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Abstract

Large Language Mbdel s (LLMs) are pushing the boundaries of

technol ogy. The scale that they have reached currently vastly
exceeds the capacity of any single conpute unit (XPU); this requires
a distributed approach where multiple XPUs are connected via a
"backend" network, sometines in a single data center, but
increasingly in multiple data centers connected by a "data center
interconnect” (DCl). W are approaching the point where the scale
exceeds that of a single data center, thus requiring nmultiple such
data centers connected via a "data center interconnect" network.
Training and inferencing are expensive and critical operations, thus
they are typically scheduled, i.e., the (compute) resources they need
are carefully estimated, allocated and depl oyed so that these
resources are efficiently used. However, while conpute investnent in
these LLM processing clusters dwarfs that of networks, it is becom ng
increasingly clear that the latter can greatly inpact the forner.
Thi s has been the focus of recent conferences, including the fantel
Birds of a Feather meeting in | ETF 123, @bcal e: Networki ng 2025 and
Open Conpute Project 2025

This meno proposes that the sane care that is taken regarding

al |l ocati on of conpute resources to jobs be taken w th networking
resources: that they are estimated, allocated and depl oyed al ongsi de
comput e resources; that they have contingency plans in case of
network glitches; and that a holistic view be taken in order to
optinmze job conpletion tinmes of training and inferencing jobs.

Status of This Meno

This Internet-Draft is submtted in full conformance with the
provi sions of BCP 78 and BCP 79
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Internet-Drafts are working docunents of the Internet Engineering
Task Force (I ETF). Note that other groups may also distribute
wor ki ng documents as Internet-Drafts. The list of current Internet-
Drafts is at https://datatracker.ietf.org/drafts/current/.

Internet-Drafts are draft docunments valid for a maxi num of six nonths
and may be updated, replaced, or obsol eted by other docunents at any
time. It is inappropriate to use Internet-Drafts as reference
material or to cite themother than as "work in progress.”

This Internet-Draft will expire on 6 May 2026.
Copyri ght Notice

Copyright (c) 2025 | ETF Trust and the persons identified as the
docunent authors. Al rights reserved.

Thi s docunent is subject to BCP 78 and the | ETF Trust’'s Lega
Provisions Relating to | ETF Docunments (https://trustee.ietf.org/
license-info) in effect on the date of publication of this docunent.
Pl ease revi ew these documents carefully, as they describe your rights
and restrictions with respect to this docunent. Code Conponents
extracted fromthis docunment nust include Revised BSD Li cense text as
described in Section 4.e of the Trust Legal Provisions and are

provi ded without warranty as described in the Revised BSD License.
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1.

I nt roducti on

Large Language Mddels (LLMs) are pushing the industry to ever greater
scale, both in training and in inference. This |leads to nore
critical use of backend networks and a higher stake in producing
timely results. A major learning fromrecent work is that the
networ k cannot be taken for granted: a dropped or del ayed packet can
del ay, stall or even abort a Machine Learning (M) job, requiring
more effort in checkpointing and nanaging job restarts, dealing with
net wor k congestion, and dealing with network failures. The problens
get exacerbated in nulti-tenant clusters where multiple jobs are run
and job isolation becones a key requirenent. The fantel Birds of a
Feat her neeting (BoF) illustrated well the role the network plays in
M. jobs, the potential for network events to disrupt jobs, and sone
early thoughts on how to handl e these events. While the BoF was very
successful in exposing these issues, we believe that adding a
proactive approach would be beneficial; this can go hand in hand with
the reactive approach of dealing effectively with network events.
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This meno proposes that the network resources are reserved/ schedul ed
in coordination with M. job schedul er, which is responsible for
reserving conpute resources (Central Processing Units [CPUs],
Graphics Processing Units [GPUs], XPUs, nenory, storage, ...). This
is especially useful when nmultiple jobs are run in each cluster; an
example is GPUaaS (GPU as a Service), or running several inference
jobs simultaneously, or multi-tenancy. Reserving network resources
reduces the probability of some disruptive network events and

