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Abstract—Load balancing and congestion control are critical
for improving application performance in data center networks.
However, the assumption of equal-cost paths no longer holds
for newer network topologies and workloads for HPC and Al
The existing flow-based load-balancing schemes fail to adapt to
such networks. The random packet spraying is also ill-suited.
To address the problem, we propose LAPS, a simple latency-
aware packet spraying scheme, to achieve joint load balancing
and congestion control regardless of network topology and traffic
pattern. As a coherent load-balancing and congestion-control
solution, LAPS manages both packet send rate and distribution
based on the real-time one-way path delay information. It can
be adapted to both TCP and RoCE-based transport protocols
and deployed on SmartNICs at a low implementation cost.
Evaluations show that LAPS consistently outperforms the other
load-balancing and congestion control schemes on unequal-cost
multi-path topologies for HPC/AI workloads.

Index Terms—Load balancing, congestion control, data center
networks, packet spraying, unequal-cost multi-path, path latency.

I. INTRODUCTION

S a core infrastructure in the age of Al, data center

has extended its role from providing cloud services to
supporting large model training/inference and distributed ma-
chine learning. Data Center Network (DCN) provides the com-
munication support for computing nodes, which is critical in
boosting the application performance and reducing the system
cost. For large model training, large amounts of intermediate
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data are frequently exchanged in a large cluster due to different
parallelism strategies, and multiple jobs can also run in parallel
in a multi-tenant scenario. The resulting traffic surges can
easily inundate the network. A slowdown of any flow will
hurt the collective communication efficiency. Therefore, in
addition to effective traffic scheduling and congestion control,
the multi-path opportunities in the network must be exploited
to distribute the traffic in conjunction with efficient end-to-end
flow congestion control, in order to fully utilize the available
network bandwidth and avoid creating hot spots.

Load-balancing (LB): Many multi-path LB schemes have
been proposed and some are widely deployed (e.g., ECMP [2]
and Flowlet [3]). Most of these schemes assume the equal-
cost paths which is indeed the case for the predominant DCN
topologies based on multi-rooted trees (e.g., Fat-Tree [4] and
Spine-Leaf [5]). Such topologies present a symmetric and
layered structure and the multiple candidate paths between
each pair of end hosts are equivalent, so the only goal for
LB is to distribute the traffic on these paths as evenly as
possible, with finer and finer distributing units from flow [2]
to flowlet [3] to flowcell [6] to packet [7].

The traffic pattern of distributed large model training ex-
hibits several distinct characteristics [8], [9], [10]: while
multiple jobs run in parallel, each job produces a relatively
small number of huge, concurrent, and intermittent flows.
The low flow entropy causes the flow-based LB ineffective
and the bursty data hardly generate any flowlets. These make
the packet-based LB more attractive and even inevitable.
No wonder Ultra Ethernet Consortium (UEC), dedicated to
Ethernet-based AI and HPC optimization, has listed packet
spraying as a key feature [11].

However, the current packet spraying schemes assume the
equal-cost paths too. Unfortunately, the path asymmetry in
bandwidth or length can lead to significant load-unbalancing
because the packet spraying only averages the use of output
links on a per-switch basis without caring for the path cost.
Even the weighted spraying cannot solve the problem due to
path/link diversity and traffic dynamics: given the dynamic
traffic patterns and multiple unequal-cost paths for each flow,
each link of a path may present a fast changing weight for each
packet, making the overall load-balancing difficult to achieve
through static weights.

Driven by the Al and HPC workloads, some new trends on
the DCN topology emerge. First, certain switch-less topolo-
gies, such as Torus [12] (an example is shown in Fig. 1(a)),
have been widely used which provide multiple possible paths
between each pair of nodes, but the load of each link is time-
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Figure 1: Typical AI DCN topologies. Switches and servers are represented by squares and circles.

variant caused by changing communication patterns, making
the paths with the same length effectively unequal, let alone
the other detours. Second, the high-radix, low-diameter net-
works, such as Dragonfly [13] and Jellyfish [14], are increas-
ingly adopted which require the non-minimal adaptive routing
to access the path diversity. Recent Al-oriented DCN architec-
tures further reinforce this trend. For example, UB-Mesh [15]
proposes a hierarchically localized nD-FullMesh topology for
LLM training and uses All-Path Routing (APR) to exploit
path diversity across minimal and non-minimal paths, so as to
improve bandwidth utilization. Third, due to the heavy use of
GPU/TPU clusters for large model training, heterogeneous in-
terconnection technologies are adopted for intra-cluster scale-
up network (e.g., NVLink [16] and UAL [17]) and inter-cluster
scale-out network (e.g., IB [18] and UEC [11]). There is on-
going discussion on the convergence of the two networks with
the Ethernet-based technologies and protocols [19], which also
provides multiple paths between each pair of end nodes in
different clusters. In each case above, LB faces the unequal-
cost multi-path problem which is challenging for the packet-
spraying-based schemes in particular.

Congestion-control (CC): LB and CC are used to being
considered as two orthogonal aspects for network performance
optimization, and work independently. But in our circum-
stance, they are entangled and should be considered together
for the following reasons.

First, conventional CC algorithms (e.g., DCTCP [20] and
DCQCN [21]) take ECN and packet drop as congestion signals
to trigger flow rate adjustments. In the case of packet spraying,
such signals become unreliable and less meaningful, because
an individual packet’s experience on just one path can unfairly
determine the fate of the entire flow, resulting in frequent and
aggressive rate reduction which hurts the Flow Completion
Time (FCT). Second, the InfiniBand (IB) transport protocol
used by RDMA and some TCP variations require rigid packet
delivery ordering in each flow to avoid significant performance
degradation. For example, RDMA transport considers any out-
of-order (OOO) packet delivery in a transaction as packet
drop which triggers an expensive Go-Back-N re-transmission
process. Unfortunately, packet spraying makes OOO unavoid-
able. Moderate OOO can be tolerated by adopting certain
techniques [7], [22], [23], [24]. However, packet spraying
on unequal-cost paths can lead to a high OOO rate which

requires a large reordering buffer, making the implementation
impractical. Third, multi-path load-balancing cannot solve the
in-cast problem which happens at the end node, and the
signals such as ECN cannot differentiate this case from the
congestion on paths, making the reaction either too retarded
or overly sensitive. Fourth, PFC used by RoCEv2 effectively
renders certain links unusable during congestion, but this is
not sensible by the end nodes on time, so packets are still
dispatched to the congested link, aggravating the situation
although other uncongested paths are available.

