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Abstract

Remote Direct Memory Access (RDMA) is widely adopted for
high-performance datacenter workloads, but its strict ordering re-
quirement conflicts with multipath transport in lossy networks.
RDMA Network Interface Cards (RNICs) may interpret Out-of-
Order (OOO) arrivals caused by diverse path latencies as packet
loss. This triggers unnecessary retransmissions, severely degrading
goodput collapse and inflating Flow Completion Time (FCT). We
present PSN-PATH, a novel RDMA protocol to distinguish packet
loss from OOO and avoid unnecessary retransmission, improving
goodput and FCT of multi-path RDMA in lossy networks. PSN-
PATH maps Packet Sequence Numbers (PSN) to network paths, en-
abling the receiver to verify packet continuity within each mapped
path and distinguish real losses from OOO arrivals. PSN-PATH only
retransmits lost packets and redirects traffic away from degraded
paths. We implement PSN-PATH on Xilinx Alveo U50 FPGA us-
ing Vitis HLS and validate it via extensive simulation experiments.
Experimental results demonstrate that PSN-PATH significantly out-
performs existing solutions, reducing FCT by 95.81%, enhancing
goodput by 5.11%, and reducing retransmissions by over 99% under
high-load, lossy conditions.
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1 Introduction

Remote Direct Memory Access (RDMA) has become the de facto
standard for high-performance datacenter networks, as evidenced
by large-scale deployments at Meta [8], Google [38], Microsoft [4,
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Figure 1: Performance comparison between single-path
RDMA (SP-IRN) and multipath RDMA (MP-IRN).

30] and Alibaba [9, 29]. To improve network utilization, these
operators increasingly combine RDMA with packet-level multi-
path [2, 13, 18, 34], which distributes packets of a single flow across
multiple paths. Existing deployments of such fine-grained multipath
RDMA rely on lossless Ethernet environments with Priority-based
Flow Control (PFC) to prevent packet loss. However, lossless fabrics
can experience PFC-induced head-of-line blocking, PFC storm and
deadlocks [5, 7, 10, 28, 37, 38, 53], affecting cluster scalability and
reliability. Consequently, lossy RDMA [20, 35, 38], which replaces
PFC with selective retransmission (SR), is gaining broad adoption. It
ensures end-to-end reliability and improves network utilization by
checking the continuity of packet sequence number (PSN) [20, 35].

Unfortunately, multipath transmission conflicts with lossy RDMA
reliability because multipath-introduced Out-Of-Order (OOO) ar-
rivals may be misinterpreted as packet losses by recovery mecha-
nisms. As shown in Fig. 1, we test multipath and single-path RDMA
performance in a lossy spine-leaf network environment composed
of 15 switches. Ideally, the performance of multipath transmission
should significantly outperform that of single-path transmission.
However, we observe that even when employing state-of-the-art
SR (e.g., IRN [35], Flor [20]), multipath RDMA performance un-
derperforms single-path transmission. The Flow Completion Time
(FCT) increases by up to 18.85% and the goodput decreases by up
to 15.86%. This is because multipath RDMA experiences more than
3X retransmission events compared to single-path transmission
(detailed in §. 2.3). Such high-frequency packet retransmission se-
verely degrades the performance and usability of multipath RDMA
in the lossy network environment.

Our further analysis shows that this performance degradation
stems from PSN discontinuity caused by OOO packet arrivals in
multipath transmission. The RDMA transport engine treats these
discontinuities as packet losses and triggers retransmission [23].
This confusion of packet OOO with real loss increases FCT and
offsets any goodput benefits from multipath RDMA [17, 32]. Prior
works have used in-order delivery design to mitigate OOO arrivals.
These approaches either rely on in-network reordering at advanced
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network devices such as P4 switches [23, 40], or employ large on-
chip bitmaps with timeout mechanisms at the receiver to track
packet arrivals [19, 31]. However, they still operate under the con-
straint of a single, globally contiguous PSN. Consequently, they
cannot resolve the ambiguity between OOO arrivals and real packet
loss, leading to either increased deployment complexity in network
devices or significantly inflated FCT due to prolonged retransmis-
sion delays.

To address this conflict, we need to equip the RNIC with the
ability to distinguish between OOO arrival and packet loss. This
enables the RNIC to retransmit only lost packets, thereby reducing
redundant retransmissions and improving FCT and goodput. Our
key insight is that while RDMA relies on a global PSN sequence
for reliability, with packets expected to arrive in the order of PSNs
0,1,2,3,..., both OOO arrivals and real losses manifest as PSN dis-
continuities. This inspires us to redefine the scope of PSN “continu-
ity”. Rather than enforcing a global order across the entire network,
we restrict ordering constraints to each individual transmission
path. Consequently, the RNIC can distinguish that OOO arrivals
across different paths are real and acceptable, whereas a PSN discon-
tinuity within the same path indicates real packet loss. Therefore,
we present PSN-PATH, a novel and hardware-efficient multipath
RDMA protocol designed specifically for lossy network. PSN-PATH
introduces a dynamic PSN-to-path mapping to distinguish OO0
arrivals from losses, enabling fast retransmission and path control
to ensure high goodput and low FCT. PSN-PATH supports both mul-
tipath and lossy operation exclusively at the hardware, requiring
no modifications to existing switch infrastructure [11, 48].

To distinguish between OOO arrivals and real packet loss, PSN-
PATH redefines the boundary of PSN “continuity”. Specifically, we
implement a Path Mapper at the sender to establish an implicit PSN-
to-path mapping, ensuring that packets sent along the same path
stay in order. The mapping is implicit because it uses the existing
PSN rules, changing RDMA's original PSN semantics. To avoid the
high hardware overhead of maintaining per-path state, we design a
Path Recognizer at the receiver. Path Recognizer includes a bitmap
and a stateless backtracking continuity check. By examining the
arrival status of the logically preceding packet on the same path
within the bitmap, the Path Recognizer can accurately determine
whether a discontinuity indicates a real loss or just an OOO arrival.
This allows PSN-PATH to trigger fast retransmissions only for
confirmed losses, ensuring high performance with low hardware
resource consumption.

To achieve efficient multipath transport, PSN-PATH incorporates
aPath Manager that monitors path quality in real-time using a light-
weight scoring metric based on ACK/NACK statistics. Based on
this, we further design a Double Threshold Adaptive Path Switch-
ing (DT-Switch) algorithm. DT-Switch proactively explores alter-
native paths when the current path starts to degrade (exploration
threshold) and isolates faulty paths when they no longer satisfy the
reliability requirement (removal threshold). It redirects subsequent
PSN sequences to healthy paths by updating the mapping state at
the RNIC, without relying on complex control signaling.