i mproves job isolation. This is the network anal ogy of reserving
conpute resources and ideally can be done at the sane tine.
Essentially, when an ML job is scheduled, the “size” of the job (type
of nmodel, conplexity of nodel, nunber of paraneters, etc.) deternines
how many CPU GPU XPU cores are needed and how rmuch nmenory and storage
is needed; typically, the sane paraneters determ ne the amount of
networ k resources needed during different collective (i.e., inter-
XPU) communi cati on stages (Broadcast, All Reduce, Reduce, etc.) Job
pl acement (i.e., which XPUs to allocate for this job?) also

determ nes the source(s) and destination(s) of the comruni cation

If, at the tine the job is schedul ed, network resources are al so
reserved (and potentially, backup resources are put in place), the
probability that network events can disrupt the job is reduced

(al though not elimnated). One can also set up the comruni cation
pat hway and reserve resources when a collective comunications API
call ([MPI] or [NCCL] or the like) is nade; this is especially

rel evant for |ong-running jobs where the tine between communi cati ons
phases can be |long, and the phases vary from (say) Broadcast to

Al'l Reduce to quiescent. Finally, if backup pathways for a given
conmuni cation are set up, traffic can quickly be protected when a
failure happens, and in parallel, the sources can be notified of the
failure and can reduce their traffic they send, build new end-to-end
pat hways or otherw se handle the failure.

The previous paragraph suggests a proactive met hodol ogy. Fast
congestion notification and signaling constitutes a reactive

met hodol ogy. These fit well together. One can coupl e network
resource scheduling with fast event detection, signaling and
mitigation for an overall much-reduced inpact of network events on
j ob progress.

1.1. Term nol ogy

The key words "MJST", "MJST NOT", "REQU RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMVENDED', "NOT RECOMMVENDED', "MAY", and
"OPTIONAL" in this document are to be interpreted as described in
BCP 14 [ RFC2119] [RFCB8174] when, and only when, they appear in all
capitals, as shown here

Konpel |l a, et al. Expires 6 May 2026 [ Page 4]



Internet-Draft M. NW sched Novenber 2025

1.1.1. Definition of Commonly Used Terns

This section provides definitions for terns and abbreviations that
are used in this nmeno.

XPU:. one of several types of processing units: central processing
unit (CPU), graphics processing unit (GPU), |anguage processing
unit (LPU), tensor processing unit (TPU) and the like. They fal
under the category of "conpute resources”

TE: traffic engineering, a technology that allows the specification
of constraints (such as "adm n groups" or colors) to guide the
| ayout of

phop: previous hop (of N), a node and link that feeds in to junction
N

nhop: next hop (of N): a node that is fed by N over a specified
I'i nk.

MPTE: nmultipath TE, a technology that conbines all the features of
TE while offering nmultipathing with weighted | oad bal anci ng for
uni cast traffic

MCTE: nmulticast TE, a technology that conbines all the features of
TE with |l oad balancing for nulticast traffic

M.: nmachine learning, a powerful technique to learn fromdata
wi t hout explicit programm ng, used to solve problens of Al.

junction: a node in a DAG with 0 or nore phops, and 0 or nore
nhops. A junction with O phops is an ingress; a junction with 0O
nhops is an egress. Oher junctions are transit. A junction nmay
be a unicast or a nmulticast junction. A DAG nust have 1 or nore
ingresses, 1 or nore egresses, and 0 or nore transit junctions.

DSF: di saggregated schedul ed fabric, a methodol ogy for packet
spraying in networks with multipat hing.

