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Abstract—There is a dearth of interfaces for efficient attach-
ment of new kinds of non-volatile memory and purpose-built
compute accelerators to processor pipelines. Early integrated
microprocessors exposed an off-chip front-side bus to which
discrete memory and peripheral controllers could attach in a
standardized fashion. With the advent of symmetric multiprocess-
ing and deep caches, this direct connection, together with memory
controllers, has been implemented primarily using proprietary
on-die technology. Proprietary interconnects and protocols hinder
architectural innovation and are at odds with the open nature of
the rapidly growing RISC-V movement.

In this paper we introduce OmniXtend, a fully open coher-
ence protocol meant to restore unrestricted interoperability of
heterogeneous compute engines with a wide variety of memory
and storage technologies. OmniXtend supports a four-hop MESI
protocol and is designed to take advantage of a new wave of
Ethernet switches with stateful and programmable data planes
to facilitate system scalability. Ethernet transport was selected as
a starting point for its ubiquity and historic resilience to reduce
barriers to entry at modern bandwidths and latencies. Moreover,
it allows us to build upon a vibrant ecosystem of hardware and IP,
and to provide a boost to architectural innovation through the use
of field-reconfigurable networking hardware. We briefly discuss
the protocol operation and show performance measurements of
the first ever NUMA RISC-V system prototype1.

Index Terms—Cache Coherency, Shared Main Memory, Pro-
grammable Switches

I. INTRODUCTION

The memory and computation resources of today’s data
centers are struggling to keep up with the explosion of memory
and bandwidth requirements of ever-increasing big data and
machine learning applications [1]. In different fields as var-
ied as artificial intelligence, graph-processing, bioinformatics
and in-memory databases, we commonly run into practical
limitations dictated by the maximal available size of ”main
memory” [2]. Growing past these limitations, for instance
through the use of RDMA-based architectures, requires the
help of software to manage the moving of bits from durable
storage into and out of main memory, as well as between the
distant copies, which also need to be synchronized through
other software mechanisms [3]. With the emergence of byte-
addressable non-volatile memories that are denser and less
expensive than DRAM, all this software execution overhead

1A sample implementation of OmniXtend for FPGA is available for
download from https://github.com/westerndigitalcorporation/omnixtend

becomes excessive when compared with the latency of mem-
ory access [4], [5]. Therefore, a more thorough re-architecting
is required to take full advantage of new technology and
continue scaling. A cost impediment to scaling memory-
centric applications is the effectively fixed ratio of memory-
to-compute, dictated by the available SoC designs and the
market dominance of small to medium sized NUMA systems.
Optimizing system architecture to address this problem often
requires tilting this ratio in favor of compute or memory, as
well as the deployment of purpose-built accelerators instead
of general-purpose pipelines. Alas, such undertakings are
beyond fiscal reach of most enterprises as they would require
reinvention of all the components of the system at once.

OmniXtend was motivated by the desire to break out of
the status quo of prevailing system design and fueled by the
urgent need of the RISC-V ecosystem for a common scale-
out protocol. The auspicious timing of the emergence of P4
language [6] and programmable Ethernet switches [7] made
the choice of transport easy, if imperfect. Our hope is that
the innovation enabled by the openness will seed a robust
ecosystem of components that interoperate easily through
an unencumbered and widely available coherence protocol,
providing synchronization and consistency in a very efficient
fashion, both technically and economically.

The rest of this paper is organized as follows. Section II
presents an outline of the OmniXtend protocol and system
design. Next, we demonstrate our experimental setup for
performance evaluation and discuss the measured performance
in Section III. Related work is discussed in Section IV. Finally,
we conclude in Section V.

II. OMNIXTEND SYSTEM DESIGN

OmniXtend aims to scale-out coherent caches for memory-
centric architectures. Fig. 1 shows a high-level demonstration
of a memory-centric architecture with OmniXtend. According
to Fig. 1, OmniXtend allows large numbers of RISC-V com-
pute nodes to connect to a shared and coherent memory pool.
OmniXtend extends the SiFive’s TileLink coherence protocol
[8] to work beyond the processor chip. OmniXtend uses the
programmability of modern switches to enable processors’
caches to exchange coherence messages directly over the
Ethernet fabric. In the following subsections, we first overview
the characteristics of programmable switches used in our work.



Fig. 1. Memory-centric architecture with OmniXtend

Then we present the details of the coherence protocol, as well
as the switch data plane design.

