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Abst ract

H gh Performance Wde Area Networks (HP-WANs) represent a critical
infrastructure for the nodern gl obal Research and Educati on (R&E)
community, facilitating coll aboration across national and

i nternational boundaries. These networks include gl obal education
and research networks, such as G7 [&NT, Internet2, Janet, ESnet,
CANARI E, CERNET, and others, and also refer to | arge scale comerci al
dedi cated networks built by hyperscal ers and operators. They are
designed to support the ever-growi ng transm ssion of vast amounts of
data generated by scientific research, high-performance conputi ng,
distributed Al-training and | arge-scal e simul ations.

Thi s docunent provides an overvi ew of the term nol ogy and techni ques
used for existing HP-WANs. It al so explores the technol ogi cal
advancenents, operational tools, and future directions for HP-WANs,
enphasising their role in enabling cutting-edge scientific research,
Al training and nassive R&E data anal ysi s.

Status of This Meno

This Internet-Draft is submtted in full conformance with the
provi sions of BCP 78 and BCP 79.

Internet-Drafts are working docunents of the Internet Engineering
Task Force (IETF). Note that other groups nmay also distribute

wor ki ng docunments as Internet-Drafts. The list of current Internet-
Drafts is at https://datatracker.ietf.org/drafts/current/.
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1. Introduction

H gh Performance Wde Area Networks (HP-WANs) are the backbone of

gl obal Research and Education (R&E) infrastructure, enabling the

seam ess transfer of vast anounts of data and supporting advanced
scientific coll aborations worldw de. These networks are designed to

meet the denmandi ng requirements of data-intensive research fields,
i ncl udi ng hi gh-energy physics, climte nodeling, genomcs, and
artificial intelligence.

The evol ution of HP-WANs is deeply intertwined with the grow ng need
for advanced scientific research and the increasing gl obalisation of
col laboration. Traditional WANs, which were sufficient for genera
busi ness and conmuni cati on needs, quickly becane inadequate for the
speci al i sed requirenents of research institutions. As scientific
endeavours began to generate |arger datasets, ranging fromterabytes
to petabytes, there arose a need for networks capable of transferring
these massive volunes of data reliably and securely across |ong

di st ances.

Speci alised (inter)National R&E Networks (NRENs), such as ESnet in
the United States, G7F&NT in Europe, Janet in the UK, and CERNET in
Chi na, have evolved to support the unique needs of the scientific
community, while also carrying nore generalised and | ess demandi ng
research and education traffic. These networks are designed by their
operators to provide high bandwi dth and ensure | ow | atency, high
reliability, and robust security, critical for applications |like

real -tine data analysis, distributed conmputing, and renote

i nstrument ati on.

Thi s evol ution has been made possi ble both by the design decisions
made by NREN operators and al so the canpus operators who build the
| ocalised network and systens infrastructures. HP-WANs require an
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end-t o-end engi neering approach, where the NREN operators provide
capacity while the | ocal canpus operators engineer their network
architectures and their data transfer and conpute systems ensure
opti mal use of that capacity, e.g., by adopting the Science DMZ
approach described in this docunent.

Today, HP-WANs are foundational to the research comunity and are

| eading the way in demponstrati ng how advanced networki ng technol ogi es
can be applied to other sectors. They serve as testbeds for

i nnovations in networking that eventually trickle down to broader
commercial applications. As we |ook towards the future, HP-WANs wil |
continue to play a critical role in enabling scientific discoveries
and fostering international collaboration, particularly as energing
technol ogi es such as quantum conputing and the Internet of Agents
(loA) push the boundaries of what these networks nust support.

Thi s docunent explores the current state of the art in HP-WANs,

exam ning the technol ogi cal advancenents, operational challenges, and
energi ng trends shaping the future of networks built for research,
educati on, massive data anal ysis and col |l aborative Al training at
scal e and speed. Through this exploration, we aimto provide a
better understanding of the current state of the art in high
performance conputing across w de area networking.

1.1. Background

Hi gh Performance Wde Area Networks (HPWANs) evol ved as specialised
networks initially designed to facilitate scientific research
requiring high-speed data transfer, high reliability, and m ni nal

| atency. ESnet, Janet, G7 P&NT and CERNET energed in response to the
i ncreasing data vol unes generated by scientific and educati ona
institutions, transform ng traditional WAN capabilities.

