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Abstract
Rack-scale interconnects serve as critical datapaths for emerging
communication-intensive systems to scale up. Innovative solutions
for this datapath are rising at a rapid pace, especially those based
on Ethernet. However, existing hardware-based solutions, such as
RDMA, face performance issues, particularly for small-message
memory access, and suffer from the inflexibility of hardware-fixed
processing. The community is actively pursuing efficient, flexible,
and cost-effective rack-scale datapaths.

In this work, we propose Software-Interposed Datapath (SID),
an efficient, software-flexible, and low-cost solution for rack-scale
interconnects, particularly optimized for fine-grained memory ac-
cess. Improving small-message efficiency is a well-known challenge,
and software involvement for flexibility seems to amplify the per-
formance hurdle further. SID boosts performance by exploiting
one insight: existing NICs primarily rely on Queue Pair (QP)-level
parallelism, but underutilize intra-QP Work Queue Element (WQE)-
level parallelism. Harnessing parallelism is non-trivial, especially
at the WQE-level, due to ordering semantics and request dispatch-
ing. The key technique is our Elastic QP data structure built atop
the on-NIC datapath processors, which realizes ordered intra-QP
parallelism while minimizing coordination overhead. Regarding
flexibility, SID supports extensible operation sets that comply with
the OpenSHMEM model for ML/HPC workloads and the Message
Queue model for cloud service workloads. Regarding cost efficiency,
SID is built on top of commodity components such as Ethernet,
PCIe, and datapath cores of NVIDIA ConnectX-8 and BlueField-3
NICs. Evaluation shows that SID achieves up to 11.03x higher rates
for small messages than RDMA-based baselines and supports both
CPU and GPU-Direct operations.
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1 Introduction
Rack-scale interconnects, as essential datapaths, empower distributed
communication-intensive systems to scale up, which benefits emerg-
ing workloads such as big data analytics [1–3], HPC [4, 5], and ML
training and inference [6–10]. Fundamentally, rack-scale comput-
ing sits at a sweet middle spot in networked systems: It is larger
than a single server, thereby enabling the composition of more
devices (e.g., GPUs); Meanwhile, it is smaller than cluster-scale sys-
tems, with a simpler interconnect topology that makes intensive
fine-grained communication more feasible (e.g., memory-semantic
OpenSHMEM [11, 12]).

As rack-scale datapaths gain importance, innovative solutions
are blooming, especially Ethernet-based ones, including ongoing
initiatives such as OCP Ethernet for Scale-Up Networking (ES-
UN/SUE) [13] and UEC [14], as well as existing transports such
as RDMA RoCEv2 [15–18], Falcon [19, 20], and SRD [21]. Among
these, RDMA is commodity-ready and widely deployed [7, 22, 23];
however, it faces two key limitations when applied to rack-scale
interconnects. First, RDMA suffers from inflexibility because its
logic is baked into ASICs. Second, and more critically, RDMA is
not efficient for fine-grained, small-message communication, as
measured in §3.1. Notably, our measurements suggest that the root
cause of RDMA’s limitation is not insufficient NIC processing power
(e.g., upcoming 800GbE), but rather a lack of an efficient manner to
exploit the intra-Queue Pair (QP) parallelism to fully harness the
Ethernet capability.
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The opportunity of intra-QP parallelism arises from a com-
mon pattern in fine-grained rack-scale workloads, which we re-
fer to as Remote Memory Access (RMA) Queue Buildup. As noted
in the ESUN/SUE specification (§2.2), local memory bandwidth
typically exceeds network bandwidth, so accessing remote mem-
ory with local/remote-agnostic intensity leads to significant queue
buildup. Beyond this, several workload factors contribute to the
rapid buildup of this queue (§4.1). In this context, queue buildup is
not a drawback, as commonly thought. Instead, it creates opportu-
nities for parallel processing as discussed later.

Inspired by classical techniques in CPU architecture, instruction-
level parallelism (ILP) and thread-level parallelism (TLP) [24], we
propose intra-QP Work Queue Element (WQE)-level parallelism
(WLP). In current RDMA systems, applications typically use mul-
tiple QPs to achieve high throughput, that is, utilizing QP-level
parallelism (QLP). The motivation of ILP is that applications can
transparently benefit from parallelism without explicitly managing
multiple instruction streams, as hardware absorbs the complexity
of parallelism and ordering. In contrast, TLP pushes applications to
manage multiple threads. Similarly, we advocate for WLP to shift
ordering and parallelism management to the NIC, enabling trans-
parent parallel execution within a single QP, unlike QLP, which
requires applications to manage multiple QPs and reason about
ordering across them in a stateful manner. Just as ILP and TLP
coexist in the CPU, WLP and QLP are orthogonal and can be jointly
leveraged. However, current NICs primarily rely on QLP, leaving
WLP largely underutilized.

Along with the motivation of WLP, another key enabler is the
on-NIC interposition processor. The NIC serves as a unique choke-
point bridging intra-host and inter-host interconnects. Moreover,
emerging RDMA NICs (RNICs) and SmartNICs embed on-path
programmable processors. For instance, NVIDIA ConnectX-8 and
BlueField-3 integrate a Datapath Accelerator (DPA), a multi-core
processor with the low-profile RISC-V [25]. We highlight three key
capabilities of these interposition processors: 1) load/store access
to host-side memory, 2) programmable cores coupled with on-NIC
memory, and 3) tight integration with the Ethernet MAC. These
capabilities lay a foundation for enabling new datapath designs,
particularly for exploiting WLP. Additionally, these capabilities are
neither demanding nor vendor-specific; similar mechanisms appear
across many platforms [26–30]. We choose DPAs primarily for their
broad accessibility.

In this work, we design Software-Interposed Datapath (SID),
an efficient, flexible, and low-cost solution for rack-scale inter-
connects. The key idea of SID is to exploit WLP via the on-NIC
interposition processors. It allows applications to transparently use
a single QP without breaking FIFO ordering semantics and without
perceiving underlying parallel processing. This property is attrac-
tive, but it also raises non-trivial challenges: How can we preserve
ordering semantics and efficiently dispatch batches of requests to
the parallel processing threads on the interposition processor?

Elastic QP (E-QP) (§5) is the core data structure we design to ad-
dress the above challenges. The rationale of E-QP for achievingWLP
is as follows: As defined by OpenSHMEM routines (§2), although
requests are submitted in FIFO order, the bulk of requests between
two synchronization points (e.g., barriers) typically do not require
strict execution order. This allows the datapath to execute them

in parallel (i.e., without ordering constraints) and combine many
requests into one, as long as completion signals are committed
in the original submission order. This follows the same spirit as
CPU’s out-of-order instruction execution with in-order commits
[24, 31]. As a result, applications perceive execution as sequential
while transparently benefiting from the performance gains of par-
allel processing. Besides the ordering challenge, E-QP improves
dispatching efficiency and minimizes the coordination overhead of
threads. Beyond the TX side, E-QP is also applicable to the RX side.

FlexOp Engine (§5.5) is another component of SID to enhance
flexibility. SID is built atop multi-core interposition processors.
With software programmability, the FlexOp Engine exposes a com-
prehensive set of operations beyond basic data transfer, including
support for synchronization, atomic operations, collective com-
munication, time-sensitive operations, and more. To ensure cost
efficiency, we perform processing via low-profile interposition pro-
cessors while remaining compatible with legacy PCIe and Ethernet.

We prototype SID on both NVIDIA ConnectX-8 (CX8) and
BlueField-3 (BF3) using their DPAs (§6) and evaluate it on hard-
ware testbeds (§7). We compare SID against a high-performance
RDMA-based OpenSHMEM implementation [5, 32]. In end-to-end
evaluations of basic operations (PUT/GET), SID achieves 56.50 Mpps
with our Elastic QP, 11.03x higher than the RDMA-based solution,
which requires eight host x86 CPU cores and eight QPs to match
that message rate. For application workloads such as YCSB [33],
sparse matrix multiplication (SpMM), and several HPC/ML traces
[34, 35], SID achieves up to 12.2x speedup over the RDMA base-
line. We also present micro-benchmarks for key SID techniques.
SID fully supports both CPU and GPU Direct operations. In terms
of flexibility, the FlexOp Engine supports a rich and extensible
operation set, compatible with both the OpenSHMEM model for
ML/HPC workloads [12, 32] and the Publish–Subscribe Message
Queue model for cloud service workloads [1, 36]. More experiments
are in §7.

We make the following contributions:
• We characterize RDMA-based solutions for rack-scale fine-grained
transfers and identify several issues (§3).

• We design Software-Interposed Datapath (SID) that exploits
WQE-Level Parallelism (§4) through Elastic QP (§5) and inte-
grates a FlexOp Engine.