A. Programmable Network Switches

Every programmable switch has fully programmable match-
action pipelines to provide a reconfigurable data plane and
customize packet processing capability [6]. The data plane
program is responsible for expressing the packet processing
behavior. In general, an incoming packet goes to a pro-
grammable parser to extract the custom headers required for
match operation, then extracted header fields transit through
multiple pipeline stages including match-action tables to per-
form matches based on predefined rules and to execute specific
actions. Finally, a deparser unit assembles the packet to a
stream of bytes and sends it out. This protocol-independent
switch architecture of the programmable network devices
enables us to push different networking/memory management
algorithms to the programmable switches by defining cus-
tomized packet formats and processing behavior (i.e., an off-
the-shelf switch instead of NoC for coherence).

B. Providing Cache Coherence

In this section, we present how the coherence protocol
in OmniXtend works. All of the read (i.e., get), write (i.e.,
put), and read-modify-write (i.e., atomic) operations on a
shared address space are completed through two-stage request
and response transactions between active participants called
agents. There are two types of agents defined in the system:
Master Agent, and Slave Agent. Master Agents can request
Slave Agents for specific permission and performing read
and/or write operations on different addresses. Slave Agents
are responsible for managing the access permissions to dif-
ferent memory addresses, communicate with main memory
if required, and respond to the original requester. The coher-
ence policies are composed of permission transfer operation
on cached copies. A Master Agent (i.e., cache controller)
must first obtain necessary permissions on a specific memory
block through transfer operations to perform read and/or write
operations on that specific memory block. None, Read or
Read+Write are the possible permissions that an agent can
have to work on a copy of a memory block. As a result, a
memory block may have different per-node states as follows:

Fig. 2. High-level description of the coherence protocol.

• Modified: The node has the only valid cached copy which
contains dirty data with read and write permission.

• Shared: The node has read-only permission on a cached
copy. The block is valid, clean and other nodes may have
a read-only copy.

• Exclusive: The node has read and write permission on a
cached copy which is valid and clean.

• Invalid: The node has no permission on that block.
The following operations are available for performing read

and/or write operation on the shared memory:
• Get: Read the data from a specified address.
• Put: Write the data at a specified address.
• Atomic: Atomically read a data value and write a new

value that is the result of some arithmetic or logical
operations.

Operations listed above are executed through exchanging
coherence messages between Master and Slave Agents:

• Acquire: A request message from a Master Agent to
obtain appropriate permissions on that address along with
a copy of that data block.

• Grant Data: A response message from a Slave Agent
to acknowledge the reception of an acquire and grant
permission to the original requesting Master Agent along
with a copy of the data block.

• Release: A request message from a Master Agent to
downgrade its permissions on a cached copy.

• Probe: A request message from a Slave Agent to query,
modify or revoke the permissions of a cached copy stored
by a particular Master Agent.

Fig. 2 demonstrates the transactions which take place when
a cache controller issues a read, write or read+write request



Fig. 3. OmniXtend packet header format.

in order to acquire the correct permission and perform the
requested operation. Transactions presented in Fig. 2 are
relatively straightforward. According to Fig. 2(a) and Fig. 2(b),
a read/write request issued by a cache controller (i.e., Master
Agent) is composed of multiple transactions to acquire the
correct permission to work on the target memory block. The
requesting Master Agent sends an Acquire message to a Slave
agent to obtain necessary permissions to read/write a memory
block. The Slave Agent then probes other Masters to forcibly
release their permissions on that block and write back any dirty
cached copy. Upon reception of all the probe acknowledgment
messages by the Slave Agent, it responds to the requesting
Master with a Grant Message. Moreover, Fig. 2(c) shows the
transactions which take place when a node issuing a release
request to evict a cached block containing dirty data and
release its related permissions in order to replace it with a
new block.

C. Switch Data Plane Implementation

Fig. 3 shows the header format of the OmniXtend packets.
This packet header includes the fields required for coherence
protocol operations. The combination of these OmniXtend
header fields encodes in every message the necessary in-
formation for coherence operations like the operation type,
permission, memory address and data. OmniXtend messages
are encoded as Ethernet packets, along with a standard pream-
ble followed by a start frame delimiter. OmniXtend keeps
the standard 802.3 L1 frame to interoperate with Barefoot
Tofino [7] and future programmable switches, by replacing
Ethernet header fields with coherence messages’ fields. We
have implemented a custom switch parser using p4 [6] to
parse the OmniXtend packets’ header. We also programmed
the match-action units of the data plane to enable the switch to
perform custom packet processing on OmniXtend messages.
As a result, when the switch receives an OmniXtend packet,
the customized parser will parse the packets and perform the
match-action table lookup based on the extracted header fields.
Finally, the packet is emitted to a specific output port according
to the match-action unit’s output.