The gist of this paper is to enable effective packet spray-
ing to achieve global load-balancing and end-to-end flow
congestion-control across arbitrary network topologies and
traffic patterns. We believe the link bandwidth, path length
(e.g., hops), and even local congestion status (e.g., queue
depth) are not effective metrics of path cost for the transient
and intermittent traffic from multiple independent jobs. In-
stead, the realtime end-to-end one-way path latency should
be the deterministic factor considered to choose a packet’s
forwarding path, since the path latency consolidates the effects
of all the other factors. Intuitively, packets should always be
sprayed on one or more paths with the smallest latencies. Such
paths may keep changing, adapting to the current network
dynamics. Meanwhile, the measured path latencies can also
serve as a more indicative congestion signal. As long as some
candidate paths present low latencies, the flow can continue
to send with increasing rate; only when all the paths present
higher than expected latency, which likely reflects an in-cast
scenario, should the flow reduce its sending rate.

To realize it, a NIC-based solution is preferable for the
following reasons: (1) it allows the complete coverage of
the end-to-end paths and joint consideration of LB and CC,
so all potential congestion points including the in-cast are
covered; (2) it is applicable to all kinds of networks in-
cluding the switch-less ones; (3) it can take advantage of
the programmable SmartNIC to offload the algorithm, avoid-
ing the scalability concern and the reliance of increasingly
unacquirable programmable switches. Thanks to the general
purpose processors, a SmartNIC allows more complex com-
puting and sophisticated algorithms than a switch. Although,
we still need to overcome several technical hurdles: First, the
host needs to compute and maintain candidate paths for each
flow. Second, the network needs to sense the real-time path
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latency to make timely packet spraying decision. Third, we
need an efficient method to direct packets to follow specific
end-to-end paths. Fourth, we need a new algorithm to handle
the latency-based congestion signals, OOO, and lost packet
retransmission. To this end, we propose the Latency Aware
Packet Spraying (LAPS) scheme.

The remainder of the paper is organized as follows. Sec. II
provides the background. Sec. III describes the architecture
and implementation of LAPS. Sec. IV presents the perfor-
mance evaluation. Sec. V summarizes the related works.
Finally, Section VI concludes the paper.

II. BACKGROUND

When moving packets from A to B with multiple unequal-
cost paths, the most sensible choice is to take the fastest way
if the current delay information can be acquired in advance,
and only if all the paths are congested, shall the sending
rate be slowed down to avoid worsening the situation. LAPS
follows such a straightforward principle to design its LB and
CC mechanisms jointly.

A. Unequal-cost Multi-path

Fig.1 illustrates a few typical network topologies in today’s
Al data centers. Most of them feature unequal-cost multi-
path. In the Dragonfly network, switches and servers are
divided into nine identical groups. Four switches in a group
are interconnected through six local links to form a full mesh,
and nine groups are interconnected through 36 global links to
form another level of full mesh. From SO to S6, the network
provides three 3-hop paths, 12 4-hop paths, 35 5-hop paths,
99 6-hop paths, and 338 7-hop paths. In the Torus network,
in addition to the set of shortest paths between each pair of
nodes, many circuitous paths are possible. In the mixed scale-
up and scale-out network, to reach a node in another cluster,
a packet can be routed to any node in the same cluster first
before being forwarded to the scale-out network; next, the
packet can be routed to any node in the target cluster first
before being forwarded to the target node.

Different parts of the network can also have different link
bandwidth. For example, in the mixed scale-up and scale-out
network, the scale-up part usually has higher link bandwidth
than the scale-out part. More importantly, the load on each
link undergoes rapid and substantial changes. Since each link
can be involved in multiple paths for multiple communication
pairs, such dynamics are difficult to predict.

B. Path Finding

Although a plethora of choices are available, it is unnec-
essary and uneconomic to use all possible paths for packet
forwarding. Usually, it is sufficient to only consider the top-k
paths which include the optimal and some sub-optimal paths
in terms of path cost. The choice of k is subject to the network
type and scale. For example, in the Dragonfly network in
Fig.1(b), the 3-hop and 4-hop paths (15 in total) provide a
good balance between path diversity and maintenance cost.
The choice of k£ may also depend on the adjacency degree

of two nodes. For example, in a Torus network, more paths
should be considered when two nodes are further apart. The
k-shortest path algorithm [25] can be used to find all candidate
paths. The path calculation can be performed in advance for
a fixed topology. It is easy to mark a candidate path invalid
dynamically due to switch or link failures on the path.

C. In-band Network Telemetry

In-band Network Telemetry (INT) [26] uses a custom header
in application packets to instruct certain network nodes to
collect and process specific network data which can infer
network performance. INT has become a default feature in
commercial switches (e.g., Broadcom [27]). In contrast to
out-of-band active measurements, INT has the advantages of
low overhead (the measurement data is carried in application
packets), low feedback latency (the measurements can be
refreshed in one RTT), and high accuracy (it reflects the real
experience of the application traffic). LAPS only needs the
end-to-end path latency, so we use INT to only collect the
packet timestamps on the path head and end nodes. Since
we only compare the relative latency difference among the
paths between a node pair, there is no need for the nodes to
synchronize their clocks.

D. Source Routing

LAPS balances the traffic load at path level, requiring the
candidate paths to each receiver to be explicitly maintained at
a source node, and each packet pinned down on a path. Source
Routing (SR) is thus a natural choice to support the non-
minimal adaptive routing in unequal-cost multi-path networks.
To forward a packet to another node, the head node first figures
out the candidate paths based on the packet’s destination
address, and then inserts a path-defining SR header according
to certain path selection criteria. The packet is forwarded to
the end node guided by the SR header.

For a DCN with n nodes and & paths maintained for each
node pair, an end node needs to maintain a path selection table
with (n— 1)k entries at most. In reality, each node only needs
to maintain the candidate paths to the nodes with which it
needs to communicate. Such information is acquirable from
the job scheduler in a multi-tenant environment. The paths
can be dynamically calculated or loaded once a new job is
scheduled. Similarly, after a job is done, the unused paths can
be revoked to save the memory resource.

E. Multi-path Packet Spraying

We consider the path latency as the dynamic path cost.
The packets should be sprayed to different paths accordingly.
We use a general Softmax function to model the packet
distribution strategy as shown in Equation 1.