• Wedemonstrate the performance and flexibility of SID onCX8/BF3
DPAs (§6) using ML/HPC workloads, complying with OpenSH-
MEM and Message-Queue models (§7).

2 Background
2.1 Rack-Scale Interconnect
Rack Scale: Similar to the scale definitions from Open Compute
Project (OCP) Ethernet for Scale-Up Networking (ESUN) [13, 37],
NVIDIA NVL-72 [6, 38], UEC [14, 39], and more [40–42], we con-
sider a rack as a frame containing tens of servers, each equipped
with multiple processing elements (PE), such as CPUs or GPUs, and
a matching number of NICs. We assume that there is a sufficient
switching fabric within the rack to connect all NICs, forming a
low-diameter network fabric (typically one switch hop) with non-
oversubscribed (1:1) bisection bandwidth.



Efficient and Flexible Datapaths for Fine-Grained Rack-Scale Interconnects with Elastic QP SIGCOMM ’26, August 17–21, 2026, Denver, CO, USA

XPU Transaction

XPU Data Interface
Interface

Packing
Transport

Network Transfer

Ethernet MAC
Link/PHY

Ethernet Packets

(a) SUE Stack

A

XPU to SUE
XPU Transactions

Per Destination Queues

B C D
E

Scheduler
Ethernet Port

Ethernet Link
Ethernet Link
Ethernet Link
Ethernet Link

A
B
C
D

E

(b) SUE Packing

Figure 1: Overview of Scale Up Ethernet (SUE). Figures are
adapted from the public SUE specification by OCP [13, 37].

Communication Semantics: Rack-scale interconnects typi-
cally follow two communication semantics: the network semantic
or the memory semantic, as described below.

Network Semantic: Each PE manages its own memory space
and communicates with others via explicit network operations,
such as send/receive. The Message Passing Interface (MPI) is a
representative example of this model. Due to the intrinsic overheads
of transfer initiation, collective scheduling, and transport-layer
processing, network semantics typically favor coarse-grained, bulk
data transfers (e.g., 64KB messages) to achieve high efficiency.

Memory Semantic: All PEs share a global memory space and
access it using load/store-fashion operations, which implicitly han-
dle communication through shared memory abstractions. Simi-
lar to how local memory is accessed at cache-line granularity,
memory-semantic operations are typically fine-grained, often at
the cache-line or smaller size. A classic example is Distributed
Shared Memory (DSM). However, DSM introduces fundamental
challenges, most notably, cache coherence, which have been exten-
sively studied [43–47] but remain difficult to scale efficiently. To
improve efficiency and scalability, models such as Partitioned Global
Address Space (PGAS) [48–50] preserve thememory-semantic inter-
face while explicitly partitioning the global memory into segments
associated with each PE, without enforcing rack-scale coherence
guarantees. PGAS offers a more practical and scalable design for
communication-intensive systems.

Fine-Grained OpenSHMEM-Based Library: In this work, we
primarily focus on memory-semantic models, particularly PGAS-
based models, as they support fine-grained access. In practice,
several PGAS libraries are widely adopted; for example, NVSH-
MEM [12], which adheres to the OpenSHMEM [5] standard spec-
ification. OpenSHMEM defines multiple classes of API routines,
such as remote memory access, collective operations, and memory-
ordering primitives. Importantly, it separates remotememory access
operations (e.g., shmem_put) from ordering routines (e.g., shmem_fence),
exposing ordering control as explicit APIs.

2.2 Ethernet for Scale-Up Networking (ESUN)
We introduce OCP ESUN as one representative rack-scale inter-
connect solution [13, 37]. Notably, Scale-Up Ethernet (SUE) [37]
serves as the transport layer for ESUN. As Figure 1a shows, the key
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Figure 2: SmartNIC Model and BlueField-3 Example. BF-3
diagram refers to vendor information [25, 51].

principle of the SUE stack is to convert XPU (e.g., GPU/CPU) trans-
actions (e.g., load/store-style memory access requests) into Ethernet
packets. Within the stack, we highlight an important Packing mod-
ule, as illustrated in Figure 1b. As noted in the SUE specification
(Chapter 6.4.5 in [37]), the XPU-to-SUE interface (intra-node in-
terconnect) operates at a higher bandwidth than the Ethernet link
(inter-node interconnect), causing transactions to accumulate in
per-destination queues within SUE. Figure 1b illustrates this trans-
action queuing behavior, which enables an important optimization
opportunity for our design (details in §4).

Relationship Between ESUN and Our SID: First, we adhere to the
SUE deployment model (Figure 1a), which is driven by an open OCP
community with broad industry participation. We then highlight
several distinct contributions of SID: (1) SID introduces a mecha-
nism for elastically harnessing request-level parallelism (§5), which
is not covered by the ESUN/SUE specifications; (2) SID provides
flexibility in XPU-to-NIC interactions, transport protocols (with
SUE compliance), and operation sets (including and beyond those
defined by SUE); (3) Importantly, while the ESUN/SUE specifica-
tions primarily focus on abstractions and protocol descriptions, we
deliver a real hardware prototype.

2.3 On-NIC Datapath Programmability
Emerging NICs, including both ASIC-based NICs (e.g., NVIDIA
ConnectX-8) and SoC-based SmartNICs (e.g., BlueField-3), incorpo-
rate programmable units that allow customization and acceleration
of datapath functionality. In Figure 2a, we present a high-level ab-
stract model for such NICs. Specifically, the embedded multi-core
sits at a unique midpoint serving as a bridge between intra- and
inter-server interconnects. We refer to this kind of processor as an
on-NIC interposition processor.

In Figure 2b, we exemplify the SmartNIC abstract model using
BlueField-3 (BF3). BF3 consists of two main subsystems: an on-
path NIC subsystem and an off-path ARM subsystem. In this work,
we primarily focus on the on-path NIC subsystem, which is more
tightly integrated with the base NIC than the ARM subsystem.
Notably, such on-path subsystems also exist in the latest RNICs like
NVIDIA ConnectX-8 [52]. The NIC subsystem embeds a Datapath
Accelerator (DPA), which features 256 RISC-V hardware threads,
along with DPA-accessible cache and DRAM memory. DPA is a
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Figure 3: Journey Toward Maxing Out RDMA NIC Message Rate (64B Msg).
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Figure 4: Low Small-Message Rate of RDMA Datapath.

promising fit for our I/O scenario, which features high parallelism
for low instruction-per-cycle (IPC) operations such as load/store.
Further hardware details are provided in §6.

3 Motivation
In this section, we examine RDMA (RoCEv2), a widely adopted
interconnect that leverages hardware-offloaded transport. While
RoCEv2 supports fine-grained transfers over Ethernet (e.g., one-
sided READ and WRITE), our characterization reveals inefficiencies
and inflexibilities under fine-grained access patterns that motivate
our design.

3.1 Achilles’ Heel of RDMA Small-Message Rate
Micro-benchmark Setup: In Figures 3 and 4, we present test
results using ConnectX-8 (CX8), BlueField-3 (copackaging CX7),
and ConnectX-5 (CX5) NICs over 400/200/100 GbE Ethernet cables
(testbed details in §7.1). Unless otherwise specified, we test with
common ib_write_bw operations (64Bmessage size) of perftest [53],
which reports message rate in Mpps. Besides message rate, we mon-
itor utilization of the TX Processing Unit (PU) inside the RNIC
ASIC. To monitor PU utilization, we use Neo-Host [54] for CX5 and
Ngauge [55] for BF3/CX8 (detailed method in Appendix §A.1).

Single QP stagnates despite bandwidth increase. As shown
in Figure 4a, large messages (e.g., 64KB) can saturate the link band-
width, but small messages fall far below the theoretical line-rate
limits (i.e., bandwidth divided by message size). Notably, even when
upgrading from 100GbE CX5 to 200GbE CX7 and 400GbE CX8, the
small-message rate stagnates. This limitation directly impacts the
application-level IOPS of memory-semantic load/store operations
as shown in Figure 4b, which we measure with the OpenSHMEM
PUT/GET. Given that the processing rate of a single QP has stagnated,
we next investigate how to improve small-message performance.

Journey to Max Out Message Rate (Figure 3): Firstly, as
shown in Figure 3a, the single-QP message rate is bounded by the
core’s MMIO-triggered doorbell. For a single core, increasing the
number of QPs does not help, since the MMIO bottleneck remains.
Next, as Figure 3b shows, we enable batching, which is a common
optimization [56] to improve RDMA performance, as it amortizes
doorbell notification overhead and improves DMA efficiency when
the NIC fetches WQEs. Batching can help, but beyond a certain
threshold, the message rate no longer improves. Therefore, after
enabling batching, we increase the number of QPs, as shown in
Figure 3c. This approach is effective because it better activates mul-
tiple PUs in the RNIC. Once all PUs are utilized, the rate stagnates.
Finally, to further improve performance, as shown in Figure 3d, we
increase the number of host cores that can concurrently trigger
MMIO doorbells.