Based on the above methods, PSN-PATH resolves the conflict
between multipath RDMA and lossy network, and can be seamlessly
integrated into existing infrastructures. The main contributions of
this work are summarized as follows.
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e We provide a comprehensive analysis of the conflict between
multipath RDMA and lossy network. Through extensive experi-
ments, we investigate the sensitivity of RDMA to packet loss and
demonstrate how OOO-loss confusion inflates FCT and degrades
goodput.

To harmonize multipath RDMA with lossy networks, we pro-
pose PSN-PATH, a hardware-efficient protocol that establishes a
fine-grained association between PSNs and network paths. By
dynamically adjusting mapping rules on the RNIC, PSN-PATH
ensures reliability and precise loss detection without requiring
switch modifications.

We prototype PSN-PATH using Xilinx Vitis HLS [12] and validate
it via extensive network simulation (ns-3 [43]) experiments. Ex-
perimental results demonstrate that our approach reduces FCT
by up to 95.81%, enhances goodput by 5.11X, and achieves a
reduction in retransmissions of over 99% compared to existing
solutions.

Open source: The source code of PSN-PATH can be accessed at
https://github.com/AINetworkLab/PSN-PATH.
Ethics: This work does not raise any ethical issues.

2 Background and Motivation

2.1 RDMA Overview

RDMA is developed to reduce CPU overhead and latency in network
communication. By leveraging kernel bypass and zero-copy tech-
niques, RDMA achieves low latency, high bandwidth, and minimal
CPU usage [6, 26, 42, 51]. Its high performance depends on a loss-
less network environment, where RDMA hardware (e.g., NVIDIA
Mellanox ConnectX series) can use a simple Go-Back-N (GBN) re-
transmission strategy [16]. A key of this approach is the Packet
Sequence Number (PSN), which provides a unique identity for each
packet and allows parallel transmission to improve throughput.
The receiver acknowledges PSNs sequentially. If a discontinuity
is detected, it is treated as a packet loss event. The sender needs
to retransmit all packets before the lost PSN. In lossless network
environments, this mechanism is simple and efficient, as packet
loss events are rare.

However, as RDMA networks scale and application workloads
become more diverse, maintaining a strictly lossless fabric becomes
increasingly difficult. Packet loss and OOO arrivals are therefore
more likely to occur in data centers [22, 25, 27]. As a result, tradi-
tional RDMA designs that assume an underlying lossless network
are less suitable for modern datacenter requirements.

2.2 Lossy RDMA

While PFC can build a lossless network, it introduces well-documented
challenges, including head-of-line blocking, deadlocks, and subop-
timal network utilization [45, 52]. Therefore, recent works have
explored disabling or limiting PFC in favor of a lossy RDMA de-
sign paradigm, where network reliability is managed exclusively
through end-to-end retransmission mechanisms. A prominent ad-
vancement in this domain is IRN [35], which replaces the GBN
protocol with a selective retransmission (SR). Building on this,
Flor [20] optimizes hardware efficiency by reducing the on-chip
bitmap overhead for packet tracking. Most recently, DCP [23] pro-
poses a transport architecture that co-designs both the switch and
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tively.

RNICs to achieve lossless-like performance over lossy fabrics. Fal-
con [39] uses bitmap-based ACKs, SACK, and RACK-TLP to tolerate
packet OOO and recover losses. Its bitmap feedback is carried in
packet headers to help the sender identify lost packets, but this also
increases packet size and adds extra processing overhead.

Nevertheless, GBN, SR, and most extant lossy RDMA solutions
still rely on a reliability model that necessitates a single, globally
contiguous PSN sequence. In multipath RDMA, packets from the
same flow may traverse paths with different latencies, so later pack-
ets can arrive before earlier ones even when no packet is lost. Such
path-induced OOO arrivals create the same PSN discontinuities as
real losses, causing the receiver to trigger unnecessary recovery.
Therefore, lossy RDMA mechanisms that work well under single-
path transmission can suffer severe performance degradation when
directly combined with packet-level multipath.

2.3 Motivation

Multipath RDMA leverages techniques such as Equal Cost Multi
Path (ECMP [14, 50]) routing and switch-based rerouting [40] to
distribute packets of a single flow across multiple network paths,
thereby optimizing overall network utilization. Distributing a single
data flow across paths with heterogeneous latency often leads to
OO0O packet arrivals. When these paths have different latencies,
packets from the same flow may arrive out of order. As discussed
above, OOO arrivals and packet losses both appear as PSN discon-
tinuities at the receiver, so the RNIC cannot distinguish between
them. This ambiguity triggers a surge of unnecessary retransmis-
sions and degrades network performance.

As shown in Fig. 2(a), our test on Vitis HLS demonstrates that
lossy RDMA schemes suffer a goodput drop of more than 25%
when multipath transmission causes OOO arrivals, even though the
total throughput remains high. This phenomenon is highlighted in
Fig. 2(b), which shows that in the same lossy network environment,
multipath RDMA generates over 3X more retransmissions than
single-path transmission. Therefore, to fully unlock the potential of
modern datacenter networks, it is important to resolve the conflict
between multipath RDMA and lossy network, which serves as the
primary focus of this work.

3 System Design

In this section, we first present a system overview of PSN-PATH
and then introduce its three key modules, i.e., Path Mapper, Path
Recognizer, and Path Manager.
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3.1 Design Rationale

The design of PSN-PATH is rooted in the observation that global
PSN is over-constrained for multipath environments. Our rationale
is built upon three key principles.

Per-Path Ordering: In a multipath network, path heterogeneity
often results in OOO packet arrivals at the receiver. However, within
any single physical path, network switches typically maintain First-
In-First-Out (FIFO) delivery. This FIFO property ensures that packet
arrival remains ordered within each individual path. Consequently,
we consider transforming from global sequence tracking to per-
path ordering. This allows the receiver to identify any sequence
discontinuity within a specific path as a confirmed packet loss
rather than a potential OOO arrival, enabling immediate recovery.