DCl: data center interconnect
DAG directed acyclic graph
2. Pr obl em St at enment

Consi der the ML cluster Figure 1:
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S1 ... S2
/A U / \ Note: L1 & L2 are connected to S2
L1.. L2 L3 L4 L3 & L4 are connected to S1.
[\ [\ [\ [\ Al links are 400G |i nks

X1 X2 X3 X4 X5 X6 X7 X8
Figure 1: M. Cluster 1

The bottom | ayer consists of XPUs X1 through X8. The next |ayer up
consists of "leaf" switches L1 through L4. The top |layer consists of
"spine" switches S1 and S2. All |inks between |ayers are 400Gops;
thus there is no oversubscription in the network, provided:

1. Al XPUs are well-behaved.
2. Al switches load balance fairly and perfectly.

However, "fair" load balancing is insufficient unless the |oad

bal ancing is done on a per-packet (or better, per-cell) basis
("packet spraying") [DSF]. |If load balancing is done on a per-flow
basis ("flow |l evel multipathing”), it is highly unlikely to be
perfectly bal anced across the next hops, in which case one next hop
may see too nuch traffic, |eading to congestion, packet delays or
even packet drops. Disaggregated Schedul ed Fabric (DSF) uses per-
packet or per-cell |oad balancing, but it comes at a cost, and may
not scale (and scale is a big consideration in these networks).

Wth flow level nmultipathing, say X1 and X2 are both sendi ng 400G of
traffic to L1. L1 tries to |oad balance X1's traffic to S1 and S2
(in principle, 200G each). |In practice, that may turn out to be 220G
to S1 and 180G to S2. L1 does the sane with X2's traffic; let's say
this goes 190G to S1 and 210G to S2. The L1-S1 link will be
congested, with 410G of traffic.

On the "downward" side (traffic going to the XPUs), there can be an
"in-cast" problem say both X1 and X3 are sending traffic to X6. In
the worst case, each sends 400G for a total of 800G to X6, but the
L3-X6 link can only transmit 400G Thus, half the traffic will be
dr opped.

If the entire cluster (here, XPUs X1 through X8) is working on a
single ML job, things are a bit sinpler (but the issues remain).
However, if this cluster is used for inferencing, or nmulti-tenant
wor kI oads, additional considerations arise. Tenant 1 (or inferencing
job 1) (T1) may be using XPU X1 and part of X6; tenant 2 (or job 2)
(T2) may be using XPU X3 and anot her part of X6.
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If T1 and T2 sinultaneously require comunication to X6, there could
be contention for the L3-X6 link. Again, this could lead to
congestion, and hence del ayed or dropped packets. But now, the issue
is inter-tenant.

As stated in the Introduction Section 1, such del ayed or dropped
packets can have bi g consequences for the jobs that are running.

| ssues such as these are the notivation for DSF, packet spraying and
fast congestion notification.

2.1. Collective Operation

Col l ective operations [CO are used in distributed conmputing for the
participating conpute entities to exchange information. One exanple
is the Message Passing Interface [MPI]; others are the NVID A

Col I ection Communi cations Library [ NCCL] and the ROCm Commruni cati on
Col l ectives Library [RCCL]. These are used by the conmpute entities
in a deep learning cluster to send information to each other, or as a

group.

Col I ective operations include both unicast and mnul ticast
conmmuni cations. Thus, in scheduling network resources, both patterns
shoul d be covered.

2.2. Compute Scheduling

In shared conmpute environnments, such as a conpute cluster or a cloud,
a scheduler is conmmobnly used to orchestrate access to conpute
resources. SLURM[SLURM is a commonly used schedul er in Linux
clusters; its docunentation says "First, [SLURM allocates exclusive
and/ or non-excl usive access to resources (compute nodes) to users for
some duration of tine so they can performwork." Another is KAl

[ KAIT which says "KAI Scheduler is a robust, efficient, and scal abl e
Kuber net es schedul er that optimzes GPU resource allocation for Al
and nmachi ne | earni ng workl oads." There are several other schedul ers
in conmon use