Overhead of Maximizing Message Rate with QP-Level Par-
allelism (QLP): As the above journey shows, current RDMA NICs
can be driven toward high throughput by engaging multiple QPs
across multiple host cores. However, engaging multiple QPs in-
creases computational overhead, such as WQE submission and
CQE polling. Another key issue in engaging multiple cores and QPs
for applications is that a single QP naturally guarantees FIFO or-
dering, whereas multi-QP execution requires dispatching requests
across QPs and tracking their completions. Enforcing in-order exe-
cution without breaking FIFO semantics becomes a heavily stateful
operation. In GPU-Direct RDMA Async (i.e., GPU Kernel-Initiated),
the burden falls on GPU threads to handle such stateful dispatching
and tracking across multiple QPs.

Motivation for WQE-Level Parallelism (WLP): The above
analysis shows that while QLP can drive RDMA NICs toward high
throughput, it does so by pushing stateful parallelism manage-
ment and ordering complexity to the host. This motivates intra-QP
WLP, which transparently preserves a stateless single-QP FIFO
abstraction while elastically exploiting NIC parallelism to boost
small-message rates. As with instruction-level and thread-level
parallelism in CPUs, WLP does not replace QLP; the two are com-
plementary and can be jointly exploited.

3.2 Inflexible Hardware-Baked Interconnects
Besides performance limitations, the hardware-fixed datapath of
RDMA lacks flexibility in several aspects:

Fixed Optimizations for Last-Mile PCIe Interactions: Al-
though RDMA offloads most processing (e.g., RoCEv2 transport)
onto hardware, the last-mile PCIe interactions, such as MMIO Door-
bells, DMA WQE fetching, and CQE notifications, remain critical
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for the overall performance. As shown in Figure 3, batching im-
proves performance by reducing MMIO frequency and increasing
DMA WQE efficiency. For RNICs, such optimizations are rigid and
difficult to reprogram, due to the fixed interactions between the
host driver and the hardware-baked ASIC logic.

Fixed Transport Protocol: RNICs bake network transport into
ASIC hardware, leaving little flexibility to customize protocols such
as reliable transfers, flow control, and more. However, as described
in §2.1, rack-scale topologies are relatively simple, often involving
just a single switch hop. As a result, network transports like Ro-
CEv2, which are designed to support both rack-scale and cross-rack
communication, are relatively heavyweight. These protocols could
be simplified in the rack-scale setting to improve efficiency.

Fixed Operation Set: RNICs typically support a fixed set of
verbs, such as one-sided READ/WRITE and two-sided SEND/RECV,
with functionality baked into the RNIC ASIC. In rack-scale com-
munication, both MPI and PGAS models often rely on compound
operations, such as collectives (e.g., alltoall scatter). If the verb
set does not support such compound operations, applications must
consume host PE cores to implement the operation logic. Given the
rapid evolution of workloads, supporting an extensible, and even
programmable, operation set is increasingly valuable.

4 Design Overview
Weaim to design an efficient, flexible, and low-cost Software-Interposed
Datapath (SID) for rack-scale interconnects. We first present several
key principles that underpin our design.

4.1 Principles
• P1 Exploiting Intra-QPWQE-Level1 Parallelism: First, adher-
ing to the OpenSHMEM specification (§2.1), we define the request
ordering model used by SID, as follows:

SID Ordering Model

Request Submission: Requests are submitted in FIFO order.
Execution: Requests are permitted to execute out of order between consecutive
memory-ordering primitives (e.g., shmem_fence).
Completion Visibility: Request completions are exposed strictly in FIFO order,
consistent with the submission order. A request’s completion is not visible until
all earlier submitted requests have completed.

Even under the strict FIFO submission ordering described above,
rack-scale communication with memory semantics exposes a high
degree of request-level parallelism. The following factors lead to
the RMA (Remote Memory Access) request FIFO queue buildup:

1) Memory Bandwidth Exceeds Network Bandwidth: The band-
width of rack-scale interconnects (e.g., Ethernet links) is typically
lower than that of local memory (e.g., DDR). As a result, when
remote memory is accessed at a rate similar to local memory, it
quickly exceeds the network’s capacity, resulting in a significant
queue buildup. The ESUN/SUE specification reports a similar ob-
servation, as described in §2.2 and illustrated in Figure 1b.

2) Fine-Grained Requests and Episodic Patterns: Memory-semantic
models like OpenSHMEM support fine-grained operations at the
granularity of specific data types (e.g., shmem_int_get()), as shown

1In this work, we use the terms “WQE” and “Request” interchangeably; thus,WQE-level
parallelism is equivalent to request-level parallelism.

1 shmem_barrier_all (); // Episode begins
2 for (int dst = 0; dst < comm_size; dst++) {
3 int send_off = send_pos[dst];// Local offset for PE dst
4 static int recv_off;
5 // Get remote offset where dst expects data from me
6 shmem_int_get (&recv_off , &recv_pos[my_rank], 1, dst);
7 // Put to dst's receive buffer at recv_off
8 shmem_int_put(recv_buf + recv_off , send_buf + send_off ,

send_length[dst], dst);
9 }
10 shmem_barrier_all (); // Episode ends

Code 1: Pseudocode of OpenSHMEM Alltoallv.

in Codeblock 1. Moreover, OpenSHMEM communication often re-
lies on synchronization primitives (e.g., barrier()) to enforce com-
pletion, forming natural execution episodes — bulks of requests
submitted between two synchronization points. Together, these
fine-grained and episodic patterns lead to significant queue buildup
in request FIFO queues. Notably, as defined in the SID ordering
model, within an episode, request execution typically has no or-
dering constraints for executing PUT/GET operations before the
barrier(). Here, we define the number of requests without order-
ing constraints within an episode as the Episode Length. A larger
episode length indicates better applicability of the SID ordering
model to a given workload. In Appendix A.2, we analyze the episode
lengths of the workloads used in our evaluation to demonstrate the
broad applicability of SID.

3) Collective Operations: As shown in Codeblock 1, operations
like All-to-All (variable length) involve every PE in the system.
These collective patterns further increase the depth of the request
queue due to the large number of simultaneous point-to-point
communication requests.

The buildup of FIFO request queues presents a valuable oppor-
tunity to exploit request parallelism at the intra-QP level. In §5,
we describe how our design leverages this property to boost small-
message performance.
• P2 Exploiting On-NIC Interposition Processor: We identify
the NIC as a critical chokepoint bridging intra-server interconnects
with inter-server networks. Moreover, as mentioned in §2.3, mod-
ern NICs incorporate programmable units that can access host-side
memory, perform processing, and attach to sufficiently high line-
rate Ethernet MACs (e.g., 400/800 GbE) for small messages. Such an
interposition processor lays the foundation for elastically exploiting
parallelism across intra-host PCIe, on-NIC processing units, and
inter-host fabrics. Beyond performance gains, the interposition pro-
cessor enables flexible customization of PCIe interactions, network
protocols, and compound collective operation sets.

4.2 SID Architecture Overview
Figure 5 illustrates the architecture of SID, where host PEs (e.g.,
CPU/GPU) interact with a userspace library that provides Elastic
QPs composed of Submission Queues (SQ) and Completion Queues
(CQ), all residing in host memory. SID has two key modules on
interposition processors, as follows:

Elastic QP (§5.1-§5.4): To enable intra-QP WLP, Elastic QP uti-
lizes a dispatcher and a pool of processing threads of interposition
processors. On the sender side (TX), processing threads encapsulate
memory semantic operations (e.g., PUT/GET) into network packets,
which are then transmitted over Ethernet. On the receiver side
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Figure 5: Architecture of Software-Interposed Datapath.

(RX), the peer node’s threads extract the request and perform the
corresponding memory-semantic operations.

FlexOp Engine (§5.5): This module provides auxiliary services
to Elastic QP, enabling a flexible operation set. FlexOp supports
framework capabilities that accommodate different communication
models (e.g., PGAS OpenSHMEM model).

5 Software-Interposed Datapath Design
5.1 TX-Side Elastic QP (E-QP)
We first model the request dispatching behavior of E-QP, as shown
in Figure 6, and then present the data structure design.

Request Dispatching Model: Efficient request dispatching is
non-trivial due to these requirements:

• Single Producer Multi Consumer (SPMC): To simplify logic on
the host PE side, we dedicate E-QPs for each PE to accept requests,
allowing us to treat each E-QP as having a single producer. On the
consumer side, while enabling the request dispatching mechanism,
we allow multiple processing threads to consume requests from
one E-QP concurrently (i.e., multi-consumer).