HP-WAN i s an end-to-end capability, architected by collaborative
efforts by the NREN operators, canpus |IT operators, and the science
communities, and have since grown integral to research and
educational communities, supporting distributed scientific

col | aborations, |arge-scale sinulations, and intensive data anal ysis.
Their capabilities have been continually enhanced to neet rising
demands, | aying foundations for future networking technol ogi es.

2. Term nol ogy

Thi s docunent provides a | exicon term nology that relates to high
performance WANs.

CERN:. The European Organization for Nucl ear Research, housing the
Large Hadron Col Iider (LHC).
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H gh Performance Computing (HPC): |s a general termfor conputing
with a high level of performance. Oten high perfornmance
computing specifically refers to running jobs which are very
paral l el, often running on hundreds or even thousands of cores.

Hi gh Performance Wde Area Network (HP-WAN): A type of Wde Area
Net wor k (WAN) designed specifically to neet the high-speed, |ow
| at ency, and hi gh-capacity needs of scientific research,
education, and data-intensive applications. These networks
connect research institutions, universities, and data centers
across | arge geographical areas.

Infiniband: Traditionally, a localised data interconnect used by
many hi gh performance conputing (HPC) systens providing high
bandwi dt h and | ow | at ency.

Nati onal Research and Education Network (NREN): Provide a
speci al i sed network by operators supporting the research and
education community within a specific country or region. NRENs
provi de hi gh-speed connectivity and other services tailored to the
needs of academ c and research institutions.

Renote direct nenory access (RDMA): Enabl es one networked node to
access anot her networked nodes menory without involving either
computer’s operating systemor interrupting either nodes
processing. This helps nminimse | atency and maxi m se throughput,
reduci ng nmenory bandwi dth bottl enecks.

RDVA over Converged Ethernet (RoCE): Traditionally, a network
protocol which allows renote direct nenory access (RDMVA) over a
| ocal Ethernet network. There are multiple RoCE versions. RoCE
vl [UEC] is an Ethernet |link |ayer protocol and hence all ows
communi cati on between any two hosts in the same Et hernet broadcast
domain. RoCE v2 is an internet |ayer protocol which neans that
RoCE v2 packets can be routed.

Wor | dwi de LHC Conputing Gid (W.CG: Is a global network of over 170
computing centres across nore than 40 countries, designed to
process, store, and anal yse the vast anpunts of data generated by
the Large Hadron Collider (LHC) at CERN

Per for mance Service Oriented Network nonitoring
Architecture(Perf SONAR): Is a network performance nonitoring tool kit
designed to provide end-to-end performance neasurenment and
moni toring across nulti-domain network infrastructures.

Sci ence DMZ: A nodel for deploynent of infrastructure at a site
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3.

(canmpus) to optinmise the performance of data transfers in and out
of data transfer nodes (DTNs) at the site Zsee
https://fasterdata. es. net/science-dne/. Elenments of the node
include the | ocal network architecture, tuning of DINs, selection
of data transfer software, efficient inplenmentation of security
policies, and provide persistent nonitoring.

Exanpl e Use Cases for HP-WANs

HP- WAN devel oprment has become synonynous with | arge-scal e research
and experimentation, big data, and Al. HPC and therefore HP-WAN, is
driven by the continuous need to nove | arge data between HPC
facilities, facilitating the follow ng industries:

* Hi gh- Energy Physics Research, e.g., the Large Hadron Col |ider
(LHO)

* Cimte Mdeling

* Radi oastronomny, e.g., the Square Kilonetre Array (SKA) project
* Healthcare, CGenonics and Life Sciences

* Al training

* Data Backup

The data rates required by HPC applications vary significantly based
on the application type and data scal e.

Scientific simulations, such as climte nodeling and nol ecul ar
dynanics, typically denand data rates from 10 Gops to over 100 Ghps
due to the large volumes of data processed and noved between nodes
and storage systens.

I'n high-energy physics, such as experinments at CERN, data rates can
reach hundreds of gigabits per second, wth aggregate peaks between
site exceeding 1 Thps currently, and predicted to rise to 10 Thps,
during intensive data processing.

Heal t hcare, Genomics, and Life Sciences mght typically operate at
rates between 1 Gbhps and 40 Ghps. These applications require high
throughput to handl e | arge datasets efficiently, often through
paral |l el data streans.
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Al | earning and tasks, particularly those involving deep |earning,
require data rates ranging from10 Gops to 100 Gops to ensure
efficient data nmovenent, keeping GPUs and other accelerators fully
utilised.