Hardware Efficiency: Although maintaining a bitmap for ev-
ery path could resolve PSN confusion, tracking per-path metadata
increases sensitivity to workload scale and path diversity. For ex-
ample, mainstream RNICs, such as ConnectX-7/8, typically provide
only tens of MBs of on-chip SRAM. However, an Al training work-
load with 10K QPs (Queue Pairs) and 64 paths may consume about
80MB SRAM if per-path metadata is maintained for every QP, which
already exceeds the 64 MB SRAM budget. PSN-PATH addresses
this by employing a stateless verification logic. Instead of storing
historical data for each path, we adopt a path-level backtracking
continuity check on a per-QP arrival bitmap. Thus, PSN-PATH
distinguishes OOO arrivals from real losses without consuming
additional on-chip memory for each path individually, thereby en-
suring low hardware cost.

Proactive Recovery: Traditional multipath RDMA is reactive,
waiting for bitmap overflows, which inflates FCT. Our design ratio-
nale favors a proactive strategy. By establishing an implicit PSN-
to-path mapping, we can trigger fast retransmission the moment a
per-path discontinuity is detected. This recovery process may not
be a retransmission along the original path. The PSN-PATH evalu-
ates the health of each path. If a path always triggers packet loss,
the system probes new paths and remaps subsequent sequences to
healthier alternatives. This prevents the goodput or FCT collapse
caused by redundant transmissions.

3.2 PSN-PATH Overview

Fig. 3 illustrates the architecture and workflow of PSN-PATH, which
consists of three main components. The Path Mapper maintains
mapping parameters and encapsulates the metadata into the pro-
tocol header of both data packets and retransmission signals. The
Path Recognizer parses path metadata from packet headers to
identify the specific transmission path. This enables the system to
accurately distinguish real packet loss from OOO arrival, trigger-
ing timely retransmission signals only when necessary. The Path
Manager records loss and OOO events to evaluate path quality
and updates mapping parameters to perform path switching. All
components operate exclusively within the RNIC data plane and
are transparent to applications.

When the transmission starts, the RNIC invokes its DMA en-
gine to fetch data from host memory. The data is segmented and
encapsulated into individual packets. The Path Mapper generates
specific path metadata for each packet to ensure balanced distribu-
tion across multiple paths. This metadata is then embedded into the
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Figure 3: Overview of PSN-PATH.

RDMA protocol header @. Meanwhile, the corresponding source
port is sent to the UDP encapsulation layer for switch-level routing.
After encapsulation, the packets are dispatched into the network.
When receiving a data packet, the receiver’s Path Recognizer
first parses its embedded path metadata @ and commits the pay-
load to memory based on its PSN ®. With this metadata, Path
Recognizer checks whether an OOO event has occurred on the
corresponding path. PSN-Path adopts a classical bitmap widely
used in RDMA solutions to mark the arrival status of each packet
and detects OOO packets with the assistance of the bitmap @. If
the OOO arrival is confirmed as a real packet loss, the receiver
immediately issues a retransmission signal to the sender ®. The
sender-side Path Recognizer then localizes the loss to the faulty
path and triggers SR ®. This loss information is also sent to the
Path Manager @, which aggregates loss events and updates the
mapping parameters to reduce traffic on degraded paths ®.

3.3 Path Mapper

Existing multipath RDMA solutions do not establish a mapping
relationship between PSNs and network paths. Consequently, the
receiver cannot determine whether a PSN discontinuity is caused by
00O arrival or real packet loss. A common solution is to track OOO
packets in a bitmap and trigger retransmission when the bitmap
overflows. However, if a packet is lost on one path, the receiver
must wait until enough later packets, which delays recovery and
inflates FCT in lossy RDMA networks.

The Path Mapper provides both the sender and receiver of one
QP with a shared and lightweight PSN-to-path mapping. Instead of
changing the RDMA PSN semantics, Path Mapper derives a logical
path index from the existing PSN and uses this index to select the
packet source port. The source port is then used by the underlying
load balancing mechanism, such as ECMP, to select a forwarding
path. Thus, PSN-PATH controls packet distribution through stan-
dard packet headers and does not require switch modifications.

3.3.1 Path-index-based Mapping. To establish a stable PSN-to-path
mapping, the Path Mapper first derives the path index from the PSN
of an outgoing packet as £ = PSN mod K, where K denotes the
number of selected transmission paths maintained by one QP. PSN-
PATH exposes K as a configurable parameter, allowing network
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operators to set it according to path diversity, RNIC resource budget,
and deployment requirements. This modulo mapping can create a
sequence for each logical path index. For a path ¢, packets assigned
to this index shall form the PSN sequence ¢, £ + K, £ + 2K, . . .. There-
fore, for a packet PSN, we can perform a path-level backtracking
continuity check by verifying whether its predecessor packet with
PSN — K on the same path has been marked as received in the
bitmap or not.

The Path Mapper dynamically associates each logical path ¢
with an actual physical path by specifying the UDP source port
according to the path statuses. For all the packets satisfying PSN
mod K = ¢, Path Mapper further translates their path index ¢ into
a UDP source port Psource = Ppase + £ + Op, Where Py is the base
source port and Oy is the offset to control the source port for path ¢.
The source port Pgoyrce is used by the UDP/IP encapsulation stage
and ECMP hashing to select a forwarding path. Upon any change
in path status, PSN-PATH may update O, to modify the UDP source
port and remap packets to a new physical path, i.e., path remapping,
as detailed in §. 3.5.2.

3.3.2  Remapping Boundary. During path remapping, packets gen-
erated before and after the remapping may coexist in the network.
If the receiver treats them as one continuous sequence and still
performs backtracking continuity check, it may mistakenly treat an
in-flight packet from the old path as lost. To avoid this ambiguity,
PSN-PATH defines a remapping boundary FPSNy, as the PSN of the
first packet sent along the physical path mapped to ¢, to distinguish
packets from different path mappings.

Each packet sent in path ¢ carries the current FPSN;, and the
receiver also maintains a local FPSN; for path £. When the sender
selects a new path by updating O, it also sets a new FPSN; to
all following packets. If a received packet carries an FPSN; larger
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than the receiver’s local FPSN;, path remapping has happened.
In this case, this packet is regarded as the first arrival packet in
the new path. Accordingly, the receiver updates its local FPSN; to
the value of FPSN;, and does not perform backtracking continuity
check. Otherwise, if the carried FPSN; is smaller, the packet belongs
to the old path, and PSN — K backtracking continuity check is
applied normally. Hence, PSN-PATH can detect path remapping by
comparing FPSN, and FPSN;, and only provides continuity check
within the same path. Therefore, OOO arrivals during remapping
will not be mistakenly identified as packet losses.