-, Vi€ [1,..., K] (1)
In the equation, d; is path i’s measured latency, and P(d;)

is the probability that path ¢ is selected to send a packet.
The non-negative real-value parameter /3 is used to adjust the
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probability distribution. When g = 0, the strategy degenerates
into RPS [7]: the packets are evenly distributed to all the
candidate paths regardless of their latency. Clearly, this will
lead to serious load unbalancing. On the other hand, increasing
the value of § will make the probability distribution more
concentrate toward the paths of the smallest latencies. When
[ is large enough, the Softmax function degenerates into
an ArgMax function, which means only the path(s) with
the minimum latency will be chosen for packet forwarding.
The fastest-path-only strategy has its merits: it reduces the
path churning for each flow with the best effort, so the
00O delivery problem is mitigated. However, such a strategy
may also cause fast fluctuation of path latency and introduce
instability to the network. It is interesting to find the optimal
[ value as the trade-off for best overall performance.

F. Congestion Control & Lost Recovery

Since the packet spraying preference is always on the fastest
path(s), low latency on these paths implies the flow sending
rate can be increased. When all the paths show a higher than
expected latency, it is likely a congestion at the path end (i.e.,
in-cast) happens, suggesting a flow rate reduction. Latencies as
the collective congestion signal is more expressive and stable
than ECN in our network scenario.

We like to retain the "lossless" feature of the DCN by
enabling the functions such as PFC, but the harsh action
of PFC may seriously affect the performance due to HoL
blocking and pause propagation. Fortunately, the LB and CC
of LAPS can effectively reduce the PFC probability. Before
PFC is triggered, the queue buildup is already reflected in
the link latency increase, making the paths using this link
unfavorable for the active flows so the congestion on the link
can be mitigated.

The latency-based packet spraying is also helpful to reduce
the OOO rate due to the moderate path stickiness, so a smaller
reorder buffer is needed on the receiver NIC. However, OOO
is unavoidable so we must differentiate it with packet drop
events for efficient retransmission.

A key observation is that packets distributed on the same
path are delivered in order if not lost. If their ACKs also
follow the same path, then the ACKs should be received in
order. Hence, if the ACKs received for a path skip an expected
sequence number, it can be considered that the corresponding
packet is lost, and a retransmission can be issued immediately.
Meanwhile, if the sending window is already saturated and the
ACK for the first packet is not received after the RTT for a
path, the packet is also retransmitted. The receiver may receive
more than one copy of a packet due to mistaken retransmis-
sions. The duplicated packets are ACKed and dropped.

III. ARCHITECTURE & IMPLEMENTATION
A. Architecture Overview

Fig. 2 illustrates the architecture of LAPS where all the
major functions are implemented on the SmartNIC or DPU
associated with the end hosts. The source node sprays packets
across selected paths with a higher probability towards paths
with lower latency. Intermediate switches forward the packets
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Figure 2: The architecture of LAPS.

according to the path information embedded in the SR header.
The destination node acknowledges the received data segment
by sending Acknowledge packet (ACK) along the reversed
path acquired from the SR header. The ACK also embeds
the latest forwarding path latency for the source to refresh its
path latency information. At the source node, if the latency
of certain path is outdated, which may be due to the lack of
packets sent on that path or no returned ACK for it for a
while, it sends out a probe packet along that path to obtain its
latency. The source node adjusts a flow’s sending rate using
the “Additive Increase and Multiplicative Decrease" (AIMD)
approach based on the real-time latency measurements of all
its candidate paths for congestion control. The source node
detects packet loss through ACKs and performs selective
retransmissions. If no ACK is received for a sent packet within
a timeout period, a retransmission of the missing packets on
this path is triggered.

B. Packet Format

Type INT Header SR Header
[on] [melfime] [5] - [=]
1-bit 16-bit  48-bit 32-bit 32-bit

Figure 3: Custom packet header format in LAPS.

To support the above functions, LAPS embeds a custom
header in each packet, which consists of three parts':

o Type: The 1-bit type differentiates the normal data/ACK
packets from the probe/ACK packets. The source node sets
this flag when sending a probe packet and the destination
node keeps it set in the responding ACK. The probes and
their ACKs are generated and terminated at NIC.

e INT: The INT header contains two fields, pid and time.
For a data packet, pid and time record the forwarding
path ID and the sent time from the source, respectively.
For an ACK packet, pid is copied from the corresponding
data packet, and t ime represents the one-way path latency
calculated from the receiver’s local time and time carried
in the data packet. t ime ranges from 0 to 2*8 microseconds.

'Tt is easy to adapt such information to standard protocols such as SRV,
if needed. We omit the discussion for simplicity.
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We use a 16-bit field to identify 65,536 global paths which is
sufficient for most networks. It is straightforward to extend
the width of pid for ultra-large networks?.

e SR: The header contains a series of 32-bit fields
S1,S2, ..., in which s; identifies the i-th node on the
forwarding path®. A path does not need to enumerate all
the nodes on it hop by hop. A few key anchor points are
sufficient if the shortest path between any two adjacent
anchor points is supposed to be taken for the path.
Assuming a path is specified by two or three anchor nodes,

which is sufficient for most DCNs (e.g., Dragonfly and Fat-

Tree), the additional overhead is about 20 bytes per packet,

accounting for 1.3% for 1500-byte IP packets.

C. Match-Action Tables

LAPS maintains and uses two tables:

« Path Search Table (PST): PST uses the packet’s destination
address as the key for Exact Matching (EM) to obtain the
IDs of candidate forwarding paths.

« Path Information Table (PIT): Indexed by path ID, PIT
maintains the path information. A path can be labeled as
invalid using the valid field, possibly due to tempo-
rary network failure, to be excluded from consideration.
baseVal represents the baseline latency of an uncongested
path. time and realVal represent the latest measurement
time and the measured latency, respectively. anchors
indicates the anchor points defining the path.

- Pid | valid | time |baseVal]| realval | anchors
DstIP | Pids
1 1 50 15 15 Sas Sby -
il |pLp2| 2 2%
p2 1 42 10 8 Say Scy we-

Figure 4: Two EM match tables in LAPS.

On each NIC, LAPS stores at most n-1 EM entries in PST
for a network of n hosts. Additionally, LAPS consumes O(nk)
EM entries in PIT to store path information, where k is the
number of paths between any pair of hosts. Current NICs
can easily support EM tables with millions of entries, so the
memory resource consumption of LAPS is acceptable even for
large-scale networks.