These varying data rates underscore the high demands of HPC
applications, which are expected to grow as the field evol ves and
dat asets becone |arger, and the growi ng need for movenent of |arge
data sets between sites (including data centers).

4. Current Technol ogies Used in HP-WANs: Key Conponents

Hi gh Performance Computing (HPC) networks are specialised networks
designed to connect superconputers and ot her high-perfornmance
computing resources, enabling themto collaborate on conputationa
tasks that require significant processing power, nenory, and data
storage. These networks facilitate | arge-scale scientific research,
conmpl ex simul ations, and data-intensive tasks that exceed the
capabilities of standard conputing systens.

The foll owi ng sub-sections outline typical characteristics and
requirenents for HP-WANs. These technical requirenents ensure that
wi de-area interconnects can neet the demandi ng needs of distributed
HPC environments, enabling researchers and scientists to collaborate
effectively globally.

4.1. Architectural El enents

Not all HP-WAN depl oynents rely on backbone controllers. |n many
NRENs, capacity is provisioned ahead of demand on private dedi cated,
with no QoS or bandw dt h-on-demand systens in the core

Sone HP-WAN networ k providers may choose or need to use specific
resource and/or network controllers in support of delivering that
functionality

Resource Controllers provide detailed control over individual network
resources, such as routers and switches, ensuring efficient usage and
reliable network performance through conprehensive nonitoring and
configuration.

Network Controllers maintain global visibility of network topol ogy,
resource availability, and status, essential for path computation,
resource reservation, and dynam c reconfiguration to meet stringent
performance demands
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End-to-End Orchestration translates user and application requirenments
into actionabl e network operations, enabling automated, policy-driven
managenent and significantly inproving resource responsiveness and
opti m sation.

4.2. Topol ogy

HPC networks can be broadly categorised into intra-site networks,

whi ch connect conponents within a single HPC site, such as a data
centre, and inter-site networks, which link nmultiple HPC sites across
di fferent geographical |locations. The intra-site (HP-WAN) networks
typically use high-speed, |owlatency non-Internet interconnects like
I nfini Band or high-speed Ethernet. In contrast, inter-site networks
rely on dedi cated high-capacity w de area networks (WANs) to
facilitate distributed computing and data sharing on a regional and
gl obal scale.

Each NREN operator, e.g., Jisc in the case of Janet in the UK wll
build and operate the NREN infrastructure for its research and
education users. This may typically take the formof a well-
provi si oned backbone, with regi onal access networks extending to the
end sites (canpuses, research organisations, etc). The NREN
demarcation is typically at the canpus edge. 1In sone countries the
regi onal networks are operated separately.

The NRENs then typically have interconnects to other NRENs, formng a

wor | dwi de RE network infrastructure. |n Europe, GANT provides
connectivity between the European NRENs and then w der connectivity
to the rest of the world. And NRENs will have other interconnects to

non- RE networks, e.g., via one or nore national |Xs, direct peerings
to content providers (including the big cloud providers) and then
"catch-all" commodity connectivity via one or nore Tier 1 |ISPs.

Dedi cated infrastructure is comonly used in HPC environnments where
performance, security, and reliability are paramount. |n these
cases, the network infrastructure is built exclusively for HPC
applications, including dedicated fibre-optic connections, private
data centres, and specialised network transport |ike RDVA over
Converged Ethernet (RoCE) and InfiniBand nodes. The primary benefits
of dedicated infrastructure are its ability to provide optin sed
performance for HPC tasks, ensure high | evels of security by
preventing unaut hori sed access, and naintain consistent reliability
by avoi di ng congestion or performance i ssues caused by ot her network
traffic.

Usual |y, the responsibility for networking within an end site or

canpus lies with that organisation, e.g., a university |IT departnent,
whil e the operation of an HPC facility nmay have dedi cated (separate)
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staff. Wrth the additional adm nistrative donmains of the NRENs and
i nt er- NREN backbones |i ke GANT, end-to-end traffic may pass through
many networ ks operated by different organisations. To achieve

opti mal e2e performance, everyone on the end-to-end path needs to

i npl ement best practi ces.