• Ordered Intra-QP Parallelism: As defined in the SID ordering
model (§4.1), while the producer submits requests to the SQ in FIFO
order, completions must be placed into the CQ in the same order
so that the host core perceives them as FIFO-consistent with its
submissions. Notably, episodic request patterns allow for out-of-
order execution, as long as completion signals are committed to
the CQ in order.

• Stateless Single-QP Host: The dispatcher must track each thread
state and ensure ordered parallelism in a stateful manner. To free
the host PE cycles (e.g., CPU/GPU), we offload the dispatchers onto
interposition processors, relieving the host from tracking thread
states and executing such stateful dispatching logic. The host PEs
can then transparently retain a single QP while benefiting from
parallel execution through elastic scaling to multiple threads.

• Lock Free: As the dispatcher lies on the critical data path, lock-
based synchronization across many processing threads incurs sig-
nificant overhead. Additionally, first-own-first-served lock mech-
anisms make it difficult to ensure fair request distribution among
processing threads or to customize other allocation policies.

……

SQ CQ SQ CQ SQ CQ

Host Core

Processing
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SQ CQ Elastic QP

Dispatcher
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1
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(b) Central 1
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Figure 6: Request Dispatching Models.
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Figure 7: Request Dispatching for Elastic QP. Both SQ and
CQ are ring buffers residing in host memory, where head
and tail pointers indicate available data and slots. The dis-
patcher accesses these pointers to detect new requests in the
SQ (①). When requests are available, the dispatcher deter-
mines the number of pending requests and active processing
threads and assigns request slots accordingly. To coordinate
this assignment, the dispatcher maintains a global data struc-
ture called the Billboard, which is visible to all processing
threads. The Billboard includes a version counter, a comple-
tion counter, and an index array (one cell per thread) that
records the assigned slot ranges. After assigning slots, the
dispatcher updates the index array with each thread’s as-
signed request range and increments the version counter to
publish the new assignments (②). Processing threads check
the version counter for updates (③). When a new version
is detected, each thread reads its assigned range from the
index array, fetches the corresponding requests from the SQ
(④), processes them, and writes completions to the CQ ac-
cordingly (⑤). Each thread then increments the completion
counter (⑥). Once all completions are acknowledged (⑦), the
dispatcher updates the tail pointer of the CQ, allowing the
host to perceive the completed operations.

• Copy Free: For long outstanding request queues, if the dis-
patcher first fetches requests and then copies them to processing
threads, this𝑂 (𝑁 ) copying overhead (𝑁 is the number of requests)
can turn the dispatcher into a bottleneck. Thus, processing threads
need to access requests directly, without intermediate copying by
the dispatcher.

Strawman solutions: In Figure 6, we illustrate several straw-
man and ideal models for request dispatching. Figure 6a shows a
Partitioned SPSC model using multiple concurrent SPSC QPs, with
each QP corresponding to a single processing thread (i.e., QP-level
parallelism). While it satisfies most requirements, it requires the
host to dispatch requests across multiple SQs and track multiple
CQs, violating the goal of a stateless single-QP host. Figure 6b uses
a centralized SPMC queue shared by all processing threads. This
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keeps the host stateless but requires strong and expensive synchro-
nization (e.g., locks) among consumers. Figure 6c presents our ideal
model, where the single producer handles a single E-QP with no
state, and an offloaded dispatcher thread on the interposition pro-
cessor performs lock-free, copy-free request dispatch to multiple
processing threads. To realize the ideal model, we next design the
E-QP data structure.

Request Dispatching for E-QPs enables the ideal dispatching
model, as illustrated in Figure 7. The core idea is to use dispatcher
threads to monitor request availability and assign SQ and CQ slots
to processing threads. Figure 7 presents the data structure and
workflow of how E-QP works. E-QP meets all previously defined
requirements for request dispatching and addresses the challenges
of engaging multiple processing threads. We empirically show that
E-QP outperforms other strawman solutions in §7.3.

5.2 RX-Side Elastic QP
Next, we present the RX-side mechanism to improve efficiency.
Unlike the TX side, where requests originate from software, the
RX side handles incoming packets directly from the NIC hardware,
requiring a different approach. On the RX side, we introduce a
mechanism called two-level scaling.

First-Level Receiver-Side Scaling (RSS): The first-level scaling
is to dispatch incoming packets from the wire to receiver process-
ing threads using hardware-based Receiver-Side Scaling (RSS), a
widely supported feature in modern NICs. As shown in Figure 8,
SID employs two-sided Ethernet SEND/RECV operations to transfer
requests and ACKs (transport details discussed later in §5.4). We
dedicate two pools of processing threads over the interposition
processor for TX threads and RX L1 threads. Notably, we configure
an equal number of RX L1 processing threads and TX processing
threads to simplify RSS configuration.

Second-Level Request Dispatching: While first-level RSS
works well for one-to-one transfers, the incast pattern poses addi-
tional challenges. To handle many-to-one traffic, we introduce a
second thread pool of RX L2 processing threads to support RX-side
request dispatching. As shown in Figure 8, under incast traffic, a
single RX L1 thread may receive packets from multiple nodes, each
containing multiple memory-semantic requests to be processed.
To enable parallel processing, the L1 thread (i.e., root thread) then
dispatches these packets to multiple L2 processing threads. This
dispatching follows the single-producer, multiple-consumer model
and must also avoid packet copying during L1-to-L2 handoff. There-
fore, the Elastic QP is well-suited for this scenario. Besides the TX
side, here is a second scenario for E-QP: a receiver thread stores
a batch of packet descriptors in an SQ and then dispatches them

to a pool of threads for processing. After processing, the L2 thread
delegates the task of sending ACKs back to the original node.

Extension to Multiple E-QP Instances: E-QP primarily fo-
cuses on intra-QP parallelism (WLP), but can be naturally extended
to support multiple E-QPs (QLP). For this scenario, we extend the
design described above. On the interposition processor, we can have
multiple dispatcher threads, with each managing one or more E-
QPs. To coordinate access to the shared pool of processing threads
and the global Billboard, we utilize a centralized, grant-based coor-
dination mechanism: each dispatcher must request a grant before
accessing the shared thread pool and release it upon completion,
allowing other dispatchers to proceed. The overhead of granting
access is minimal, as each dispatcher can process and publish many
requests within a single grant period. Notably, we organize all pro-
cessing threads into a unified pool in a TX/RX-agnostic manner,
allowing a specific E-QP to access a larger pool of threads during
the grant period.

5.3 Flexible Last-Mile PCIe Operations
In the E-QP workflow (Figure 7), several cross-PCIe operations
occur: ① detecting SQ availability, ④ fetching requests, and ⑤ up-
dating completion notifications. As shown by micro-benchmarking
in §3.1, these last-mile PCIe (e.g., MMIO) operations impact overall
performance. SID supports flexible customization to optimize these
PCIe interactions:

Batching Availability Notification: For ① detecting SQ avail-
ability, there are two mechanisms: the host can notify the NIC via
MMIO doorbells, or the NIC can proactively poll for availability. In
both cases, processing threads are notified only when a batch of
requests is ready, amortizing the MMIO overhead across the batch.

Efficient WQE Fetching: For ④ fetching requests, processing
threads by default use DMA. Notably, when the number of pro-
cessing threads is large (e.g., 128), we switch to MMIO fetching,
since many threads concurrently fetching their own small request
ranges can be more efficient than DMA. DMA incurs a setup time
on the order of 𝜇s. Another DMA optimization is request shrinking,
which applies when all requests in a batch share the same type and
opcode. We retain the complete request fields only for the first re-
quest, while subsequent requests are shrunk to exclude the opcode.
This reduces the total amount of data transferred via DMA.

Pipelining WQE Fetching and Processing: To overlap ④ re-
quest fetching with processing execution, we employ a pipelined
design, in which processing threads execute the current batch while
the next batch of requests is fetched in parallel. Once the current
batch completes, processing threads can immediately begin pro-
cessing the next batch.

Inlining Small Payload: During ④ request fetching, if the mes-
sage payload is sufficiently small (e.g., 8B), we inline the payload
with the WQE request, eliminating the additional operations re-
quired to fetch the payload separately.

Importantly, the mechanisms above highlight the runtime pro-
grammability of SID rather than the novelty of individual optimiza-
tions. Existing RDMA NICs offer limited runtime programmability
for such optimizations, whereas SID can potentially adopt a rich
set of techniques from the host–NIC interaction literature [57–63].
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Figure 9: Format Definitions for Memory-Semantic Requests
and Network Packets. 9a shows the format of a memory-
semantic request, where an OpCode denotes the operation
type (e.g., PUT/GET), along with metadata fields such as the QP
index, some union structures (U1/U2) for optional parame-
ters (e.g., multicast group size or time delay), source/desti-
nation memory addresses, and reserved bytes for software-
defined extensibility. 9b shows the network packet format.
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Figure 10: Sub-MTU Request Cohesion.