D. Latency Measurement

LAPS measures path latency with two methods:

o INT: For each data packet, the sender sets the pid and
time fields of the INT header; the receiver calculates the
path latency as At = Now()-t ime and uses the INT header
of the corresponding ACK to send the result back. Upon
receiving it, the sender updates realVal and time of the
entry PIT[pid] to At and Now(), respectively.

o Active Probing (AP): LAPS times out the PIT entry for a
path pid if the time elapsed since the last update exceeds
2-realVal. AP is used to refresh the entry PIT[pid]. In

2A path can also be uniquely identified by the source node ID plus a path
ID which has only a local scope for the node.

3Other facilitating fields such as path length and node pointer are omitted
for simplicity. Node address can also be compressed to lower overhead.

this case, a probe packet is sent on the path to obtain its
latest status. Meanwhile, PIT[pid].time is set to Now(),
and PIT[pid].realVal is temporarily doubled which not
only reduces the probing frequency on congested or failed
paths, but also ensures that such paths are not selected to
forward packets.

E. Latency-Weighted Packet Spraying

To send a packet, LAPS first looks up PST and PIT to
determine the latest status of all candidate paths. Then, based
on the probabilities calculated by Equation 1, the packet is
distributed to a path.

Algorithm 1 details the latency-weighted packet spraying
process. Specifically, invalid paths are given zero weight. If all
paths p appear congested, i.e., p.realvVal>p.baseVal,
the CC of LAPS will kick in to reduce the sending rate
(see Section III-F). AP may also be triggered during path
evaluation.

When the receiver needs to send an ACK for a received data
packet, it simply uses the reversed path indicated by the SR
header of the packet. The decision is based on the following
considerations: (z) It avoids path lookups at the receiver. (i)
The small ACK packets do not cause load imbalance even if
distributed unevenly. (¢4¢) Network devices are configured to
give ACKs higher priority than data packets so they will not
experience queuing delay. (v) The fact that an ACK takes the
reverse path of the corresponding data packet enables efficient
loss detection and fast retransmission (see Section III-G).

Algorithm 1: Latency Weighted Packet Spraying
Input: pkt

1 paths = [PIT[pid] for pid in PST[pkt.dip].pids]

2 weights = [0 for p in paths]

3 for i in [0, weights.size()) do

if paths[i].valid then

if Now()-paths[i].time>2-paths[i].realVal then

ActiveProbing (paths[i])
paths[¢].realVal = 2 - paths[i].realVal
paths[i].time = Now()

® 9 n B

9 weights[i] = exp(-g- paths[i].realVal)

10 fwdPath = SelPathByWeight (paths, weights)
11 AddHdrAndTxData (pkt, fwdPath)

F. Congestion Detection and Control

LAPS does not use ECN for congestion detection. Instead,
it adjusts the sending rate by comparing the real-time one-
way path latency with the baseline latency of each path. For
each path, the baseline latency is initialized as the uncongested
transmission delay of data packet plus a small queueing margin
equivalent to five packets at each switch along the path. This
margin allows LAPS to tolerate transient queue buildup caused
by short microbursts and avoids unnecessary rate reduction
when the path is only temporarily backlogged. On the one
hand, LAPS decreases the traffic distribution on paths with
increasing latencies, which mitigates their congestion without
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Algorithm 2: Congestion Detection and Control

Algorithm 3: Loss Detection and Recovery

Input: ack
P IT[ack.intHdr.pid].realVal = ack.intHdr.time
P IT[ack.intHdr.pid].time = Now()
paths = [PIT[pid] for pid in PST[ack.sip].pids]
T = Max { p.baseVal | p € paths }
t = Min { p.realVal | p € paths }
if t > T and nxtDec > Now() then
expRate = curRate, curRate = curRate-%
nxtDec = Now() + 2 - t
incStage = 0

N-I-REEN B Y L

10 else if t < T and nxtlnc > Now() then
11 incStage = incStage + 1

12 if incStage > N then

13 | expRate = 2 - expRate

14 curRate = (expRate + curRate) - %
15 nxtlnc = Now() + 2 - t

reducing the flow send rate. However, when traffic is heavy, or
during in-cast at the receiver node, the latencies of all paths
for a flow tend to converge to the largest baseline latencies
of these paths T. At this point all paths have equal weight,
which makes it no longer possible to mitigate congestion by
adjusting traffic distribution. Hence, LAPS starts to reduce the
flow send rate.

As shown in Algorithm 2, LAPS uses a simple AIMD
approach to adjust the flow rate. When a flow starts, both
the current and expected sending rates are initialized to the
maximum sending rate allowed by the NIC rate limiter. When
receiving an ACK, the sender first parses the INT header and
updates the corresponding PIT entry. Then, it detects if all
the valid paths have higher latency than T. If true, the sender
sets the flow’s expected rate to the current rate and halves
the current rate; otherwise, the flow’s current rate is linearly
increased by half of the difference between the expected rate
and the current rate. Rate adjustment is only allowed once
within a 2T time window to prevent over-adjustment before
the effects are perceived by the sender.

The algorithm allows unused bandwidth to be explored. For
example, if the flow’s expected rate expRate is 2a, and its
current rate curRate starts from a and keeps increasing
for N stages. At this point, curRate is close to 2a and
the increment of curRate per stage is only QLN To explore
further, LAPS doubles expRate to 4a to increase the rate by
@ = a. If this causes congestion, LAPS halves curRate
from 3a to 37“ and makes 3a as the new expRate for
subsequent linear increases. In our evaluation, we set N=5 by
default, which provides a balance between bandwidth probing
speed and the risk of rate oscillation.

After N consecutive linear increases (i.e., IncStage==N)
and expRate has been doubled, IncStage is not reset.
Consequently, if doubling expRate does not cause conges-
tion, it will continue to be doubled during the next increase,
which can be referred to as the Hyper Rate Increase (HAI)
phase. IncStage is only reset to zero when decreasing rate

Input: ack

pid = ack.intHdr.pid

realVal = ack.intHdr.time

outStdSegs = rBuf[pid]

it = outStdSegs.begin()

while it != outStdSegs.end() and ack.seq != it.seq do

lostSegs.append(it.seq)
it = outStdSegs.remove(it)

N QA R W N =

8 outStdSegs.pop_front()

9 ExecEventAfter (ReTx (pid), 2-realVal)
10 Function ReTx (pid) :

11 outStdSegs = rBuf[pid]

12 lostSegs.append(outStdSegs)

13 outStdSegs.clear()

due to congestion. This approach allows rapid probing to find
the maximum available bandwidth.