Edge case analysis. To demonstrate the correctness of remap-
ping, we further provide edge case analysis. For a packet with PSN
P and path index ¢, let S(P) denote its FPSN,, and R(P) as the local
FPSN; maintained at the receiver. Since PSN increases monotoni-
cally, P > S(P) is always satisfied for any packet. Then, there are
four possible edge cases, including (1) new-path packets, (2) normal
packets, (3) packets lost across a remapping boundary, and (4) OO0
packets from the old path.

In case (1) (i.e., S(P) > R(P) and P = S(P)), this packet is the first
packet arriving via the new path, the receiver accepts it without
continuity checking, and any in-flight old-path packet will not be
falsely reported as lost. In case (2) (i.e., S(P) = R(P) and P > R(P)),
the packet is regarded as a normal one, and the receiver performs
continuity check normally. In case (3) (i.e., P = R(P) — K), the last
packet before path remapping is lost, it will be recovered by the
normal timeout-based retransmission mechanism. In case (4) (i.e.,
S(P) < R(P)), a packet along the old path arrives after remapping.
The receiver accepts it as an old-path packet and performs continu-
ity check normally by checking whether packet P — K is marked as
received in the bitmap or not.

Fig. 4 shows an example of case (4) when a packet from the
old path arrives after remapping, with K = 4, £ = 3 and local
FPSN; = 3. The PSNs of the packets to be sent are 3, 7, 11, and 15.
The sender switches paths while sending packet 11, by updating
Os to O3 + 1 and all the following packets will carry FPSN3 = 11.
Upon receiving packet 11, the receiver will know that packet 11
is the first packet of the new path, since FPSN; is larger than the
local FPSN; . It will update the local FPSN; from 3 to 11 and skip
checking whether 11 — 4 = 7 has arrived. In this way, the in-flight
packet 7 will not be mistakenly treated as lost, and it will be reliably
transmitted via mechanisms such as timeout-based retransmission.
The remapping boundary covers all edge cases and avoids confusing
in-flight old-path packets with new-path packets, thus ensuring
safe remapping in PSN-PATH.

3.3.3  Path Metadata Encoding. The RNIC maintains path metadata
as “PATH ID” to manage outgoing traffic. For each data packet,
the Path Mapper retrieves its PSN, computes the path index ¢ =
PSN mod K, and calculates the source port. The source port is
then passed to the UDP encapsulation stage to influence ECMP
forwarding.

To allow the receiver to interpret the same mapping, PSN-PATH
inserts a compact path control field into the RDMA extension header.
Such header extensions are common in high-performance protocol
design [23, 40]. As illustrated in Fig. 5, each PSN-PATH packet
carries a compact path control field Path ID in the RDMA extension
header, including the number of selected paths K, the port offset Oy,
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and the remapping boundary FPSN;. The source port, computed as
P = Pyase + £ + Oy, is written into the UDP header and used by the
network’s ECMP mechanism to select the forwarding path. This
design embeds all mapping-relevant information directly in the
packet header, keeping PSN-PATH transparent to switches while
allowing the receiver to distinguish packets from different mapping
paths.

3.4 Path Recognizer

Based on the Path Mapper, we further introduce the Path Recognizer
for OOO tolerance and loss detection in this section. This mecha-
nism treats OOO arrivals from different paths as real, whereas a
sequence discontinuity event detected within the same path will
immediately trigger retransmission signals. This approach features
two key innovations: Stateless OOO Detection and Fast Retrans-
mission.

3.4.1 Stateless OOO Detection. To detect OOO packets, existing
lossy RDMA schemes maintain an EPSN at the receiver RNIC. If
PSN = EPSN, the packet is considered in order, and the EPSN is in-
creased. If PSN > EPSN, the packet is regarded as OOO. However,
with multipath RDMA, RNICs should maintain separate states for
each path, which consumes non-negligible hardware resources. To
improve the hardware efficiency, we propose a Stateless OOO De-
tection approach that logically distinguishes packets from different
paths without maintaining per-path state on the RNIC.

As detailed in Fig. 6, PSN-PATH uses a bitmap to record the
arrival status of packets. Upon receiving a data packet, the receiver
first parses the path control field from the packet header to de-
termine the declared path (i.e., Path ID) of the packet. Instead of
relying solely on a single EPSN, the system performs backtracking
check along the PSN sequence and FPSNp specific to that path. That
is, the Path Recognizer queries the arrival status in the bitmap for
the logically preceding packet on the same path based on bound-
ary FPSN; (i.e., PSNyrey = PSNeurrent — K). If PSNprey is marked as
received, this indicates that the sequence of packets on the current
path is continuous, and the current packet is classified as OOO
and accepted. Conversely, if PSNprey is not marked, it is immedi-
ately determined that a real packet loss has occurred on the current
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path. In this case, the system generates a NACK signal to request
retransmission of PSNprey. This entire process is based on informa-
tion contained in the packet and the current state of the bitmap,
obviating the need to maintain any historical data for each path.

3.4.2 Fast Retransmission. When packet loss is detected, the sys-
tem should trigger SR. Existing multipath RDMA solutions (e.g.,
MP-RDMA [31], ORNIC [32], LEFT [17]) use a bitmap overflow de-
tection mechanism to prevent the misclassification of OOO packets
as losses. Retransmissions are only passively triggered when the
bitmap used for tracking OOO arrivals becomes full. This approach
inherently suffers from high latency problem. First, lost packets re-
covery begins only after the bitmap overflows, which significantly
increases FCT. Second, since the bitmap only records successfully
received OOO packets, retransmission requests often span a PSN
range that includes delayed packets, resulting in redundant retrans-
missions and bandwidth wastage.

PSN-PATH implements a Fast Retransmission mechanism based
on backtracking check. The key innovation of this mechanism lies
in its ability to immediately trigger retransmissions upon detecting
a sequence discontinuity on any individual path. It does not rely
on timer-based delays or buffer overflow thresholds. As described
in §. 3.4.1, the receiver immediately determines that a packet loss
has occurred on path Path ID if PSNeyrrent — K is not marked in
the bitmap during the backtracking check. In response, the receiver
generates a specialized NACK signal that identifies the affected
path and the missing PSN range. The signal carries a control tuple
(Path ID, K, Start_PSN, End_PSN) in the reserved header fields,
where Start_PSN and End_PSN specify the first and last missing
PSNs to be retransmitted.

