benchmark with increasing message size. DXNet
in single-threaded mode achieves a throughput of 4.0 to 4.5
mmps on messages up to 64 byte outperforming FastMPJ
with 1.0 mmps and at least being on par with MVAPICH2
with 4.0 mmps. On 512 byte to 4 kb messages, DXNet ST
increases its throughput but stays inferior to MVAPICH by
up to 0.7 GB/s. For larger messages (32 kb to 1 MB), one
message handler is not sufficient to de-serialize and dispatch
all incoming messages fast enough. A noticeable drop in
performance to 5.4 GB/s at 32 kb message size can be
avoided when using at least two message handlers. Using
16 application threads and 4 message handlers (DXNet MT),
DXNet can further increase its performance on messages up
to 512 byte to up to 6.7 mmps and saturate throughput at
2 kb message size with a stable peak of 5.9 GB/s up to
1 MB messages. DXNet even outperforms the ib send bw
baseline on all message sizes up to 32 kb. Fluctuations on
small message sizes can be observed with DXNet on ST
benchmark runs and increase on MT benchmark runs. With



0

2

4

6

8

10

12

1 32 1024 32768 1048576

2

4

6

8

10

12

M
e
ss

a
g
e
s 

[m
ill

io
n
/s

]

T
h
ro

u
g

h
p

u
t 

[G
B

/s
]

Message Size [bytes]

DXNet ST
DXNet MT

FastMPJ WS64
MVAPICH2 WS64

ib_send_bw

Fig. 5. Two nodes, bi-directional aggregated throughput and message rate
with increasing message size

multiple application threads sending messages over one
connection, DXNet benefits from implicit aggregation by
parallel serialization of messages into the ORB (see §III).
This results in large chunks of aggregated data to be
handled by the underlying transport.

Bi-directional. Figure 5 depicts the results of the bi-
directional benchmark with increasing message size. DXNet
ST outperforms both FastMPJ and MVAPICH2 on messages
up to 512 byte with 6.0 to 6.9 mmps compared to 2.4
mmps and 4.7 mmps. DXNet’s ST throughput peaks at 10.4
GB/s. By increasing the number of application threads to
16 and messages handlers to 4, DXNet can further increase
performance on all message sizes. For small messages up
to 512 byte, DXNet reaches a message rate of 8.6 to 10.2
mmps which is very close to the baseline performance of
ib send bw and at least twice the throughput of MVAPICH2
and 3.5 times the throughput of FastMPJ. Throughput on
medium sized messages up to 16 kb also outperforms the
ib send bw baseline by up to a factor of 0.2. However,
DXNet’s performance decreases from a peak throughput of
11.1 GB/s to 10.4 GB/s for message sizes larger than 32 kb
which are not the message sizes DXNet is highly optimized.
Nevertheless, this requires further analysis as the cause might
impact the performance on next generation hardware.

Uni-directional latency. Figure 6 depicts the results of
the uni-directional latency benchmark. For up to 512 byte
messages, FastMPJ reaches an average RTT of 2.4 to 4.5
µs. MVAPICH2’s is slightly superior with 2.1 to 3.9 µs.
Both systems are close to the baseline of ib send lat with
1.8 to 3.6 µs. However, DXNet’s RTT for up to 512 byte
message is 7.8 to 8.3 µs which is up to four times the RTT of
MVAPICH2. The 7.8 µs spent on the processing pipeline of
DXNet (full breakdown, see [12]) can be broken down into:
DXNet core in Java (de-/serialization, message object creation,
dispatching) 3.5 µs, hardware 2.0 µs, 2.3 µs for Ibdxnet
(native C implementation) including JNI context switching.
DXNet trades some latency for transparent object de/-
serialization, asynchronous dispatching for scalable multi-
threaded support and event-based dispatching.
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All-to-all up to 8 nodes. Figure 7 shows the aggregated
throughput of the all-to-all benchmark with up to 8 nodes. For
messages up to 64 byte, DXNet ST outperforms both FastMPJ
and MVAPICH2 with 18.8 to 25.6 mmps compared to 9.5
mmps and 16.5 to 17.8 mmps. Again, DXNet’s fluctuations
on small messages can be observed like on the previous
benchmarks. On 512 byte to 4 kb messages, DXNet ST is
slightly inferior to MVAPICH2 with a drop in performance
by approx. 10 GB/s at 2 kb. DXNet ST reaches a peak
performance of 32.4 GB/s at 16 kb. Again, for larger messages,
one message handler is not sufficient to keep the performance
up. But, DXNet MT can further increase performance to 33.2 -
43.4 mmps for 64 byte messages, outperform MVAPICH2 on
512 byte to 4 kb messages by up to two times and establish a
stable peak at 33.6 GB/s with only 2 kb message size. DXNet
can handle multiple connections under high load as well
as small messages efficiently.

VII. YAHOO! CLOUD SERVING BENCHMARK

We used the Yahoo! Cloud Serving Benchmark (YCSB)
[14] to compare the in-memory key-value storage systems
DXRAM [11] and RAMCloud [34]. DXRAM uses DXNet
as its network subsystem and the Ibdxnet transport with
the msgrc engine to enable communication over InfiniBand.