G. Loss & Timeout Retransmission

l P1.head

Lost segments: Sy, S3

O Outstanding segments on P1
Figure 5: The ring buffer for detecting lost packets.

Even in lossless Ethernet, packet loss may happen due to
malfunctioning hosts, switches, or links. Multi-path packet
spraying makes it difficult to differentiate between OOO deliv-
ery and packet drops. To address this challenge, LAPS designs
a simple yet effective packet loss detection and selective
retransmission mechanism.

As described in Section III-E, LAPS makes an ACK packet
use the reverse path of the acknowledged data packet. There-
fore, any OOO ACK on a path implies likely packet loss,
and the sender can immediately selectively resend the deemed
lost packet. To achieve this, LAPS maintains a ring buffer at
the sender for each flow, recording the sequence numbers of
data packets sent along each path that have not yet been ac-
knowledged. Upon receiving a data packet, the receiver sends
an ACK to selectively acknowledge the current data segment.
The sender, based on the ACK packet, not only knows the
acknowledged data segment but also the transmission path pid
from the INT fields. The sender then indexes the corresponding
ring buffer area using pid and compares the unacknowledged
data segments sent along this path until it finds the currently
acknowledged segment x. Consequently, any data segments
before x are deemed lost. LAPS will immediately retransmit
these lost data segments in sequence before sending new data.
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To handle the tail drops where there is no ACK for sender to
trigger the loss retransmission, LAPS implements a fast time-
out retransmission mechanism. Upon sending a data packet
along the path p, sender resets a timer to start retransmitting
all the out-standing packets on p if no ACK are returned after
time 2*p.realVal. Each time an ACK is received, the sender
resets the timer according to the latest p.realVal.Algorithm 3
details the retransmission process of LAPS due to packet loss
or timeout.

H. Implementation

PST —

1
'

[T Tt bt e taente bl etetd

! I MIN H Rate Limiting Tables '
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i /l l\ nxtlne curRate | |

Figure 6: Pipelined implementation of LAPS.

To verify the feasibility of LAPS on an FPGA-based NIC,
we implement a prototype on the Xilinx Alveo U280 Accelera-
tor Card by leveraging the open-source projects FastRMT [28]
and Corundum [29]. Algorithm 1 and Algorithm 2 can be
deployed on the FPGA, but Algorithm 3 requires a ring buffer
and associated hardware for each flow, which exceeds the
resources available on the FPGA. Instead, Algorithm 3 can
be adapted to run on multi-core processor-based SmartNICs
such as AMD Pensando [30] and Intel IPU [31], given the
lenient timing constraints for lost packet detection.

Overall, LAPS can be realized as a pipeline composed
of a series of Match-Action Units (MAU) which fit in the
classic RMT model [32], [33]. Unfortunately, programming
Algorithm 1 and Algorithm 2 in P4 [34] presents a significant
challenge. The algorithms involve multiple accesses to PIT,
loops, and the Softmax function calculation, none of which
are supported by P4. We need to overcome these challenges
in an FPGA-based implementation.

Decomposing PIT. In an RMT pipeline, each table can
only be accessed once. However, Algorithms 1 and 2 both
need to access PIT for each pid found in PST. If the entire
PIT is placed in a single SRAM, it would need to be read
from the SRAM until the lookups for all pids are completed,
creating a bottleneck in the pipeline. To address this issue,
we decompose PIT into 32 sub-tables in our prototype. We
retrieve 32 pids at once from PST and then look them up
in parallel across the sub-tables and potentially write back to
one of them (lines 1-2, Algorithm 2). Except for the valid
pids in PST, the other pid fields are configured as O, and
the valid field of the Oth entry in each PIT sub-table is
always set to 0, with the realVval field always set to inf to
ensure it is not selected by packet spraying. Through control
plane management, we ensure that no two pids mapped to
the same Dst IP appear in the same PIT sub-table.

Transforming loops into parallel circuits. Algorithm 1
iterates through each path to determine whether a probe packet
is needed. For simplicity, only one probe packet for one
randomly selected path among all the outdated paths is sent.
This reduces the active probing frequency and delays the
latency updates for some paths, but it has little impact on the

overall performance. Meanwhile, calculating the path weight
for packet spraying is unavoidable, so the Softmax calculation
is performed in parallel on all valid paths. Similarly, Algorithm
2 iterates through each path to calculate the maximum value
T of baseval and the minimum value ¢t of realvVal. The
maximum and minimum values are computed hierarchically
through two groups of tree-structured comparators.

Implementing the Softmax function. Given the 48-bit
timestamp in LAPS, implementing the Softmax function in
Algorithm 1 would consume a significant amount of FPGA
resources. We employ a series of techniques to reduce its
resource consumption. Since —f3d; < 0, we have e 7% ¢
(0,1), which has an integer part of 0. Therefore, we use
fixed-point numbers instead of floating-point numbers. The bit
width of the fixed-point numbers is compressed to 16 bits.
In addition, we precompute e’ to avoid the multiplication
between [ and paths[i].realVal, and apply the Basic-
Split technique [35] to convert the calculation into lookup
tables, additions, and divisions.

IV. EVALUATION

We conduct extensive simulations using NS3 [36] to com-
pare LAPS with the following schemes: flow-based LB
(ECMP, PLB [37]), Flowlet-based LB (LetFlow, Conga), and
ConWeave [38]. CONGA is also based on INT and SR, but
it is designed for equal-cost paths and works on flowlets. We
reuse the implementations of ECMP, PLB, LetFlow, Conga,
and ConWeave from prior work [39], [40], [38], [41]. We
also implement the LAPS prototypes on a Xilinx UltraScale+
FPGA card, Alveo U280 [42]. All the open-sourced code is
available at [43].

0.8
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© 0.4 Microsoft DataMining
—4—  Google RPC
—— Meta Hadoop
-

Alibaba Storage

10° 101 10? 103 104 10° 108 107
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Figure 7: The traffic distribution of workloads.