A schedul er offers several features. The follow ng are taken from
SLURM

1. Accounting
2. Advanced reservation
3. Gang scheduling (time sharing for parallel jobs)

4. Backfill scheduling
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5. Topol ogy optinized resource sel ection

6. Resource limts by user or bank account

7. Sophisticated nmultifactor job prioritization algorithns
KAl offers the follow ng:

1. Bat ch Schedul i ng

2. Bi n Packi ng & Spread Schedul i ng

3. Workl oad Priority

4. Hi erarchi cal Queues
5. Resource distribution
6. Fai rness Policies

7. Wor kl oad Consol i dati on
8. El asti ¢ Workl oads
9. Dynam ¢ Resource Allocation (DRA)
10. GPU Sharing
To summari ze, a conpute scheduler allows effective and opti nal
sharing of conpute resources anong nultiple tenants and nultiple
jobs, while ensuring fairness, enforcing limts and enabling
accounting. Wthout a scheduler, multitenancy and nultiple jobs
woul d be inpractical and chaoti c.
Note that nmulti-tenancy is inplicit. There nay be ways to reserve
resources for a particular tenant or group of tenants with allocating
them but the documentation doesn’t say how.

2.3. Network Scheduling
In shared network environments (which al nost all networks are), a

schedul er can be used to orchestrate access to network resources --
primarily bandwi dth, but also highly prized Iinks(*), QS, etc.
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The primary task of network resource scheduling is to reserve
resource along a pathway (tunnel) fromone or nore XPUs (ingresses)
to another set of XPUs (egresses). Note that the paradigmhere is of
uni -directional reservations; this is nore general than bidirectiona
reservations, as the traffic requirenents may not be symmetric.

G ven that X1 wants to send 20CGhps to {X2, X3, X4}, one would create
a tunnel fromXl to {X2, X3, X4} with 20CGhps capacity. Note that
this traffic m ght be unicast (distributing different parts of a
matrix to the recipients) or broadcast (distributing the sane

information to all). If further, one wanted to use certain |links
excl usively, one can color links in the network and state that this
tunnel rmust/must not use links of a certain color. Thus, link

coloring is a tool that network adm nistrators can use to hold back
links for a subset of job types. The conpute anal ogy would be to
hol d back sonme XPUs, mark them "blue" and allow only a subset of jobs
to use those XPUs.

Link coloring allows a provider to partition their network to
optimally serve their custoners. While links in a Cos network (as
most ML clusters are) are perfectly symretrical, once one gets into
“distributed clusters” that are connected via DCl |inks, |ink
coloring and other link attributes will find greater use.

Reservi ng bandwi dth means that a particular job J1 (probably) won't
step on another job J2's traffic. Say J1 is using a tunnel Tl with a
reservation of 20G and J2 is using a tunnel T2 with a reservation of
50G. The reservation procedure ensures any links Tl and T2 traverse
in common have sufficient bandwi dth for both T1 and T2 (and any ot her
tunnels with reservations). O course, J1 may use nore than its

al |l ocated bandwi dth; this can negatively inmpact J2. To reduce/
prevent this, one can apply a policer at the ingress of J1's tunnels
to ensure that J1 sends no nore than its all ocated share over each
tunnel. This policer can drop traffic over the limt, or sinply mark
it as such, so that if the other jobs on a comon |ink are not using
their full quota, J1's traffic can go through

This last point is crucial for multi-tenancy. A provider who cannot
provide hard (or at |east soft) guarantees to their custonmers that
they will in fact get the resources they asked (and paid) for wll
soon be out of business.
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El astic bandwidth is a very useful feature that goes along with
elastic compute. |If a job’s requirements are: start ne off with 5
XPUs, but expand that to 8 as the need arises, and shrink it back
down to 5 when no | onger needed, then the job’s bandw dth
requirenents are likely to grow and shrink in tandem Thus, in
addition to maki ng binding reservations, one nust be able to adjust
those reservati ons as needs change.