Upon receiving the NACK, the sender’s Path Mapper parses the
Path ID. The Path Recognizer then records the loss event in a fail-
ure counter, which serves as a metric for potential path switching
decisions (as detailed in §. 3.5). Meanwhile, the Path Recognizer
immediately retrieves the target packet from the retransmission
buffer and resends it. The retransmitted packet keeps its original
PSN and FPSN;. Therefore, even if the sender has already remapped
the corresponding path index to a new path, the receiver can still
interpret this retransmitted packet correctly, as discussed in case
(3) in §. 3.3.2. This allows retransmitted packets to be sent through
a different, healthy path rather than the original faulty one. After
receiving a retransmitted packet, the receiver’s Path Recognizer
decodes its path and checks continuity in the same manner as for
regular packets. The bitmap tracks all successfully received packets,
and hence any duplicate retransmissions are safely discarded, en-
suring data consistency. This design guarantees fast retransmission
and reduces the impact of packet loss on FCT.

3.5 Path Manager

When packet loss occurs, the system should avoid degraded paths
to prevent them from hurting overall performance. However, moni-
toring all possible paths would introduce additional state overhead
and is often unnecessary. Using too many paths can also exacerbate
packet OOO arrivals. PSN-PATH therefore needs to balance path
utilization and system complexity. To this end, we introduce a Path
Manager that maintains a set of K transmission paths. When a
transmission path degrades, the Path Manager seamlessly redirects
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Figure 7: Based on the packet and the maintained path infor-
mation, a Path ID is generated, and the switch forwards it
along the corresponding path.

its traffic to a healthier alternative or incorporates a newly discov-
ered high-quality path. It also ensures strict mapping, allowing the
receiver to distinguish historical and new path allocations without
additional signaling.

3.5.1 Path Evaluation. To evaluate path quality, PSN-PATH uses
a lightweight ACK/NACK-based metric for each path. The ACK
counter records successfully acknowledged packets, indicating how
many packets have been delivered without retransmission, while
the NACK counter records confirmed packet losses that trigger fast
retransmission.

By periodically reading and resetting these counters, the sender
is able to compute the effective delivery rate of each path within the
current epoch and calculate the path score as Score = ACK_count —
B x NACK_count, where f is a penalty coefficient. This design is
resource-efficient and easy to implement in RNIC hardware.

3.5.2  Path Switch. Based on the above metric, we further propose a
Double Threshold Adaptive Path Switching Algorithm (DT-Switch).
This algorithm sets two thresholds for each transmission path: (1) an
exploration threshold (Texplore) and (2) a removal threshold (Tremove)-

If the score of path i falls below Temove, DT-Switch treats it as
severely degraded and removes it from the transmission path set.
For the path index £ mapped to path i, the Path Manager increments
its offset (i.e., Oy «— Oy + 1) to search for an available source port
until a healthy path is found. The Path Mapper then updates the
packet header with the new offset and the corresponding FPSN;
defined in §. 3.3.2. In this way, traffic is redirected to an available
path by changing only the offset in the source-port calculation.

If the score of path i lies between Tremove and Texpiore, DT-Switch
regards it as degraded but not failed. Instead of removing it imme-
diately, the Path Manager probes candidate paths and evaluates
them using the same ACK/NACK-based metric. If a candidate path
achieves a score no lower than S;, DT-Switch replaces path i with
this candidate, and advances O, until the selected source port maps
to the new path.
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After confirming a new path, DT-Switch gradually shifts traffic
to the new path instead of moving all packets at once, avoiding
abrupt OOO bursts. This process is controlled by the PATH ID
metadata in Fig. 7, where the Explore field records the switching
status, step size f, and candidate offset. During switching, the status
bit is set to 1, indicating that the path index is in the switching
phase. Then, for every f packets sent along the current path, one
packet will be forwarded to the new path using the candidate offset.
Each time f ACKs are received from the new path (default f = 10),
f is decremented by 1, gradually increasing the traffic to the new
path. If a NACK is received from the candidate path, DT-Switch
terminates the probing phase and retains the original mapping.
Note that during the gradual path switch process, old-path and
new-path packets coexist and this does not affect the correctness
of the packet loss identification, as analyzed in §. 3.3.2.

The parameters Texplore, Tremove, and 8 are configured according
to network conditions. Based on the experimental results, RDMA
performance begins to degrade at a packet loss rate of 0.4% and
drops sharply at 1%. Consequently, we set the default value of j
to 0.5 and collect ACK _count and NACK _count statistics for each
path over one RTT. The two thresholds are then calculated based
on the loss rates of 0.4% (Texplore = 0.95) and 1% (Tremove = 0.85).

4 Implementation

To implement PSN-PATH, we adopt a high-level synthesis (HLS)-
based hardware design methodology. All core modules are described
at the register-transfer level in C++ and synthesized using the
Xilinx Vitis HLS tool, targeting the Xilinx Alveo U50 FPGA platform.
Our hardware implementation is based on the RoCEv2 [10, 24]
protocol and focuses on three key modules (i.e., the Path Mapper,
Path Recognizer, and Path Manager). These modules are designed
as event-driven, pipelined processes.

4.1 Implementation of Path Mapper

As a component of the sender data path, the Path Mapper is in-
voked after the construction of the RoCEv2 transport layer header
and prior to UDP/IP encapsulation. Path Mapper maintains a set of
control status registers that track the path parameters, including
the number of transmission paths K, offset O, and additional path
exploration metadata. We use the #pragma HLS PIPELINE II=1
directive to ensure the throughput of each clock cycle. The values
of K and Oy, along with an FPSN, flag that marks path switch
boundary, are jointly encoded into a compact path control word.
This control word is inserted directly after the RoCEv2 Base Trans-
port Header in the packet’s header fields. Such header extensions
are widely adopted in high-performance RDMA protocol designs
and do not incur performance degradation [23, 40]. The updated
source port and encapsulated path control word then proceed with
the packet into the UDP/IP encapsulation pipeline, ensuring accu-
rate and efficient path management throughout the transmission
process.