A. Testbed

Topologies: We run simulations on two typical DCN topolo-
gies: Dragonfly (Fig. 1(b)) and Rail (Fig. 1(c)), which are
widely used for high performance computing and distributed
training. The Dragonfly network comprises nine groups with
36 switches and 144 servers, and the Rail network comprises
eight clusters with eight Rail switches, eight intra-node Nvlink
switches, and 64 servers. In the Dragonfly network, not only
the minimal path but also a set of sub-optimal paths are consid-
ered: for inter-group traffic, each group is used as a midpoint to
bridge the two sections of the shortest paths from the source
server and to the destination server; for intra-group traffic,
each switch of the same group is used as a midpoint. Thus,
there are three and eight candidate paths for intra-group and
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inter-group communication, respectively. In the Rail network,
GPUs within the same cluster communicate directly through
the Nvlink switch that connects them. For inter-cluster GPU
communication, the data is routed through all Rail switches.
The number of available paths thus equals the number of Rail
switches (8). This setup allows us to comprehensively evaluate
the effectiveness of our load-balancing and congestion-control
strategies under varying network conditions.

Table I: Per-Host PST and PIT entry counts

Topology
Category
# PST entries
# PIT entries

Dragonfly Rail
Intra-Group Inter-Group Intra-Cluster  Inter-Cluster
3+3x4 8x4x4 7 7x8
3x1 4+ (3x4)x3  (8x4x4)x8 Tx1 (7Tx8)x8

Table I summarizes the per-host sizes of PST and PIT in the
evaluated Dragonfly and RailOnly topologies. In LAPS, each
source host s maintains one PST entry for each destination
host d, and the PST entry stores the IDs of the candidate
paths to d. Therefore, the number of PST entries is 143 for
the 144-server Dragonfly topology and 63 for the 64-GPU
RailOnly topology. The number of PIT entries equals the total
number of candidate paths referenced by all PST entries of the
source host. In Dragonfly, if d is attached to the same switch
as s, LAPS maintains one direct path. If s and d are in the
same group but attached to different switches, LAPS maintains
three candidate paths: the minimal-hop direct path and two
paths through the other two switches in the group. If s and d
are in different groups, LAPS maintains eight candidate paths,
including one direct inter-group path and seven paths through
the other groups as intermediate groups. Thus, each host
maintains 3x 1+(3x4)x3+(8x4x4)x8=1,063 PIT entries in
Dragonfly. Similarly, each GPU in RailOnly has seven intra-
cluster destinations with one candidate path per destination
and 7x8 inter-cluster destinations with eight candidate paths
per destination, resulting in 7x 1+(7x8)x8=455 PIT entries.

It is worth noting that the above path construction only
specifies the key waypoints that distinguish different candidate
paths. These waypoints are exactly the anchors that need to
be encoded in the SR header. The intermediate nodes on
the shortest-path segment from the source to the first anchor,
between two adjacent anchors, and from the last anchor to
the destination do not need to be explicitly carried in the
SR header. Therefore, even for the longest inter-group path
considered in the evaluated 144-server Dragonfly topology,
the SR header only needs to specify one anchor. Besides, the
anchor count is independent of the number of servers under
the given topology construction and path selection rule.

Workloads: We adopt five representative real-world data
center workloads to generate the test trafficc Web Search
(WS) [44] and Data Mining (DM) [45] from Microsoft, Re-
mote Procedure Call (RPC) [46] from Google, Hadoop (HDP)
from Meta, and Cloud Storage (STR) from Alibaba [47].
The characteristics of the workloads are shown in Fig. 7.
The five workloads are all heavy-tailed, with the top 5%
of flows accounting for 46.1%, 97.9%, 90.7%, 81.8%, and
77.1% of the total traffic for WS, DM, RPC, HDP, and STR,
respectively. We also test the performance of different load
balancing algorithms under the distributed training of large

IEEE TRANSACTIONS ON NETWORKING

Table II: Three used typical communication patterns

Pattern (Sender, Receiver)

All2all (sv[z], sv[j])
AllReduce (sv[z], sv[1])
AllScatter (sv[1], sv[g]

language models LLAMA-2 with 7B parameters [48], during
which each GPU processes different mini-batch data but shares
the same model parameters. At the end of each training
step, the gradients from each GPU are aggregated, and the
model parameters are updated across all GPUs. Therefore, we
evaluate the algorithms in two scenarios: (1) one GPU sends
64MB of data to every other GPU, and (2) every other GPU
sends 64MB of data to a single GPU.

Patterns: We select three representative communication
patterns: All2all, AllReduce, and AllScatter in Table II, where
sv[i]/g[i] represents the ¢-th server/GPU. For All2all, the
servers/GPUs send traffic to all the other servers/GPUs; For
AllReduce, all the other servers/GPUs send traffic to one
server/GPU; For AllScatter, one server/GPU sends traffic to
all the other servers/GPUs.

Parameters: All the links are set to 100Gbps. The DropTail
queue for each interface is set to 150KB (~100 packets)
and the (shared) buffer size of each switch is set to 32 MB.
Following typical industry deployments, except for LAPS and
PLB, we utilize RoCEv2 [49] as the transport protocol and
DCQCN [21] for congestion control and retransmission. PFC
is enabled by default. PLB is implemented with DCTCP [41].
The flowlet timeout in LetFlow and CONGA is set to 50us to
balance the flow splitting and reorder avoidance according to
[50] and [51]. Unless otherwise stated, all parameters are set to
their default values as specified in [39], [40]. We also test the
algorithm performance under TCP in which SACK is used
to handle the packet reordering, and under equal-cost paths
in Fat-Tree and Spine-Leaf topologies. The results show that
LAPS consistently outperforms the other algorithms in these
cases as well. Due to space limitations, we primarily present
the results on RDMA scenarios with unequal-cost paths.

Metrics: We compare LAPS with the other LB schemes in
terms of average FCT of all flows and the FCT of the 99th
percentile (P99) flow under different network topologies, ap-
plication workloads, communication patterns, and load ratios.
In addition, we evaluate the degree of packet OOO, which
reflects the reordering pressure at the receivers. Further, we
test the retransmission performance of different algorithms by
setting a packet corruption probability of 0.0001% on each
link. Finally, we analyze the resource consumption on Alveo
U280 to show the hardware cost.

B. Simulation Results

Fig. 8~17 illustrate the FCTs of the LB algorithms under
different settings, in which (X, Y, Z) indicates the combination
of the topology X, the workload Y, and the communication
pattern Z.