5.4 Flexible Transport Protocol
Request Format: In SID, the bit-level formats of both memory re-
quests and network packets (above L2 Ethernet layer) are software-
defined and flexible, as they are processed by a general-purpose
interposition processor. We present the detailed request and packet
formats in Figure 9. At the link layer, our design is based on Ether-
net. At the transport layer, software processing enables flexibility
in transport protocol choice. By default, we use UDP/IP, similar to
RoCEv2, but the design can potentially support emerging trans-
ports such as SUE [37] and UEC [14]. Next, we describe how to
encapsulate packet payloads.

Sub-MTU Request Cohesion: To utilize long outstanding re-
quest queues, each TX processing thread attempts to pack multiple
fine-grained memory-semantic requests for the same point-to-point
connection into a single MTU-sized network packet, a technique we
refer to as request cohesion or association (illustrated in Figure 10).
In addition to cohesionMTUs, we apply batching techniques to both
single- and multi-TX processing threads. To reduce the overhead of
frequent doorbell MMIO rings, we batch multiple cohesion MTUs
and trigger the doorbell only once per batch. Furthermore, we dis-
patch the tasks of assembling cohesion MTUs and transmitting
packets to multiple parallel TX processing threads via E-QP.

Reliability and Flow Control: As described in §2.1, rack-scale
interconnects typically feature simpler topologies and sufficient link
connectivity, enabling the use of lightweight transport protocols.
We adopt a connectionless UDP transport with run-to-completion
execution, where the TX thread, after sending REQ packets, waits
for ACK from the RX or retries upon timeout. The timeout value
is configurable; in our prototype, we simply calibrate it based on
the measured RTT. Such run-to-completion execution and timeout-
based retransmission guarantee reliable delivery. For flow control,

we apply the responder-driven credit-based flow control. Specifi-
cally, ACK packets carry a credit field that informs the requester
whether to shrink the pool of TX processing threads. If a TX thread
receives a credit bit indicating throttling, it is excluded from the
next transmission round. After a period, the system attempts to
resume the thread to expand the pool adaptively. For packet-loss
scenarios, credits are held until ACKs are received, preventing over-
injection. For multipathing scenarios, we maintain credits globally
rather than on a per-path basis; per-path feedback can be inte-
grated through programmable customization. Notably, our system
flexibly customizes protocols, such as flow control, thanks to its
software-defined approach over interposition cores.

5.5 FlexOp Engine
Building on the above performance mechanisms, we next turn to
software-interposed flexibility. SID supports a versatile FlexOp En-
gine targeting two models: OpenSHMEM for ML/HPC and Message
Queues for cloud services. Table 1 summarizes the operation sets
for the two models.

Framework General Capability: SID adopts a vertical integra-
tion approach spanning the communication software (e.g., Open-
SHMEM library), on-NIC interposition processor, and the base Eth-
ernet NIC. This approach enables flexible extension of operation
sets to adapt to application workloads, built upon the following key
building blocks: 1) Software-defined request format; 2) E-QP for
parallel dispatch of compound operations; 3) Programmable compu-
tation on TX/RX sides; and 4) Device-Initiated Ethernet SEND/RECV
capability. Next, we exemplify with two use cases.

Target-1: PGASOpenSHMEMModel. The OpenSHMEM spec-
ification [5] defines multiple routine types (Table 1). After sup-
porting the data-transfer routines PUT/GET (§5), we now extend to
additional types.

Atomic Operations: SID supports atomic operations such as
fetch-and-add (FADD) and compare-and-swap (CAS). Atomic
operations require the responder to guarantee atomicity on host
memory. Because responder logic runs on the NIC, atomicity must
hold across PCIe transactions and concurrent on-NIC cores. The
FlexOp Engine provides a lock service to ensure exclusive cross-
PCIe access: The responder threads acquire the lock before execut-
ing atomic operations.

Synchronization Operations: With atomic operations, SID
supports synchronization primitives such as barrier(). Efficient
barrier implementations have been extensively studied [64–66]. We
take a classic algorithm: each PE performs a FADD to increment a
shared counter on a root PE. Once the counter equals the number
of PEs, the last-updating PE broadcasts a completion to all PEs.

Collective Operations:With the framework building blocks,
SID supports generic collective operations as Table 1 shows. To ex-
emplify, we introduce an advanced operation, All-to-All Scatter
and Gather [67], which even extends beyond the basic OpenSH-
MEM specification. All-to-All Scatter and Gather generalizes
AllGather by allowing each process to send distinct data to every
other process: the 𝑗 th block sent by process 𝑖 is received by process 𝑗
and stored in the 𝑖th block of its recvbuf. SID supports All-to-All
Scatter and Gather, allowing the DPA to delegate intra-host data
gathering, thereby reducing GPU computation overhead.
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Operation Type Comm. Model Operations Key Mechanisms
Data Transfer Both PUT/GET Elastic QPs primarily handle them.

Atomic OpenSHMEM Fetch-and-Add/Compare-and-Swap FlexOp Engine provides memory access locks.
Synchronization OpenSHMEM Barrier/Fence/Wait Barrier using FADD to update shared root counter.

Collective OpenSHMEM Broadcast/Multicast/Reduction/Scatter/Gather E-QP and Programmability on TX/RX sides.
Time-Sensitive Pub/Sub Delayed_Op/Periodic_Op A service based on Hierarchical Timing Wheel.
Delegation Pub/Sub Pub_Prepush/Delegated_Poll Pre-push messages to SmartNIC and offload subscriber.

Table 1: Flexible Operation Set Enabled by the FlexOp Engine.

Target-2: Publish-SubscribeMessage-QueueModel. In addi-
tion to primary ML/HPC workloads, SID also targets cloud service
workloads. The FlexOp Engine provides operations required by
the common Publish–Subscribe (Pub/Sub) Message Queue model.
Due to space limitations, we describe the support for this case in
Appendix §A.3.

6 Implementation
Weprototype SID on both NVIDIAConnectX-8 (CX8) and BlueField-
3 (BF3) NICs. Specifically, we implement SID on the Datapath Ac-
celerator embedded on the NICs, as follows:

Datapath Accelerator (DPA) Characterization: Some prior
work [68–71] presents comprehensive characterizations of DPA.
Among them,White-Boxing RDMA [68] offloads transport control
(e.g., congestion control) to the DPA software, while the datapath
remains in RDMA ASIC hardware. SID further leverages the DPA
for both control and datapath processing, to fully unlock software
flexibility and elasticity. Due to space limitations, the DPA hardware
specification is in Appendix §A.4.

Memory Aperture: A key mechanism we utilize is the memory
aperture [72], which enables the DPA to access host-side memory
using load/store instructions. This mechanism is compatible with
legacy PCIe. We measure the latency of DPA accessing host-side
DDR memory to be around 900ns. Notably, this access is asymmet-
ric: while the DPA can access host DDR memory, the host cannot
directly access DPA-side DDR via load/store instructions.

GPU Support: TheMemory Aperture mechanism also applies to
GPU memory. Specifically, we allocate a GPU memory buffer using
cudaMalloc, register it with ibv_reg_mr, and pass the resulting
handler to theDPA, enabling theDPA to perform load/store accesses
to the GPU buffer.

Ethernet Capability: Both CX8 and BF3 (packaging a CX7
RNIC) expose raw Ethernet capabilities to the DPA. Specifically, the
DPA can use Unreliable Datagram (UD) QPs to issue SEND_EN and
RECV_EN requests. Importantly, these requests bypass the RoCEv2
hardware module, meaning the transport logic is defined by the
DPA, unlike RDMA-hardware-fixed RoCEv2 transport.

Programmability Toolchain:TheDPA supports general-purpose
C programming, based on a restricted subset of the C11 standard
(e.g., no floating-point support).

Thread Pool Management: The DPA runs a lightweight real-
time operating system (RTOS) rather than a full-fledged Linux
kernel. Fortunately, SID defines fixed thread roles, such as TX dis-
patchers and processing, and RX L1/L2 processing, allowing it to
operate effectively within the RTOS.

Lightweight Jobs on Host: The core functionalities run on the
DPA, while the host is responsible for loading the program onto

the DPA and registering memory regions for QPs to accept tenant
requests. Then the DPA fetches requests from QPs via the memory
aperture mechanism, performs request cohesion in the DPA-local
cache, and uses Ethernet to transmit the data.

Userspace Library:We implement SID in about 7K lines of C
code. The integration of SID follows a workflow similar to other
OpenSHMEM libraries, such as NVSHMEM.

Based on our implementation experience, we provide several
suggestions for DPA vendors in Appendix §A.7.