III. PERFORMANCE EVALUATION

This section presents our experimental setup for perfor-
mance evaluations, followed by the results achieved from the
system evaluations.

A. Experimental Setup and Performance Evaluation Scenarios

Fig. 4 shows the experimental setup for system evaluations.
According to this figure, we used two Xilinx VCU118 [9]
with SiFive U54-MC Standard Core as the memory fabric
[10]. All the memory and cache controllers’ functionalities

Fig. 4. Experimental Setup.

are implemented in the Xilinx VCU118 FPGAs. A 64-port
ToR Barefoot Tofino switch [7], that forwards coherence
messages, is located between memory endpoints. The two
QSFP+ connectors of the VCU118 boards and Tofino ports
are configured to run at 10Gb. We evaluated the OmniXtend
performance in four different scenarios:

• Single Socket: The cores on a single VCU118 board issue
random read and write requests in the incoherent mode
for different memory block sizes.

• NUMA local memory: The cores on a single VCU118
board issue random read and write requests in the coher-
ent mode for different memory block sizes.

• NUMA remote memory: The cores on each VCU118
board issue random read and write requests in the co-
herent mode for different memory block sizes hosted on
the other board. In this case, two boards are directly
connected using a QSFP+ cable.

• NUMA local memory through the switch: The cores on
a single VCU118 board issue random read and write
requests in the coherent mode for different memory block
sizes. However, the cores on a single board exchange
coherence messages through the Tofino switch.

• NUMA remote through the switch: The cores on each
VCU118 board issue random read and write requests
in the coherent mode for different memory block sizes
hosted on the other board. In this case, two boards are
communicating through the Tofino switch.

B. Experimental Results

Fig. 5 shows the memory read and write latencies. Accord-
ing to this figure, increasing the working set size increases
the memory access latency, because at some point the data
is fetched from L2 and DRAM. Moreover, local and remote
memory-access latencies are almost the same, as the system
wants to make sure about the coherency of all the copies of
the requested block. This means that even for local accesses
the coherence protocol runs between the cores of the single
board. As it can be seen from Fig. 5, the Tofino switch adds



Fig. 5. Memory access latency.

about 1.2 µs latency for coherent memory accesses. These
performance results present a great promise for the feasibility
of scalable main memory systems.

IV. RELATED WORK

The growing gap between CPU and memory performance
demands efficient techniques to hide main memory access
latency and full utilization of computation resources in or-
der to support high-performance data processing for modern
applications (e.g., distributed machine learning and big data
analysis). Caching frequently used data is the most com-
mon technique to hide the performance gap between storage
and computation device [11], [12]. However, caching has
its challenges like maintaining cache coherence to ensure
the coherence of cached copies at different machines under
concurrent accesses [13]. Although, there have been a host of
cache coherence protocols over the past few decades, none of
them manage to provide a scalable coherent cache memory
pool to a large number of nodes in a distributed data center
environment [14], [15]. In other words, cache coherence is
a well-researched area, but it is reviving once again in the
age of fast and programmable networks. Providing distributed
cache coherence over Ethernet fabric is feasible now, as mem-
ory and network latency are converging [16]. Unfortunately,
the few existing coherent memory fabrics like CCIX [17]
and Intel Omni-path [18] are designed for specific system
architectures, and they do not provide a fully open coherence
protocol meant to restore unrestricted interoperability of het-
erogeneous compute engines with a wide variety of memory
technologies and hardware components. To the best of our
knowledge, OmniXtend is the first attempt towards enabling
a large number of compute nodes connected directly to a
coherent shared cache pool by having processors’ caches to
exchange coherence messages directly over commodity fabric.
OmniXtend is the first cache coherent memory technology
providing an open-standard interface for memory access and
data sharing across a large number of processors, FPGAs,
GPUs, machine learning accelerators, and other components.
Moreover, the programmability of OmniXtend switches allows
any modification to coherence domains or protocols imme-
diately deployable without requiring new ASIC design and
manufacturing.

V. CONCLUSION

We present OmniXtend, a new open coherent memory
technology which enables the exchange of coherence messages
directly with processor caches over Ethernet fabric. This
memory-centric architecture provides an open-standard inter-
face for data access and sharing across processors, machine
learning accelerators, GPUs, FPGAs, and other components.
Moreover, OmniXtend offers potential support of future fabrics
that connect I/O, storage, memory and compute components.
OmniXtend has potential to scale-out with the number of
agents by partitioning the global coherence domain to flexible
coherence domains. Our system experiments show a great
promise for scalable memory-centric systems.
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