4.3. Bandw dth and Lat ency

The technical requirenments for wide area interconnects between HPC
sites are stringent, given the unique demands of distributed high-
performance conputing. High bandwidth is a primary requirenent, as
these interconnects nust support the rapid transfer of |arge datasets
bet ween sites, ensuring that data nmovenent does not becone a

bottl eneck in conputational workflows. HPC data flows m ght
typically consunme 1Ghit to beyond 400Ghit/s.

Low latency is equally critical, for many HPC applications. Latency
requirenents for inter-DC |l ocations will be in the lownillisecond
range. This low latency is essential for applications that require
real -tine or near-real-tine data processing.

4.4. Localised Data Myvenent

Net wor k- i ntensi ve applications |ike networked storage or cluster
computing need a network infrastructure with high bandwi dth and | ow
| at ency.

These interconnects may need to support specialised comruni cation
protocol s desi gned for HPC environnments, such as Renote Direct Menory
Access (RDVA) [ RFC5040] and [ RFC7306], which optimses the
performance of distributed HPC applications by reduci ng overhead and
i mproving data transfer efficiency.

InfiniBand (IB) is another conputer networking comunications
standard used in high-performance conputing that features very high

t hroughput and very low latency. InfiniBand is also used as either a
direct or switched interconnect between servers and storage systens,
as well as an interconnect between storage systens.

The advant ages of RDVA and | B over other network application
programm ng interfaces, are |ower |atency, CPU | oad, and bandwi dth.
The downside with these specialised protocols is the need for al
interfaces and nodes to support the technique on the end-to-end path.

i WARP is a computer networking protocol that inplements renote direct

menory access (RDVA) for efficient data transfer over Internet
Prot ocol networks. Several |ETF techniques are used for i WARP:
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[ RFC5040] A Renote Direct Menory Access Protocol Specification is

| ayered over Direct Data Placenent Protocol (DDP). It defines how
RDVA Send, Read, and Wite operations are encoded using DDP into
headers on the network.

[ RFC5041] Direct Data Pl acenent over Reliable Transports is

| ayered over MPA/ TCP or SCTP. It defines how received data can be
directly placed into upper |ayer protocols receive buffer without

i nternedi ate buffers.

[ RFC5042] Direct Data Placenent Protocol (DDP) / Renote Direct
Menory Access Protocol (RDVAP) Security anal yzes security issues
related to i WARP DDP and RDVAP protocol |ayers.

[ RFC5043] Stream Control Transm ssion Protocol (SCTP) Direct Data
Pl acenent (DDP) Adaptation defines an adaptation |ayer that

enabl es DDP over SCTP. Elephant flows: For each burst, the
intensity of each flow could reach up to the line rate of NI Cs.

[ RFC5044] Marker PDU Aligned Fram ng for TCP Specification defines
an adaptation | ayer that enables preservation of DDP-Ievel

protocol record boundaries |ayered over the TCP reliable connected
byte stream

[ RFC6580] | ANA Registries for the Renote Direct Data Pl acenent
(RDDP) Protocol defines I ANA registries for Renote Direct Data
Pl acenent (RDDP) error codes, operation codes, and function codes.

[ RFC6581] Enhanced Renbte Direct Menory Access (RDMA) Connection
Est abl i shment fixes shortcomings with i WARP connecti on setup.

[ RFC7306] Renpte Direct Menory Access (RDMVA) Protocol Extensions
ext ends [ RFC5040] with atom c operations and RDVA Wite with
I medi at e Dat a.

Forwar di ng Optim sation

The scaling of HPC applications, especially across a WAN bet ween
multiple sites, requires the ability to route the massive traffic.
Specifically, this requires network infrastructure to provide several
routing and forwardi ng characteristics, which are detail ed bel ow.

*

Ki ng,

Low entropy: Conpared to traditional data center workloads, the
nunber and the diversity of flows for workloads and fl ow patterns
are usually repetitive and predictable.

Burstiness: Flows usually exhibit the "on and off" nature in the
time granularity of mlliseconds.
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*  Junbo frames: Ethernet franes larger than the standard naxi mum
transm ssion unit (MIU) size of 1,500 bytes, typically carrying
payl oads of up to 9,000 bytes. Using junmbo frames can
significantly enhance network efficiency and reduce CPU over head.

* El ephant flows: For each burst, the intensity of each flow could
reach up to the line rate of N Cs.