7 Evaluation
7.1 Setup
Testbed:We have two testbeds: one using ConnectX-8 NICs and
the other using BlueField-3 NICs. The CX8 testbed consists of two
servers connected back-to-back via a 400GbE cable. Each server is
equipped with dual Intel Xeon Gold 6438M CPUs, 512GB DDR5
memory, PCIe Gen5, and an NVIDIA ConnectX-8 NIC (2×400GbE,
C8180). The BF3 testbed consists of two servers connected back-
to-back via a 100 GbE cable. Each server has dual Intel Xeon Gold
6346 processors, 384GB DDR4, PCIe Gen4, and a BlueField-3 DPU
(B3220) with 100GbE cables. BF3 integrates a CX7 RNIC. The host
machines run Ubuntu 22.04 with kernel 5.15, DOCA SDK v3.1. For
the characterization shown in §3.1, we install CX5 NICs in the CX8
testbed and query PU utilization using Neo-Host [54] for CX5 and
Ngauge [55] for CX8; CX5 is not used in the following evaluations.

Baseline: We compare SID against an RDMA-based OpenSH-
MEM implementation (abbreviated as OpenSHMEM-RDMA in ex-
periment figures). Specifically, we use CX8 NICs and the high-
performance UCX library [4, 32], developed by NVIDIA and an
active open-source community. UCX (Unified Communication-X)
provides production-grade RDMA optimizations and supports the
OpenSHMEM library.

Parameter Setting: For SID, we configure 128 DPA threads
(8 Cores) for TX processing and RX L1 processing to support the
request dispatching and 32 threads for TX dispatchers and RX L2
processing to enable two-level scaling. The Ethernet MTU size is
set to 1500B, supporting up to 64 cohesion requests per MTU. We
use shmem_double_get/put (8B) operations, allowing up to 4K
outstanding requests between two barrier function calls. Accord-
ingly, we configure each SID memory-semantic request to access 8B
of data. We report millions of memory operations per second (Mpps).

7.2 End-to-End Performance
Performance of Critical Operations: In Figure 11, we evaluate
the small-message rate for common operations.
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Figure 11: Message Rates of SID Critical Operations.

In Figure 11a, we present message rates for OpenSHMEM PUT op-
erations. With our E-QP, SID achieves 56.50 Mpps on CX8 and 43.19
Mpps on BF3, 11.03x higher than the RDMA-based OpenSHMEM
on CX8. SID performance is boosted thanks to the E-QP harnessing
intra-QP WLP and pushing parallelism exploitation onto the NIC.
In comparison, the RDMA-based solution requires eight host x86
CPU cores and eight QPs to reach similar performance, which is
substantial for the host, particularly considering that RDMA has
offloaded transport. Notably, E-QP uses only half of the available
DPA resources, and micro-benchmarks (§7.3) indicate headroom for
scaling. Additionally, SID, leveraging low-cost RISC-V DPA cores,
not only reduces host x86 CPU usage but also operates on basic
Ethernet MACs rather than relying on RDMA ASIC modules like
the RoCEv2 module.

In Figure 11b, we present message rates for OpenSHMEM GET
operations. With one E-QP, SID achieves 56.45 Mpps on CX8 and
43.54 Mpps on BF3, 11.49x higher than OpenSHMEM-RDMA on
CX8. Similar to the PUT case, RDMA requires eight host CPU cores
driving eight QPs to reach a comparable total message rate. Notably,
E-QP uses only one host core, which keeps the host stateless and
avoids stateful management across multiple QPs and cores.

In Figure 11c, we present the results for Multicast operations.
We fix a single host CPU core to perform one-to-many multicast
and count each Multicast request as a single operation, regard-
less of the Multicast group size. In SID, a Multicast request is
split and dispatched to multiple thread pools, with each pool of
threads responsible for sending to a specific responder. We also
enable batching for Multicast requests, allowing each thread pool
to process a batch of Multicast requests for better efficiency. As
the group size increases, the message rate decreases proportionally
since the thread pool assigned to each responder is reduced. Nev-
ertheless, SID consistently outperforms the RDMA-based solution
across all group sizes (e.g., 9.74x higher at size 8).

In Figure 11d, we present the results for Fetch-and-Add atomic
operations. Since it requires a lock mechanism on the responder
side to ensure atomicity, its performance is lower than that of PUT
and GET for both RDMA and SID. To mitigate this overhead, the
FlexOp Engine provides fine-grained lock services, maintaining
by default 𝑂 (𝑁 ) locks where 𝑁 is the number of RX L1 process-
ing threads. Each lock corresponds to a specific memory region,
helping reduce lock contention. As a result, even under several con-
current connections, SID maintains high performance—for example,
achieving 2.62x higher throughput than OpenSHMEM-RDMA with
8 concurrent QPs.
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Figure 12: Message Rate for Application Workloads.

In Figure 11e, we present the results for All-to-All Scatter and
Gather collective operations. Here, without loss of generality, we
simulate a node with 8 PEs (e.g., GPUs), each issuing 8 messages to
be gathered or scattered to a peer node. The resulting 64 requests
can then be packed into a single MTU using our sub-MTU cohesion.
Results show that SID can deliver high message rates for these
advanced collective operations. Note that OpenSHMEM provides
no native support for this operation type, so no baseline is shown.

Performance of Application Workloads: In Figure 12, we
evaluate the message rate of SID using PUT/GET traces from sev-
eral real applications: the YCSB key-value store benchmark, a dis-
tributed sparse matrix multiplication (SpMM) workload, and several
advanced HPC/ML applications.

Figure 12a shows results for YCSB workloads. YCSB [33] is a
widely used benchmark suite for evaluating NoSQL datastores
through a mix of write/read operations, which we map to PUT/GET
for accessing remote memory. We use one QP for this test. We eval-
uate five YCSB workloads, excluding YCSB-E as its Scan operation
is not in the OpenSHMEM specification. Given the varying Mpps
across workloads, we normalize SID performance to OpenSHMEM-
RDMA and report the speedup. SID outperforms RDMA across all
workloads (e.g., achieving 11.3x higher rate for YCSB-A).

Figure 12b shows the results for SpMM workloads. SpMM is an
important building block for ML and has been extensively stud-
ied [73–75]. In this work, we focus on evaluating data transfer
efficiency, orthogonal to algorithmic optimizations. Therefore, we
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Figure 13: Micro-Benchmarking SID Key Techniques. 13a–13d present only CX8 results for clarity and higher performance.

adopt a simple distributed SpMM algorithm to stress the com-
munication layer. Specifically, we consider matrix multiplication
𝐴 × 𝐵 = 𝐶 (𝐴, 𝐵,𝐶 ∈ R𝑛×𝑛) where the matrices 𝐴, 𝐵,𝐶 are dis-
tributed across different servers. During computation, a server
holding 𝐴 fetches non-zero elements 𝐵 [𝑖, 𝑗 ] from a remote server
on demand and writes the resulting 𝐶 [𝑖, 𝑗 ] back to another remote
server. We use density (the probability of a non-zero element) to
quantify matrix sparsity. As Figure 12b shows, SID outperforms
OpenSHMEM-RDMA. Moreover, performance gains increase with
matrix density, since denser matrices require more on-demand
fetches from the peer node.

Figure 12c shows the results for several advanced HPC/ML work-
loads. For HPCworkloads, we use traces from the Tartan benchmark
suite [34], an open-source suite released by PNNL to benchmark
scale-up and scale-out interconnects for multi-GPU systems. Specif-
ically, we use two application traces from the suite: Gaussian Mix-
ture [76] and Diffusion [77]. For Diffusion, we use the original
collective-based version and also design a variant that leverages
point-to-point (p2p) PUT/GET operations. For ML workloads, we
generate communication traces using SimAI, a simulator for large-
scale AI training open-sourced by Alibaba [35]. Specifically, we
simulate a topology of eight nodes, each equipped with eight GPUs,
to train the GPT-13B model. The results show SID delivers higher
Mpps than RDMA-based OpenSHMEM.

7.3 Micro-benchmarking Key Techniques of SID
In Figure 13, we present several micro-benchmarks to evaluate
SID’s key techniques described in §5.

E-QP Request Dispatching: In Figure 13a, we evaluate the
effectiveness of E-QP, the key enabler of the request dispatching
in SID. We compare E-QP against several strawman solutions de-
scribed in §5.1, using the setting of one E-QP with 128 processing
threads. We normalize the message rate of each solution to the
baseline of Partitioned SPSC, which uses 𝑁 concurrent QPs. The
Centralized SPMC solution uses locks to coordinate all threads for
dequeuing, leading to significant overhead due to lock contention.
The Copy SPMC solution requires the dispatcher to copy requests
to other processing threads, which introduces high overhead from
copying. These results highlight the importance of design require-
ments such as lock-free and copy-free dispatching, as discussed in
§5.1. E-QP achieves the highest performance with a single SPMC
queue and avoids the host-side overhead of operating 𝑁 QPs as in
the Partitioned SPSC design.