Finally, not all jobs (and all custoners) are created equal

Priority and preenption are powerful tools in schedulers to give
preference to certain jobs over others. Wthout these tools, a
provi der would be helpless if their cluster were overrun with | ow
priority jobs. In addition, it would be nice to have a graceful way
of managi ng preenption

2.3.1. Traffic Engineering

Al the features nmentioned in the |ast section are avail abl e today,
i n bandwi dt h-aware traffic engi neering (TE)

TE constraints allow a user to specify constraints on the path a
tunnel will take. These can include adm nistrative groups (colors),
shared risk Iink groups (SRLGs), TE netric, other netrics such as
del ay, bandwi dth reservations, and many ot hers.

Bandwi dt h reservation allows the all ocation of bandw dth resources to
a tunnel. Policers are a useful adjunct to enforce linmts.

El astic bandwi dth (aka "auto-bandwi dth") allows a tunnel to
dynanmically adjust its reservations (within linits).

Priority and preenption are inplenmented by all vendors. G aceful
preenption is possible using "soft preenption”

New traffic engineering paraneters such as avail abl e buffer space,
avai |l abl e queue-pairs for comunication, etc. will be introduced and
di scussed in a future version of this neno, as well as in conpanion
docunent s.

2.3.2. Miltipathing

There is one missing piece with "regular" TE: M. clusters (and d os
networks or fat trees in general) make heavy use of nultipathing, and
often have nultiple ingresses and egresses for their comunications.
Current traffic engineering techniques focus on a single path from
one ingress to one egress. However, a new technique for nmultipath TE
that allows for nmultiple ingresses and egresses and multiple paths
bet ween themis being devel oped that has rel evance here
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[1-D. konpel | a-teas-npte].
2.4. Comparing Conpute and Network Scheduling Features

In this section, we |look at conmpute scheduling features, and ask
whet her the corresponding feature exists in network schedul i ng.

| SLURM - Comnpute Schedul i ng | Network Scheduling (Feature |
| Features | Availability) |
[ ety et o}
| Accounting | Yes |
o m e e e e e e e e e e e Fom e e e e i +
| Advanced reservation | Yes (bandwi dth cal endaring) |
oo e m e e e e e e e e e e e e mm e mmmaa o - o e e e e e e e e m o +
| Gang schedul i ng | Yes (primary effort is on |
I | conpute) I
o m e e e e e e e e e ee e o mm e e e e e e e i +
| Backfill scheduling | NA |
o e e e e e e e e e e e e e e mmemamao o o e e e e e e e ememao - +
| Topol ogy optim zed resource | Yes |
| selection | |
o m e e e e e e e e e eee e o m e e e e e iee i +
| Resource linits by user or | Yes (via controller policy) |
| bank account | (enforcenent via policers) |
o e e e e e e e e e e e e e e mmemamao o o e e e e e e e ememao - +
| Sophisticated nultifactor job | No (maybe N A) |
| prioritization algorithns | |
o m e e e e e e e e e eee e o m e e e e e iee i +

Table 1: Conparing SLURM and Network Schedul i ng
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| KAl features | Network Scheduling (Feature Availability)

[} g —————— s p—p—p—_—————————————————(—————(——————————r
| Batch Scheduling | Yes (via multi-ingress/multi-egress tunnels)
Fecmmemeeiiaaaaaaa e +
| Bin Packing & | Yes ("least-fill", "max-fill") |
| Spread Scheduling | |
o e e e e oo oo o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| Workload Priority | Yes |
o e e e e oo ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| Hierarchical | Yes (via QS in the data pl ane) |
| Queues I I
T I e +
| Resource | Yes (via tunnel priority) |
| distribution | |
o e e e e oo ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| Fairness Policies | Yes |
RIS TS +
| Workl oad | NA I
| Consolidation | |
o e e e o o m mm e e e e e e e e e e e e e e e e e e e mm e meaa o - +
| Elastic Workloads | Yes ("auto-bandw dth") |
S TRy e +
| Dynamic Resource | NA (multivendor is a given) |
| Allocation (DRA) | |
o e e e e oo oo o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| GPU Sharing | Yes (link sharing) |
o e e e e oo ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +

Tabl e 2: Conparing KAl and Network Scheduling

As can be seen, alnost all features are supported; sone other
features are supported in network scheduling that nmay not have
anal ogi es in conmpute scheduling.