4.2 Implementation of Path Recognizer

The Path Recognizer is implemented at the RoCEv2 protocol pars-
ing stage for stateless and low-latency loss detection. For each

1221

SIGCOMM °26, August 17-21, 2026, Denver, CO, USA

incoming packet, it extracts the path control word from the Ro-
CEv2 header, decodes K, O, and FPSN;. This decoding process is
also fully pipelined. For per-QP loss tracking, the Path Recognizer
maintains a bitmap for each QP in the FPGA Block RAM. Upon a
packet with PSN arrival, it marks the corresponding bit of PSN
as received, and performs continuity check by verifying whether
PSN —K has been marked as received or not. If so, the current path
sequence is interpreted as continuous, and the packet is accepted
and recorded in the bitmap. Otherwise, the hardware immediately
detects a loss event and generates a NACK containing the missing
PSN and the corresponding Path ID for fast retransmission.

To ensure pipeline efficiency, the backtracking and update are
assigned to different BRAM banks and executed in parallel. We
further use #pragma HLS ARRAY_PARTITION to allow loss detection
and bitmap maintenance to complete within a single clock cycle.
This implementation enables the receiver to provide timely loss
feedback while sustaining high-speed RDMA packet processing.

4.3 Implementation of Path Manager

The Path Manager is implemented as a lightweight, event-driven
finite state machine (FSM). 1t is triggered by the “packet process-
ing complete” signal from the Path Recognizer, which carries the
Path ID and ACK/NACK event type. Upon receiving the signal, the
FSM indexes the corresponding counter pair (ACK s, NACKcnt),
updates the counters, computes the path quality score, and com-
pares it with Toxpiore and Tremove- If @ switching condition is met,
the FSM generates new mapping parameters in the next clock cy-
cle. The update is propagated through a synchronized handshake
protocol to ensure that the sender’s Path Mapper and the relevant
receiver contexts are updated atomically.

5 Performance Evaluation

5.1 Experiment Settings

Real system testbed. We develop an end-to-end hardware testbed
by implementing three logically independent, yet tightly integrated
subsystems across Xilinx Alveo U50 FPGAs. In this testbed, we con-
duct a small-scale leaf-spine network environment with 15 switches
(consisting of 10 leaf switches and 5 spine switches) on the Xilinx
Vitis HLS logic and develop a multi-port switch model capable of
line-rate forwarding at 100Gbps. This switch model supports emu-
lation of ECMP hashing, variable queue delays (ranging from 1us
to 500yus to represent path diversity), and random packet loss rates
(from 0% to 1%).

Large-scale simulation environment. To evaluate PSN-PATH
at datacenter scales, we employ the network simulator (ns-3) to cre-
ate a large-scale multipath RDMA environment. In our simulation,
we build a leaf-spine data center topology comprising 128 — 1024
hosts, organized as 16 leaf switches. The topology also includes
16 spine switches, with each spine switch fully interconnected
to all leaf switches to enable multipath connectivity. To simulate
industry-standard RDMA deployments, all network links are con-
figured with a default bandwidth of 100Gbps, a default packet loss
rate of 0.4% and a delay of 1us, based on the data from NVIDIA
Mellanox ConnectX-series RNICs [23].

Performance metrics. As primary performance metrics, we
use the 99-percentile flow completion time (FCT), representing the
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time required to complete 99% of the traffic [46]. To account for
the invalid throughput caused by packet loss and OOO arrival, we
also utilize the average goodput of each flow as a key metric and
quantify the number of retransmissions by recording the total count
of NACK signals throughout the entire data transmission process.

5.2 Baselines and Benchmarks

Baselines. To assess the advantages of PSN-PATH, we compare
our system with the following baselines:

o MP-CX5 [15]: The traditional lossless RoCEv2 implementation
based on NVIDIA Mellanox ConnectX series NIC employs the
GBN retransmission mechanism. We implement multipath sup-
port for it by modifying the port numbers and switch configura-
tions.

MP-IRN [20, 35, 39]: We implement the lossy RDMA approach in
multipath environment. We refer to this configuration as MP-IRN,
utilizing IRN as the representative classic lossy RDMA imple-
mentation upon which subsequent protocols are based.
MP-RDMA [31]: A widely adopted multipath RDMA method
that achieves load balancing across multiple paths via ECMP, but
employs a bitmap overflow detection mechanism at the receiver
for loss identification, resulting in retransmission delay.

Falcon [39]: Falcon is a state-of-the-art schemes with OOO sup-
port for loss recovery. Falcon carries the receiver-side bitmap in
ACK packets for precise retransmission and uses RACK-TLP to
distinguish losses from reordering.

ORNIC [32]: ORNIC tolerates reordering within an OOO Toler-
ance Distance (OTD), and triggers retransmission when the PSN
distance exceeds the configured OTD.

To compare how different mechanisms handle OOO arrivals in
lossy multipath RDMA, our implementation of Falcon and ORNIC
focuses on their OOO-aware loss recovery mechanisms rather than
their complete systems. Specifically, we implement Falcon’s Packet
Delivery Layer (PDL) loss recovery logic, including bitmap-based
feedback and RACK-TLP-based retransmission, and ORNIC’s OTD-
based loss recovery logic, where retransmission is triggered when
the PSN distance exceeds the configured OTD.

Benchmarks. To evaluate the adaptiveness of PSN-PATH, we
conduct experiments under two widely used traffic benchmarks in
data centers.
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Table 1: Hardware Resource Utilization Comparison

Architecture LUTs (Count) | FFs (Count) | BRAM (36Kb)
MP-RDMA [31] 18,240 26,450 36
PSN-PATH (Total) 8,142 12,725 14

— Path Mapper 1,245 2,108 0

— Path Recognizer 4,562 6,842 12

— Path Manager 2,335 3,775 2

Table 2: Hardware Resource Usage under Different K

K LUTs (Count) FFs (Count) BRAM (36Kb)
4 8,142 12,725 14
8 9,014 13,165 14
16 9,205 15,670 14
32 11,587 17,758 15

e WebSearch [1, 3]: This benchmark simulates a backend datacenter
workload, where 60% of flows are < 200KB, 37% range from
200K B to 10MB, and 3% exceed 10MB.

o Al Training [23, 47]: This benchmark simulates an all-to-all com-
munication pattern, with each host sending a 10MB flow to every
other host in the group.

5.3 Real Testbed Evaluation

5.3.1 Hardware Performance. To evaluate the hardware efficiency
and verify the accuracy of loss detection under OOO arrivals, we im-
plement PSN-PATH and conduct an experiment in our real system
testbed. As illustrated in Fig. 8, legacy protocols suffer from severe
performance degradation under OOO arrivals. MP-CX5 drops to
32.5Gbps due to GBN-based redundant retransmissions (65.8%),
while MP-RDMA and MP-IRN still incur 22.4% and 41% redundant
retransmissions, respectively. The SOTA Falcon further improves
goodput to 81.6Gbps, but still introduces 12.1% redundant retrans-
missions. ORNIC reduces redundant retransmissions to 8.6%, but
its delay-tolerant mechanism puts it at a disadvantage in goodput.
In contrast, our PSN-PATH attains a 88.2Gbps goodput with nearly
zero redundant traffic (0.8%), resolving the OOO-loss ambiguity.