WQE Fetching: In Figure 13b, we evaluate the impact of the
request dispatching by varying the number of processing threads

serving a single E-QP for PUT operations. As the number of process-
ing threads increases, the message rate improves significantly — for
example, increasing from 1 to 128 threads results in a 42.70x higher
rate. This result highlights the effectiveness of E-QP in exploiting
WQE-level parallelism via utilizing multiple lightweight process-
ing threads to boost performance. Furthermore, we demonstrate
several optimizations mentioned in §5.3. We support processing
threads that fetch memory-semantic requests using either DMA
or MMIO. When the number of threads is large, concurrent MMIO
becomes efficient due to its lower setup overhead compared to
DMA jobs. Moreover, DMA shrinking is an efficient optimization
that reduces the amount of data transferred via DMA, which is
particularly beneficial when more threads are active and processing
larger batches of requests. Furthermore, pipelining DMA fetching
and thread processing improves efficiency.

Payload Inlining: In Figure 13c, we evaluate the impact of
inlining small payloads as described in §5.3. For both inlined and
separated payloads, the same DMA mechanism is used to fetch
WQEs. Inlining the payload improves efficiency by avoiding extra
DMA operations for payload fetching.

RX Two-Level Scaling: In Figure 13d, we evaluate the effec-
tiveness of RX two-level scaling in the incast scenario. To handle
incast, we scale the processing capacity of a single L1 thread by dis-
patching requests to multiple L2 processing threads. In Figure 13d,
we present the message rates of one L1 thread for 32-to-1 and
64-to-1 incast scenarios. The results show that increasing the num-
ber of L2 processing threads significantly improves the message
rate that a single L1 thread can sustain, effectively handling the
incast challenge. Note that we use two CX8 NICs and partition the
requester-side NIC resources to emulate 32/64 senders.

Request Cohesion: In Figure 13e, we evaluate the impact of
request cohesion by varying the number of packed requests within
a single MTU packet, using one E-QP to perform PUT operations. As
the number of packed requests increases, SID achieves significantly
higher message rates because of improved transfer efficiency. For
example, increasing the number from 1 to 64 on CX8 improves
efficiency by 19.64x. We cap the cohesion size at 64 requests, cor-
responding to the common 1500B MTU; enabling jumbo frames
(e.g., 9KB) allows packing more requests into a single packet. No-
tably, this experiment uses 128 DPA threads to enable E-QP request
dispatching because request cohesion alone is insufficient. As Fig-
ure 13b shows, even with request cohesion enabled (cohesion size
64), E-QP cannot achieve high performance with only a limited
number of DPA threads (e.g., one thread).
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Figure 14: GPU Initiated Operations over SID.

7.4 Support for GPU-Direct Operations
SID fully supports GPU-Direct transfers, even for entry-level GPUs.
We set up one NVIDIA RTX 4000 Ada GPU in the responder server
of two machines in our CX8 testbed (§7.1) with CUDA v13.0. As
Figure 14 shows, similar to GPU-Direct RDMA, SID supports two
modes: GPU-Direct SID (data on GPU, initiators on CPU) and GPU-
Direct Async SID (both data and initiators on GPU, i.e., IBGDA
[12]). Here, initiator control includes operations such as submitting
requests and ringing the doorbell. For Mode-1 GPU-Direct, we use
one E-QP while varying the number of processing threads. The
results show that SID achieves high message rates in GPU-Direct
operations. For Mode-2 GPU-Direct Async, we vary the number
of GPU initiator threads, each of which operates a dedicated E-QP.
Notably, GPU-Direct mode outperforms Async mode because a
single CPU core is much more efficient than a single GPU thread
at feeding requests. Such GPU-bound constraints are common to
both RDMA and our solution. To further validate this bound, we
set up a “QP Loopback (Lpbk)” test (Figure 14b), which disables the
cross-host transport phase and enables only the request-feeding
phase. The results show that the message rate is limited by the
request feeding rather than by SID transfer.

7.5 Generality for Large-Size or Low-Latency
Tasks

Although this work focuses on fine-grained access (§4.1), with
throughput as the primary metric, SID also demonstrates promis-
ing generality for other message types, as E-QP enables higher
operation rates and achieving high bandwidth is inherently easier
with larger messages. We present the results for large messages
in Appendix §A.5. For low-latency tasks, despite the overhead of
software interposition, SID achieves latency comparable to the
ASIC-based RDMA solution. In Appendix §A.5, we present latency
results under both idle and loaded settings and describe several
latency-reduction optimizations used in our implementation.

7.6 Flexibility of the FlexOp Engine
To further showcase the flexibility, we present operations for the
Pub/Sub Message Queue model in Appendix §A.6.

8 Related Work
RDMA NIC and Hardware Transport: Several prior works re-
veal the RNIC micro-architecture [18, 56, 68, 78–88] or typical NIC

architecture [27, 58, 63, 89–93], which builds the knowledge base
for SID to program RNIC and Host–NIC interactions, while our
E-QP exploits WLP to boost datapath performance, a capability not
present in prior approaches. Prior work focuses on improving QP
scalability (e.g., DCT [94], SRC [95], and more [80, 96]), while E-QP
focuses on improving performance via WLP. Several works explore
in-fabric multi-path RDMA or out-of-order delivery (e.g., DDP [97],
ConWeave [98], MP-RDMA [99], and Eunomia [100]), whereas
E-QP primarily focuses on end-host NIC processing parallelism,
which is orthogonal to in-fabric ones. Rich literature [7, 98, 101–
115] optimizes transport, but SID targets rack-scale settings with
simpler topologies, enabling a lightweight and programmable trans-
port design that can adopt innovations from these approaches. Prior
works discuss limitations in RDMA semantics [16, 84, 116–119];
SID offers a flexible operation set.

RDMA-Based Remote Memory: RDMA enables memory dis-
aggregation [43, 120–128]. Unlike disaggregated memory settings,
where nodes are asymmetric (i.e., separated computation and mem-
ory nodes), SID targets the PGAS model, in which all nodes are
symmetric and possess both computation and memory resources.
Some may point out similarities to the DSM [44–46] or other emerg-
ing interconnects [42, 129–131], but SID follows the OpenSHMEM
advocacy [5], dropping rack-scale cache coherence to prioritize
efficiency and compatibility with legacy PCIe/Ethernet.

SmartNIC: While SmartNICs often offload upper-layer process-
ing (ULP) or network functionalities, including support for cloud
multi-tenancy [132–139], security [140, 141], filesystem [142], stor-
age [143–150], distributed systems [17, 151–154], and more [155,
156], SID uses SmartNIC programmability to enhance the low-level
datapath, potentially benefiting ULP. We draw on prior SmartNIC
designs [92, 116, 157–159], but unlike the bespoke NIC, SID utilizes
a commodity interposition processor.

9 Conclusion
In this work, we propose Software-Interposed Datapath (SID), an
efficient, software-flexible, and low-cost solution for rack-scale
interconnects. Elastic QP boosts small-message efficiency via ex-
ploiting intra-QP WQE-level Parallelism with on-NIC interposition
processors. FlexOp Engine supports a comprehensive operation set
compatible with the OpenSHMEM model for ML/HPC workloads
and the Message Queue model for cloud workloads. Built on cost-
effective hardware, SID achieves high performance and is open to
evolving protocols and extending operations.

This work does not raise any ethical issues.
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A Appendix
Appendices are supporting material that has not been peer-reviewed.

A.1 RNIC PU Utilization Measurements
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Figure 15: Converting RNIC PU Stall Rate into Utilization.

In this section, we describe our method for monitoring RNIC
Processing Unit (PU) utilization. To access hardware performance
counters, we use NVIDIA Neo-Host tool [54] for ConnectX-5 and
Ngauge for BlueField-3 and ConnectX-8. To the best of our knowl-
edge, neither tool provides direct counters for PU utilization. In-
stead, we rely on the counter “TX Descriptor Handling Stopped
due to Work Done” to infer PU utilization. This counter indicates
that the RNIC TX-side PU is stalled because it is waiting for new
requests. As shown in Figure 15a, we monitor the PU stall rate (i.e.,
the rate of “TX Descriptor Handling Stopped due to Work Done”).
We observe that when increasing from 1 to 16 cores and more QPs,
the PU stall rate rises. We attribute this to more QPs activating more
PUs on the RNIC, with additional active PUs concurrently serving
more QPs, thereby amplifying the stall rate. Beyond a turning point,
the stall rate decreases, which we interpret as the state where all
PUs are active and peak utilization is reached. Using this peak uti-
lization as a reference, we convert PU stall rate into PU utilization.
Before the turning point, utilization is computed as the stall rate
normalized by the peak stall rate; after the turning point, we assume
full utilization. The resulting PU utilization is shown in Figure 15b.
We apply this conversion method to the results in Figure 3. No-
tably, DOCA Ngauge does not expose the counter “TX Descriptor
Handling Stopped due to Work Done” on BF3/CX8. Therefore, we
report PU utilization only for CX5, obtained via Neo-Host.