2.5. Back to the Probl em
Back to Figure 1.

Wth flow level multipathing, say X1 and X2 both send 400G of traffic
to L1. Ll tries to load balance X1's traffic to S1 and S2 (in
principle, 200G each). |In practice, that nay turn out to be 220G to
S1 and 180G to S2. However, L1 knows that it’s only supposed to send
200G to S1 from X1. S1 adjusts its |oad bal anci ng wei ghts ("adaptive
| oad bal ancing”) until the traffic sent to each of S1 and S2 is 200G
L1 does the same with X2's traffic; if all works well, L1 will send a
total of 400G to each of S1 and S2
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On the "downward" side (traffic going to the XPUs), there can be an
"in-cast" problem say both X1 and X3 are sending traffic to X6

Now, X1 has a TE tunnel to X6 with only 200G simlarly for X3. So,
in principle, the L3-X6 link should only carry 400G

Reservations can be tenporarily exceeded; that is equally true with
comput e reservations. Depending on the enforcenment policies, an
oversubscription situation should be tenporary and is clearly visible
(since accounting is easy), allow ng nore severe enforcenent should
it be persistent.

3. Proposa

Mul tipath TE (MPTE) [I-D. konmpel | a-teas-npte] has all the features of
Traffic Engi neering, including the above-nentioned TE constraints.
However, whereas "regular" TE [ RFC2702] considers a TE path with one
i ngress, one egress and a single path between them MPTE all ows

mul tiple ingresses and egresses, and considers all paths between

i ngresses and egressses that nmeet the TE constraints. Thus, MTE
build a directed acyclic graph (DAG between ingresses and egresses.
This allows traffic flow ng over the MPTE DAG to be | oad bal anced
across these paths. Moreover, MPTE conputes near optimal | oad

bal ancing factors at each node; it does not sinply use an equally
wei ght ed schene.

This menmo proposes the use of MPTE to conpute, set up and allocate
bandwi dth for unicast collection comuni cati on among compute nodes in
a deep |l earning cluster

Mul ticast TE (MCTE) uses similar constructs as MPTE (nanely, DAGs and
junctions) to set up point-to-multipoint and mnultipoint-to-multipoint
tunnel s anmong conput e nodes. MCTE al so obeys TE constraints and

al | ocates bandwi dth resources. Thus, whatever the type of

conmmuni cation is required at various phases of a deep |earning job,
there is a TE construct to allocate network resources and instantiate
t he communi cation pattern

Bot h MPTE and MCTE can preprogram "backup” paths in case of a link or
node failure.
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We believe the use of MPTE and MCTE will reduce the incidence of
congestion in a deep learning cluster. O course, congestion can
happen for a nunber of reasons, including network failures. Thus
congestion notification will be needed; however, with the state
installed in the network for the TE tunnels, a node X that detects a
(link or node) failure knows exactly what tunnels are affected by a
given failure and which ingress nodes to notify. Furthernore, X can
qui ckly put in place a backup path to protect against that failure
until the ingresses can either reduce the traffic they send, or
conpute alternate end-to-end tunnels.

Concl usi on

As nentioned in the Introduction, to nake optimal use of deep

| earning clusters, especially when nmultiple jobs (e.g., inferencing
or multi-tenancy) are run, and nulti-tenancy is in play, network
schedul i ng takes on increasing inportance as a proactive nmeasure to
prevent network events such as congestion. (This works orthogonally
to packet spraying.) One can add fast network event notification as
a reactive neasure. Together, these techni ques present a nore
hol i sti c approach and should all ow rmuch better utilization of M
resources

I ANA Consi derations
None, for now.
Security Considerations
TBD
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