The superior performance of PSN-PATH is attributed to its
resource-efficient hardware design. We use MP-RDMA as the hard-
ware comparison baseline because it is a classic and lightweight
multipath RDMA design. As summarized in Table. 1, compared
to MP-RDMA, which also employs bitmaps, PSN-PATH signifi-
cantly lowers hardware resource overhead, reducing Look-Up Ta-
bles (LUTs), Flip-Flops (FF), and BRAM consumption by 55.3%,
51%, and 83.7%, respectively. Notably, by employing the Stateless
00O Detection, we significantly reduce the BRAM consumption
compared to MP-RDMA. To handle OOO arrival, MP-RDMA relies
heavily on large on-chip buffers (BRAM) and requires 86 BRAM
blocks. However, PSN-PATH reduces BRAM usage by 83.7%. This
is because our Path Recognizer replaces the need for deep, wide-
window bitmaps with a stateless backtracking check. Instead of
tracking the entire range of potential OOO packets, we only require
a small BRAM to maintain path mapping parameters and a compact,
per-QP arrival status for predecessor verification.

5.3.2  Hardware Scalability with Transmission Paths. We further
analyze the hardware scalability of PSN-PATH by increasing the
number of transmission paths K. Following common lossy RDMA
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Figure 9: Overall performance of different packet loss rates (number of end-to-end flows = 1).
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Figure 10: Overall performance of different numbers of flow (packet loss rate = 0.4%).

designs, each QP maintains a 32-bit bitmap in memory, which goodput by more than 1.25X. We observe that the performance of
is sufficient for loss detection [39]. Hence, the memory cost is MP-RDMA is next only to PSN-PATH when the packet loss rate
dominated by the number of QPs, and will not be effected by K. For is lower than 0.4% as shown in Fig. 9. This is because MP-RDMA
example, consider a datacenter with 1000 servers. Even if each QP triggers retransmission when the bitmap overflow occurs. Such
maintains K = 32 paths, PSN-PATH only needs 32 entries of per- passive design inherently provides a period for OOO packets to
index metadata encoded with 2 bytes, which can represent up to 21 arrive, and reduces unnecessary retransmissions. Falcon achieves
path indices per QP, sufficient for large-scale multipath deployment. accurate packet loss detection by proactively querying the bitmap
We further synthesize PSN-PATH in HLS with different number carried in packets. However, the associated processing overhead
of transmission paths. Table 2 reports the measured and estimated makes it inefficient in low packet loss conditions. Nevertheless,
resource usage. BRAM remains at 14 blocks from K =4 to K = 16 once the packet loss rate exceeds 0.4%, Falcon’s proactive strategy
and increases slightly to 15 blocks when K = 32, mainly due to can retransmit the lost packet immediately without waiting delay.
BRAM block granularity and metadata packing. When K increases That is why Falcon can work well in high-loss scenarios. By lever-
from 4 to 32, the LUT usage increases from 8,142 to 11,587, and aging the logical PSN-to-path mapping mechanism, our PSN-PATH
the FF usage increases from 12,725 to 17,758. This verifies that the can proactively distinguish OOO arrivals from real packet loss but
hardware overhead increases only slightly with K and remains low with lower overhead, thereby achieving the highest performance
and stable. This further confirms that PSN-PATH can scale to large in all scenarios.

networks with low hardware overhead. Impact of the number of flows. To evaluate the impact of

network load on system performance, we vary the number of flows
from 31 to 200 in this experiment. As shown in Fig. 10, PSN-PATH
demonstrates significant advantages under high load (i.e., the num-
ber of flows exceeds 144). Compared to other solutions, our ap-
proach reduces the FCT by up to 95.81% and enhances goodput by
5.11x. This advantage stems from the efficient path management of
PSN-PATH. By dynamically sending packets to high-quality paths,
PSN-PATH is able to maintain lower FCT and higher goodput. It is
interesting that MP-CX5 exhibits significant performance degrada-
tion and FCT fluctuations under high-load conditions, as shown in
Fig. 10(a). This stems from its use of the GBN retransmission mech-
anism, where the volume of retransmitted data varies drastically
depending on the loss location. For example, losing a packet at the
start of the PSN sequence means resending all the packets behind
it, but losing a packet at the end of the PSN sequence only needs

5.4 Large Scale Simulations

To evaluate PSN-PATH under realistic large-scale settings, we run
benchmark-driven simulations across different network conditions,
system scales, and protocol configurations.

5.4.1 Overall Performance. Impact of loss rate. We first evaluate
performance by varying the network packet loss rate from 0% to
2%. As shown in Fig. 9, PSN-PATH can always achieve the best
performance, and in comparison with MP-CX5, MP-IRN, and MP-
RDMA, it reduces FCT by over 40%, 23%, and 10%, and improves
goodput by over 1.67x, 1.32X, and 1.11X, respectively. It also re-
duces retransmissions by up to 99% compared to other baselines.
Even when compared to the OOO-aware baselines (i.e., ORNIC and
Falcon), PSN-PATH still reduces FCT by over 18% and improves
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Figure 12: Ablation experiments under different numbers of
flows (packet loss rate = 0.4%).

to resend itself. As a result, the retransmission count of MP-CX5
varies also fluctuates with the loss position, as shown in Fig. 10(c),
which further leads to severe FCT variations as the number of flows
increases.

5.4.2 Ablation Experiments. In addition to the PSN-to-path map-
ping mechanism, fast retransmission is also a key optimization in
PSN-PATH. To evaluate their contributions, we conduct ablation
experiments by disabling each mechanism separately and evaluate
the performance under different packet loss rates and flow counts.
As illustrated in Figs. 11 and 12, disabling the fast retransmission
mechanism results in an average 22.56% increase in FCT and an
average 7.32% decrease in goodput. This is because it can achieve
quicker packet retransmission compared to the traditional passive
timeout-based recovery mechanism. Similarly, without the path
switch mechanism, the system also suffers a significant perfor-
mance degradation, with FCT increasing by an average of 13.77%
and goodput decreasing by 13.88%. We attribute this to the fact that
the path switch mechanism redirects subsequent packets away from
paths with persistent loss, which helps maintain stable goodput
under dynamic network conditions. These results demonstrate the
effectiveness of these mechanisms, and they can work in synergy
to achieve high performance.