RAMCloud implements a custom network subsystem based
on ibverbs with different transport types (basic, tcp, infrc).
For the evaluation, we compared to RAMCloud with the infrc
transport which uses RC QPs.

We used up to 40 servers of our university’s cluster, each
equipped with two Intel Xeon E5-2697v2 (2.7 GHz) 12 core
CPUs, 128 GB RAM and a Mellanox ConnectX-3 HCA. All
nodes are connected with 56 Gbit/s Infiniband using a fat-tree
hierarchy with two switch levels. The nodes run CentOS 7.4
with the Linux Kernel version 3.10.0-693.

To evaluate the pure network performance of both systems,
we designed custom workloads that challenge the network
subsystems of the storages. RAMCloud and DXRAM store
all objects in-memory and we deactivated any backup/logging
on both systems. RAMCloud storage instances are using the
same amount of worker threads as CPU cores available. This
also applies to DXRAM’s message handlers. Object IDs are
cached locally after an initial lookup on both DXRAM and
RAMCloud. RAMCloud’s read RPC to get remote objects
is very simple and mainly relies on the performance of
the network subsystem [34]. The control and data flow of
DXRAM’s get call is similar to RAMCloud’s. This ensures
a fair comparison because the storage related components do
not add any significant overhead on both systems.

On all benchmarks, one half of the nodes are used as
storage nodes and the other half as benchmark nodes. All
benchmarks are executed with uniform distribution to dis-
tribute the benchmark load across all storage nodes resulting
in all benchmark nodes communication with all storage nodes.
All workloads are 100% read operations to avoid possible
overhead introduced by the storage system on update/write
operations. Hence, the network of the storage is the dominating
factor for performance. Each benchmark node is running 100
application threads emulating interactive users. Every storage
node stores 10,000,000 keys and every benchmark node exe-
cutes 100,000,000 operations. These common attributes apply
to the three workloads with the following object sizes:

1) Workload A: 10x 100-byte objects per key, YCSB
reference workload (e.g. session store) [14]

2) Workload B: 1x 32 byte object per key, Facebook social
graph typical object size [32]

Workload A. The results of Workload A are depicted in
Figure 8 on the left. The results for RAMCloud with 20
benchmark nodes and 20 storage nodes are not available
due to RAMCloud clients crashing during the benchmark
phase with a network error. We could not solve this with
several retries and different system/benchmark configurations.
DXRAM outperforms RAMCloud with increasing node count
and scales well with up to 20 benchmark nodes. With each
of the 20 benchmark nodes issuing requests to each of the
20 storage nodes, DXRAM achieves 2.95 mops which is
over twice the amount of RAMCloud with 1.34 mops. Here,
DXRAM benefits from DXNet’s capability of handling many
simultaneous connections efficiently.

Workload B. The results of Workload B, depicted in
Figure 8 on the right, show that DXRAM performs well on

Fig. 8. Workload A on the left and Workload B on the right: Average per node
(dotted lines) with y-axis on the left and aggregated throughput (continuous
lines) with increasing node count with axis on the right of each plot

read requests with small object sizes which are typical for
graph-based applications [13], [32], [42]. DXRAM achieves
a throughput of 7.96 mops with 20 benchmark nodes which
is more than five times the performance of RAMCloud with
1.42 mops. DXRAM highly benefits from DXNet’s careful op-
timizations regarding small messages. However, both systems
experience performance loss with 20 nodes (20 storage and
20 benchmark) compared to 16 nodes which requires further
analysis.

VIII. CONCLUSIONS

We presented Ibdxnet, a transport for the Java messaging
library DXNet which allows multi-threaded Java applications
to benefit from low latency and high throughput using In-
finiBand hardware. DXNet provides transparent connection
management, concurrency handling, message serialization and
allows applications to switch from Ethernet to InfiniBand
hardware transparently. Ibdxnet’s native subsystem provides
dynamic, scalable, concurrent and automatic connection man-
agement and the msgrc messaging engine implementation.
The msgrc engine uses a dedicated send and receive thread
to drive RC QPs asynchronously which ensures scalability
with many nodes. SGEs are used to simplify buffer handling
and increase buffer utilization when sending data provided by
the higher-level DXNet core. A carefully crafted architecture
minimizes context switching between Java and the native space
as well us exchanging data using shared memory buffers. The
evaluation shows that DXNet with the Ibdxnet transport can
keep up with FastMPJ and MVAPICH2 on single-threaded
applications on all message sizes and even outperform them
in multi-threaded high load applications. Especially on small
message sizes up to 64 byte, DXNet with Ibdxnet outperforms
both systems by up to twofold with up to 43.4 mmps on
8 nodes all-to-all communication. Furthermore, we showed
that DXRAM, a Java-based key-value storage using DXNet
as the network subsystem, scales well with up to 40 nodes
on the YCSB benchmark. DXRAM outperforms RAMCloud,
implemented in C++, on a standard workload twofold and on
a workload targeting graph-based applications even fivefold
with 7.96 mops on a total of 40 nodes.
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