Average FCT. The first subfigures in Fig. 8~17 illustrate
the average FCT of all flows. LAPS consistently outperforms
the other algorithms in all the cases. At 80% load in (Rail, DM,
All2all) shown in Fig. 9, LAPS improves the average FCT
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Figure 8: The FCTs on (Rail, WS, All2all).
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Figure 11: The FCTs on (Rail, HDP, All2all).
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Figure 9: The FCTs on (Rail, DM, All2all).
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Figure 12: The FCTs on (Rail, STR, All2all).
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Figure 10: The FCTs on (Rail, RPC, All2all).

by 3.3x, 2.8%, 1.6x, 4.8%, and 6.1x compared to ECMP,
LetFlow, PLB, ConWeave, and CONGA, respectively. Besides,
LAPS exhibits the slowest growth rate in average FCT as the
load ratio increases. As shown in Fig. 9, when the load ratio
increases from 50% to 100%, LAPS only increases the average
FCT by 0.64ms, whereas ECMP, LetFlow, PLB, ConWeave,
and CONGA increase it by 4.6, 4.3, 1.1, 5.2, and 5.6ms,
respectively.

P99 FCT. The second subfigures in Fig. 8~17 illustrate the
FCT of the 99th percentile flow. A smaller P99 FCT indicates
fair treatment of all flows to meet the QoS of latency-sensitive
applications such as real-time communication and interactive
services. LAPS achieves the best and most stable performance
across all scenarios. As shown in Fig. 12, at 80% load in (Rail,
STR, All2all) , the P99 FCT of LAPS is only 0.12ms, while
ECMP, LetFlow, PLB, ConWeave, and CONGA reach 0.67,
0.70, 0.48, 0.80, and 0.85ms, respectively. On the other hand,
as the load ratio increases from 50% to 100% as shown in
Fig. 8, LAPS only increases its P99 FCT by 14ms, whereas
ECMP, LetFlow, PLB, ConWeave, and CONGA increase it by
46, 44, 18, 62, and 65ms, respectively.

Insight. ECMP randomly selects a path for each flow at the
start of transmission. It does not account for the inequality of
path costs. Worse still, it does not consider the significant flow
size differences as shown in Fig. 7, which can easily lead to
path congestion.

Compared to ECMP, both ConWeave and Conga are capable
of switching flow paths based on congestion levels or RTT.
However, their average and P99 FCT are worse than those
of ECMP. A deeper analysis shows that ConWeave uses the

50 60 70 80 90 100 50 60 70 80 90 100
Load Ratio (%) Load Ratio (%)

Figure 13: The FCTs on (Dragonfly, WS, All2all).

destination ToR switch to buffer all packets on the newly
selected path until all packets on the original path are passed.
While this avoids OOO at the receiver’s NIC, it puts pressure
on the switch’s buffer and delays the arrival of packets on the
newly selected path. Additionally, ConWeave requires extra
signaling packets to notify the source ToR when the path can
be switched. This also increases the FCT and delays the time
of switching path, especially for small flows.

Conga sends flowlets to the least congested path. However,
flows in RDMA scenarios are sent at the NIC’s maximum
transmission rate from the start, making it difficult to split
flows into flowlets. As shown in Fig. 18, the time interval ¢
between adjacent packets of the same flow is very small for
the AllReduce and AllScatter operations of LLM training on
the Dragonfly network, with the probability that § exceeds
the flowlet threshold of 50 microseconds smaller than 0.12%.
Consequently, most flows stick to the same path. On the other
hand, it considers neither path cost nor the scenarios that
multiple switches are congested simultaneously.

Similarly, due to the difficulty of getting flowlets in RDMA
as evidenced in Fig. 18, LetFlow transmits each flow almost
entirely along the initially selected path until completion,
resulting in a performance very close to ECMP. Meanwhile,
Conga presents a severe “herd effect” that flows tend to rush
to the same least congested path to quickly congest it.

The performance of PLB is closest to that of LAPS. In
PLB, a flow uses the same path when it is not congested,
avoiding OOO packets at the receiver. When path congestion is
detected, the flow is switched to a random path when there are
no in-flight packets. Moreover, if a flow detects congestion for
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Figure 16: The FCTs on (Dragonfly, HDP, All2all).

12 consecutive times without finding a suitable switching op-
portunity, it will force the path switching. However, compared
to LAPS, PLB gives no special treatment for OOO detection
and lost retransmission, but relies on existing CC algorithms
(DCTCP) and retransmission algorithms. Additionally, PLB is
a flow-level LB scheme which randomly selects a new path for
each flow, often requiring multiple attempts to find a suitable
path.

LLM training: Table III and Table IV show the average
and P99 FCTs for different LB schemes during the gradient
aggregation in one round of LLAMA distributed training with
and without random packet drops, which involves incast con-
gestion. LAPS outperforms other algorithms in both average
FCT and P99 FCT. For instance, given no packet drop, LAPS’s
P99 FCT is improved by 3.5x, 3.4x, 3.6x, 3.8%, and 1.4x
compared to ECMP, LetFlow, PLB, ConWeave, and CONGA,
respectively. Table III and Table IV not only demonstrate
LAPS’s ability to transmit packets along the minimal-cost path
but also highlight its superior rate control capabilities under
severe congestion.

Traffic Distribution. Fig. 19 shows the traffic distribution
across paths with different lengths for the same setting as
Fig. 9, where L; denotes the i-th path class sorted in ascending
path length. For each path class, we aggregate the traffic
carried by all paths in that class and normalize its traffic
share by the share under uniform packet spraying. Therefore,
a normalized value larger than 1 indicates that the path class
carries more traffic than uniform allocation. The results show
that LAPS performs latency-aware packet spraying across all

all traffic on the shortest paths. Instead, it still allocates part
of the traffic to longer paths when their real-time latency is
competitive. This behavior indicates that LAPS can utilize
multiple candidate paths at runtime and avoid the herd effect.

Lost Retransmission: We test the algorithms in the pres-
ence of packet loss by setting a 0.0001% packet corruption
probability per link. As shown in Table Il and Table IV,
LAPS achieves the best average FCT and P99 FCT. More
importantly, it demonstrates that LAPS’s average FCT and P99
FCT are almost unaffected by random packet loss. In contrast,
the average FCT and P99 FCT of other algorithms increase
under the same condition. For instance, the average FCTs
for ECMP, LetFlow, Conga, ConWeave, and PLB increase by
16, 25, 7, 47, and 8 ms, respectively. This is because LAPS
can distinguish truly lost packets from OOO packets so fast
selective retransmission is possible.