5.4.3  Performance on Different K. We next evaluate the impact of
the transmission path number K by varying K from 1 to 32. The per-
formance evaluation results in Fig. 13 show that the performance
of all mechanisms increases when the K increases from 1 to 4. This
is because the increasing K allows the packets to be transmitted
on more different paths to exploit available network bandwidth.
However, as K continues to increase, their performance shows a
non-decreasing trend. Especially when K > 16, the performance of
most mechanisms is even worse than the single-path case (K = 1).
We attribute this phenomenon to the fact that transmitting pack-
ets across too many paths incurs excessive packet loss and OO0
arrivals. This leads to frequent retransmissions, degrading overall

10
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performance and even offsetting the benefit of multipath transmis-
sion. Therefore, we use K = 4 as the default setting, which provides
a good balance between performance and hardware efficiency.

5.4.4  Performance of Scalability and Robustness. We also evaluate
PSN-PATH under varying system scales and network dynamics.
First, we evaluate the scalability by varying the number of servers
from 128 to 1024, and report the results in Fig. 14. We can see that the
performance of either mechanism degrades with the system scale.
With the increasing of system scale, more flows compete for the
limited network capacity, incurring more lost and OOO events. Nev-
ertheless, PSN-PATH can still deliver comparatively steady and the
highest performance at any system scale. For example, PSN-PATH
shows the minimal FCT growth (17%) from 128 to 1024 servers.
We attribute such an advantage to the path switching mechanism
of PSN-PATH, which dynamically selects high-quality paths and
hence safeguards performance against significant degradation.

Next, we evaluate robustness under burst network noise. In this
experiment, we divide the measurement period into multiple time
segments and inject noisy at specific intervals (i.e., burst losses).
As shown in Fig. 15, compared to other baselines, PSN-PATH not
only performs well but also can handle burst network noise fast. It
recovers the goodput in about 0.31ms, which is 1.87x faster than
other baselines. Such fast performance recovery and high robust-
ness advantage also come from the capability of PSN-PATH’s path
switch capability by redirecting packets to better paths.
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Figure 16: Performance with Congestion Control.

5.4.5 Performance with Congestion Control. PSN-PATH is orthogo-
nal to congestion control: DCQCN and HPCC regulate the sending
rate based on network conditions, while PSN-PATH resolves OOO-
loss ambiguity and redirects traffic away from faulty paths without
changing their control logic. We evaluate the performance of PSN-
PATH under different packet loss rates with both DCQCN and
HPCC.

As shown in Fig. 16, with either congestion control mechanism,
PSN-PATH can always achieve the best performance in compar-
ison with other baselines. In addition, a comparative analysis of
the results in Figs. 16 and 9 further demonstrates that PSN-PATH
aims to guarantee accurate loss identification, which can get benefit
from congestion control. Compared to only PSN-PATH, they re-
duce the FCT by 63.2%, improve the goodput by 16.7%, and reduce
the retransmission counts by 11.3%. This confirms that conges-
tion control effectively helps PSN-PATH utilize network resources
for improving the performance of multipath RDMA in the lossy
network.

6 Related Work

RDMA has emerged as a dominant technology in modern data-
centers, attracting extensive research interest [16, 21, 33, 49, 54].
Particularly, the advent of multipath RDMA addresses the limita-
tions of single-path transmission and attracts substantial attention.
Many existing works have focused on enhancing the performance
of multipath RDMA transmission or ensuring RDMA reliability in
lossy network environments. For example, MP-RDMA [31] achieves
reliable multipath RDMA by using bitmap-overflow triggers for re-
covery. IRN [35] and Flor [20] replace the inefficient GBN protocol
with SR to significantly improve the packet loss recovery efficiency.
LIBRA [44] integrates segment routing with packet-level spraying
to achieve deterministic path assignment, effectively improving
tail performance for large message transfers. MP-CreditINT [36]
uses a credit-based flow control with In-band Network Telemetry
for fine-grained multipath congestion management to improve the
system performance. However, these studies ignore a fundamental
challenge. That is, the heterogeneous path latencies lead to OOO
packet arrival, creating the ambiguity between OOO arrival and
packet loss. Consequently, the system incurs substantial unneces-
sary retransmission overhead.

To tackle such problems, many solutions have been proposed.
For instance, Maestro [41] leverages software-defined path selec-
tion and load balancing mechanisms to mitigate OOO arrivals. Fal-
con [39] employs the bitmap carried in ACK/SACK to distinguish
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OOO arrivals and packet loss, thereby achieving accurate loss de-
tection and retransmission. Besides, some recent studies try to
improve OOO tolerance through more efficient buffer management.
For example, ORNIC [32] and LEFT [17] do not distinguish OOO
from loss but try to improve OOO tolerance using optimized bitmap
management to reduce memory overhead.

Although existing studies have attempted to address OOO issues,
they fail to distinguish between OOO arrival and actual packet loss
with low overhead. This motivates us to propose PSN-PATH, a
multipath RDMA mechanism that fundamentally eliminates the
0OO0O0-loss ambiguity at the RNIC level, offering a deployable solu-
tion that supports both multipath and lossy operations with lower
additional overhead.

7 Conclusion

In this paper, we investigate how to improve the performance of
multipath RDMA in lossy networks. We first find that the confusion
of packet OOO with real loss is the key bottleneck that prevents
multipath RDMA from operating efficiently in lossy networks. To
this end, we propose PSN-PATH, which redefines ordering as a per-
path constraint and establishes a lightweight PSN-to-path mapping
relationship within the RNIC. By introducing a novel path-level
backtracking continuity check, PSN-PATH eliminates cross-path
00O ambiguity and achieves fast, accurate loss confirmation and
retransmission triggering. Furthermore, PSN-PATH measures and
evaluates path quality at runtime, and dynamically adjusts packet
transmission paths as needed to strengthen system robustness.
Real-world trace-driven hardware simulations and large-scale ns-3
experiments demonstrate that PSN-PATH significantly improves
multipath RDMA performance. It reduces FCT by up to 95.81%,
improves goodput by 5.11%, and eliminates retransmissions by over
99%, in comparison with state-of-the-art solutions.
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