A.2 Episode-Length Analysis for Workload
Applicability

Workload Description E[Episode Length]

YCSB-Uniform [33] records=10M 3,963
YCSB-Zipfian [33] skewness=0.6 850
SpMM [73–75] R1024×1024 , sparsity-ratio=0.1 10K

Tartan-Diffusion [34] 𝑁𝑥 = 𝑁𝑦 = 1024, RADIUS=4 32K
SimAI-Training [35] comm-size=64MB, fwd-pass-comm O(128K)

Table 2: Average Episode Length forWorkloads in Evaluation.

As described in §4.1, we define the number of requests without
ordering constraints within an episode as the Episode Length. A
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larger episode length indicates better applicability of the SID order-
ing model (§4.1) to a given workload. Table 2 presents the average
episode length for the workloads used in our evaluation (§7.2). For
YCSB [33], we approximately estimate the average episode length
by reducing it to the Birthday Problem [160]: estimating the aver-
age length of an operation segment with no repeated records. For
other workloads, we extract remote-memory-access snippets from
source code and estimate the average episode length under common
parameters. The results show that these workloads typically have
large episode lengths, making the SID ordering model applicable.

A.3 Target-2: Publish-Subscribe Message-Queue
Model

1

Time Interval
Delay Queue

Message Broker

P1 P2 P3 S1 S2 S3
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Figure 16: Publish-Subscribe Message Queue Model.

In addition to primaryML/HPCworkloads, SID also targets cloud
service workloads. The FlexOp Engine provides operations required
by the common Publish–Subscribe (Pub/Sub)Message Queuemodel,
as illustrated in Figure 16. The Pub/Sub model typically involves
three types of roles: publishers that produce messages, brokers that
store messages in queues, and subscribers that consume messages.
This model is widely adopted in cloud workloads including logging
systems [1, 161–163], notification services [3, 164], and trading
systems [36]. Besides data transfer, SID extends the operation set
to support Pub/Sub operations as follows:

Time-Sensitive Operations: Time services are widely used
in Pub/Sub message queues. For example, publishers may require
scheduled message transfers, or brokers in trading systems may
perform precise timestamp calibration for accurate message order-
ing [36, 165]. To support such cases, the FlexOp Engine provides a
timing system based on a hierarchical timing wheel [166]. Specifi-
cally, a DPA thread can submit a request to the timing system via an
SQ, along with a specified delay. Once the delay elapses, the timing
service enqueues the request into the CQ so the DPA thread can
fetch and continue to process it. Via this mechanism, SID supports
time-sensitive operations such as Delayed_PUT.

Delegation Operations: In the Pub/Sub model, publishers and
subscribers can execute asynchronously. As a result, a publisher
may produce messages that remain unconsumed for some time, or a
subscriber may need to periodically poll the broker to check for new
messages, incurring CPU overhead for continuous polling. To ad-
dress these cases, the FlexOp Engine provides delegation operations.
One such operation is Delegated_Poll, which allows polling to
be offloaded from the subscriber to the SmartNIC, eliminating CPU
overhead. Combined with the timing service, Delegated_Poll can
also be configured to execute periodically at specified time intervals.
Another operation is Pub_Prepush, which pre-pushes messages to
the subscriber’s SmartNIC. When the subscriber later needs to con-
sume the message, it can fetch it locally, avoiding remote broker
access and improving performance.

A.4 DPA Hardware Specification

Host CPU Datapath Accelerator
ISA x86 Xeon RISC-V
Cores 64 Cores 16 Cores
Threads 128 Threads 256 Threads

Memory 384GB DDR4 Local 1GB DDR5 + Load/Store
Access to Host DDR

L1d Cache 1.5MB*32 1KB*256
L1i Cache 1MB*32 1KB*16
L2 Cache 40MB*32 1.5MB*1
L3 Cache 72MB*2 3MB*1
Network General (e.g., RDMA) Ethernet SEND/RECV

OS Linux Real-Time OS

Table 3: Specifications of Host CPU and CX8/BF3 DPA.

In Table 3, we compare the DPA with a host CPU. The DPA
adopts a low-cost design based on the RISC-V ISA and includes
only modest amounts of SRAM cache.

A.5 Generality for Large-Size or Low-Latency
Tasks
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Figure 17: Large-Message and Low-Latency Operations.

Operation P25 (𝜇s) P50 P99

OpenSHMEM-RDMA-PUT 4.11 5.50 7.68
SID-PUT 5.82 6.61 9.06

OpenSHMEM-RDMA-GET 4.43 5.68 8.79
SID-GET 5.76 6.56 9.18

Table 4: Latency under heavy load with 64 connections.

Although we focus on fine-grained access, SID also demonstrates
promising generality for other message types. Since attaining high
bandwidth is inherently easier with large messages (e.g., 1500B in
Figure 17a), SID further enhances performance by substantially
improving message rate. Furthermore, for larger messages, SID
attains high bandwidth with significantly fewer processing threads
than required for fine-grained transfers.

Figure 17b and Table 4 present latency results. In these tests, we
issue only one request per batch to measure latency while avoiding
queuing delay. The results show SID achieves comparable latency
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to RDMA-based OpenSHMEM. Table 4 presents the latency results
under heavy load with 64 concurrent connections. Despite the over-
head of software interposition, SID achieves latency comparable to
the ASIC-based RDMA solution. We reduce latency jitter through
several optimizations: 1) utilizing the deterministic RTOS on the
DPA (§6); 2) reducing the working-set size to fit within the lim-
ited DPA SRAM cache (§A.4); and 3) optimizing WQE fetching, as
described in §5.3.

A.6 More Experiments on FlexOp Engine
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Figure 18: Time and Cache Ops of the FlexOp Engine.

In Figure 18, we present operations for the Pub/Sub Message
Queue model to further showcase the flexibility.

In Figure 18a, we present results for time-sensitive operations.
Specifically, we evaluate the achieved delay using Delayed_PUT
operations under various delay durations specified by host users.
Here, "achieved delay" refers to the time between when the host
submits a request to the SQ and when it receives a completion sig-
nal from the CQ. The FlexOp Engine supports setting delay ranging
from sub-millisecond to minutes. The results show that FlexOp can
execute delayed operations with high precision. In contrast, many
existing message queue services, such as AWS Simple Queue Ser-
vice [163], only support second-level delay. In comparison, FlexOp
achieves sub-millisecond delay accuracy. For example, the error is

merely around 4% for a specified delay as low as 512 𝜇s, given that
the timing wheel ticks every 10 𝜇s.

In Figure 18b, we evaluate the delegated operation Pub_Prepush.
As described in §5.5, Pub_Prepush allows subscribers to fetch mes-
sages locally from their on-NIC interposition processor without
accessing the remote broker. As the results show, increasing the
percentage of pre-pushed messages enables subscribers to fetch
a higher ratio of messages locally, thereby improving the overall
message rate.

A.7 Suggestions for DPA Vendor
Based on our development experience with implementing SID on
DPA, we suggest the following improvements:

• Enabling interoperability between FlexIO and DOCA_DPA:
We note that there are currently two concurrent SDKs for pro-
gramming the DPA: FlexIO and DOCA_DPA. We developed SID
on FlexIO, but certain functionalities available in DOCA_DPA are
also valuable—for example, enabling DMA issued by the DPA and
registering callbacks for doorbells. From our understanding, inter-
operability between FlexIO and DOCA_DPA is currently difficult,
as each SDK maintains its own process handler.

• Enhancing Window Register Mechanisms: We observe limita-
tions in the number of windows that can be active simultaneously.
In addition, windows registered for host DDR and GPU memory
exhibit unnecessary ordering constraints.

• Easing Memory Address Management: Current memory ad-
dress handling is confusing. For example, when the DPA accesses
the host, the host address must be translated into a DPA address. In
contrast, when the DPA initializes RDMAwith data in host memory,
swqe->mem_ptr_send_data.addr must instead be filled with the
host address.

• Adding Performance Counters for RNIC PU Utilization: As
noted in §A.1, neither Neo-Host nor the latest DOCA Telemetry
(Ngauge) offer direct counters for PU utilization.

• Support for RDMA RC in FlexIO: The current FlexIO SDK
supports programming raw Ethernet SEND/RECV, but it does not
easily allow the use of the Reliable Connection (RC) transport mode.
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