Buffer Size. When LAPS is used, Fig. 20 shows the
statistics of the buffer size due to OOO packets at the receiver
for the LLM training on Rail networks. As shown in Fig. 20,
although LAPS employs packet spraying, it achieves a low
overall packet reordering ratio. For the AllScatter operations
when no congestion is experienced, only 0.2% packets are
found to be reordered and the buffer size is only 0.003KB
on average. Even for the AllReduce operations that trigger
severe congestion, LAPS requires buffering fewer than 16 1KB
packets on average, with only less than 4% probability that the
buffer size exceeds 30KB. This indicates that LAPS has low
pressure on the receiver’s OOO packet buffer and reordering
process. Considering the scenarios such as LLM training for
which the number of flows is relatively small, the current
commercial RDMA NICs are sufficient to store and reorder
the OOO packets.
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Table III: FCTs on (Rail, LLM, AllReduce)

Drop ratio 0 0.0001%

Scheme ECMP  LetFlow Conga ConWeave PLB LAPS | ECMP LetFlow Conga ConWeave PLB LAPS
Avg. FCT (ms) 564 553 540 563 211 162 580 578 547 610 219 162
P99 FCT(ms) 617 589 628 659 235 175 645 633 658 757 240 175

Table IV: FCTs on (Dragonfly, LLM, AllReduce)
Drop ratio 0 0.0001%

Scheme ECMP LetFlow Conga ConWeave PLB LAPS | ECMP LetFlow Conga ConWeave PLB LAPS
Avg. FCT (ms) 1337 1328 1373 1350 661 537 1340 1334 1373 1363 661 538
P99 FCT (ms) 1423 1420 1428 1418 690 574 1427 1427 1423 1424 690 575
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Figure 19: Traffic distribution across unequal-cost paths.

C. Hardware Prototype Analysis

We implement a prototype of LAPS using 1,129 lines of
code in Chisel 5.0 (which maps to 5,992 lines of code in
SystemVerilog) on a Xilinx Alveo U280 Accelerator Card. The
PST table in the prototype has a size of 1,024 to support up to
1,024 servers, with each PST entry containing 8 valid pids.
Correspondingly, the PIT table in the prototype has a size
of 1,024x8=8,192, with each PIT entry allowing 4 anchors.
The rate limiting module can support up to 1,024 flows. When
evaluating the resource utilization, we excluded the network
interface card functions themselves (Xilinx 100G CMAC
IP, queues, schedulers, etc.) and only included the LAPS
parsing/deparsing modules and the corresponding processing
pipeline. We separately evaluated the resources consumed by
the PST, PIT, rate limiting module, and Softmax, as shown
in Table V.

Table V: Hardware consumption on FPGA

LUT FF CARRYS BRAM
PST Table 74 177 0 8
PIT Table 2950 2976 0 112
Rate Limiting Tables 3012 3866 119 8
Softmax Function 26949 7938 1752 0
Total 33808 16711 1909 135.5
(2.51%)  (0.64%) (1.17%) (6.72%)

The synthesis results indicate that the resource consumption
of LAPS for the FPGA on U280 is acceptable, and it is feasible
to deploy LAPS on an FPGA-based SmartNIC. As a future
work, we will implement LAPS on multi-core-processor-
based SmartNICs which would provide better scalability and
extensibility.

V. RELATED WORK

Previous works on multi-path LB are mainly for topologies
with equal-cost paths. The approaches can be classified based

Buffer Size (KB)

Figure 20: The buffer size in LLM training on Rail.

on the primary deployment location as the first dimension and
on the granularity as the second dimension.

Switch-based: ECMP and WCMP [52] distribute flows to
different links. Flare [3], LetFlow [50], LocalFlow [53], and
BurstBalancer [51] spray segments of flows (e.g., flowlet)
across links. RPS and Drill [54] spray packets to differ-
ent links. CONGA [55], Hula [56], and Proteus [39], [57]
distributes flowlets or flows according to the RTT or link
utilization.

Controller-based: Hedera [58], Mahout [59], Freeway [60],
DRLet [61], and Fastpass [62] determine the paths for flows
or packets based on exposed network and application infor-
mation. Relying on a central controller, such solutions cannot
scale to large networks and react to micro-bursts [63].
Host-based: MPTCP [64], Flowbender [65], Presto [6], and
Clove [66] modify the transport layer to split a single flow
into subflows for transmission on different paths. PLB [37]
changes the flow label of any congested flow in hope that the
in-network ECMP may change its path.

To mitigate the packet reordering issue for packet spray-
ing [7], SRED selectively drops packets that would lead to
unequal queue lengths [67], and QDAPS and QDAPS* [68]
ensure a packet has longer queuing delay than the previous
packet of the same flow. These local solutions do not work
for unequal-cost paths. With added complexity, CAPS [69],
HTPC [70], and Corrective [71] introduce a coding layer
between TCP and IP, and spray the coded packets to address
the reorder problem.

Adaptive routing can be applied to utilize the unequal-cost
paths. UGAL-L [13] always sprays packets to the port with
the smallest queue length. UGAL-G [13] uses the queue length
of other switches and hop count to estimate the path latency.
PAR [72] only uses the minimal path but allows intermedi-
ate switches to reroute to avoid congestion. Q-adaptive [73]
adopts reinforcement learning technique to predict global path
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conditions based on local information.

DCTCP [20] and DCQCN [21] are widely deployed CC
algorithms in DCN. Many others are used in wide-area net-
works [74], [75]. CC can be achieved with or without the
assist of network switches, based on ECN, RTT, or other
signals, and using window or credit-based mechanisms. In
recent years, many improvements to DCTCP and DCQCN are
proposed [76], [47]. However, all these works consider CC
independent of LB, making them ill-suited for the unequal-cost
multi-path networks. STrack [77] is a joint LB/CC algorithm
for packet spraying on equal-cost multi-path networks using
ECN and RTT.

VI. CONCLUSION

LAPS is a joint load-balancing and congestion-control al-
gorithm to support unequal-cost multi-path packet spraying
on arbitrary network topologies and for any traffic patterns,
catering to HPC/AI workloads in multi-tenant data center
networks. Although simple, LAPS occupies a unique niche in
the wide spectrum of load-balancing algorithms: it is a host-
based stateful packet-to-path load balancing scheme relying
on real-time global information. Moreover, it reveals that the
congestion-control and loss-recovery algorithms need changes
to fit in the new scenario, and LAPS provides a practical
solution with synergistic benefits.
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