It should be noted that efficiently handling these el ephant flows is
crucial in HPC as they can otherw se saturate network |inks, |eading
to congestion and reduced perfornance for other network traffic.
Strategies to manage el ephant flows effectively, such as prioritising
these flows or segnmenting network traffic, help maintain overal

net wor k performance and ensure that |arge data transfers do not

hi nder the execution of other critical tasks within the HPC

envi ronment .

HPC transport options include IP (both UDP and TCP), and energing
mechani sms such as QUIC. However, each transport technol ogy provides
strengths and weaknesses. In all cases, the primary goal is to
ensure the effective high-throughput, low latency and jitter, |ow
packet loss ratio, transm ssion of nassive data sets.

4.6. Reliability and H gh Availability

In HPC networks, the resilience of the data streamis inportant due
to the critical need for precise, high-speed data transfer. These
net wor ks nmust maintain continuous data flow to support |arge-scale
conput ati ons, where even ninor interruptions or packet |oss can
severely inpact perfornmance, causing delays or incorrect results.
Therefore, resilience nust be inplenented to ensure the network can
recover fromdi sruptions w thout conpronising speed or integrity.

For retransm ssion and | ossl ess data transfer, HPC networks nust have
mechani snms to handle data | oss efficiently. They nust quickly
retransmt |lost or corrupted packets while nmaintaining a seanl ess
data flow to avoi d performance degradation. The requirenent for

| ossl ess communication is essential to neet the needs of scientific
comput ations, simulations, and data-intensive tasks.

Hi gh availability and redundancy are al so essential to prevent data

| oss and ensure continuous operation, especially given that HPC tasks
often run for extended periods and involve critical research. These

net wor ks must al so incorporate advanced security neasures, including

encryption and secure access controls, to protect the often sensitive
or classified data being transnitted.
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Quality of Service

Dependi ng on the provisioning and contention for resource, the
network may need to support Quality of Service (QS) nechanisnms to
prioritise traffic, ensuring that critical HPC tasks receive the
necessary bandwi dth and | ow | atency performance.

An approach may be needed to enable applications to request specific
bandwi dth or | atency guarantees, ensuring that high-priority tasks
receive required resources, hard to provide over shared nulti-domain
infrastructure

Differentiated Services (Diffserv) offers a flexible nmethod to nmanage
traffic prioritization without the need for an explicit request-and-
grant process. Diffserv operates by marking packets with different
priority levels, allowing the network to prioritize and protect
access to capacity for critical tasks. This approach may be useful
in HPC environments where dynamic traffic patterns require adaptive
resource managenent.

Congestion Control

Congestion control mnechani snms ensure that data transfers between
nodes and across networks are efficient and do not overwhel mthe HPC
network infrastructure. By nanaging and regul ating the flow of data,
congestion control nechani sns hel p prevent bottl enecks, reduce

| at ency, and maintain high throughput, which are essential for the
performance and reliability of HPC applications that require the
rapi d novenent of |arge volunes of data across distributed systens.

Dependi ng on the transport technol ogy used in the HPC environnent,
several congestion control schemes may be use:

* |Infini Band Congestion Contro
*  RDMA-based Data Center Quantized Congestion Notification (DCQCN)
* TCP-based Bottl eneck Bandwi dth and Round-Trip Time (BBRv3)
* Explicit Congestion Protocol (XCP)

Per f or mance Monitoring
End-to-end performance neasurenent and nonitoring across nulti-
domai ns and network infrastructures are inportant in HPC
environnments. They provide a nethod to diagnose and troubl eshoot

net wor k performance i ssues that can affect data-intensive
applications and distributed conmputing tasks commonly found in HPC
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perf SONAR i s a network neasurement tool kit commonly used. It is
designed to provide federated coverage of network paths. It provides
an interface that allows for the scheduling of measurenents, storage
of data, and generate visualisations.

Data transfer applications should |og their transfers such that
moni toring tools can assess their end-to-end, disk-to-disk
performance. e.g., FTS does this for W.CG data transfers.

4.10. Scalability

Scalability is another crucial aspect, allow ng the network to expand
efficiently as conputational needs grow, accomopdating additiona
sites or increased capacity w thout significant reconfiguration
Interoperability is also necessary, ensuring that the network can
conmmuni cat e seam essly across different types of hardware, software,
and protocols used at various HPC sites.

4.11. Sustainability and Energy Efficiency

As HPWANs continue to expand, sustainability and energy efficiency
are becoming critical considerations. The operational scale of these
net wor ks—spanni ng gl obal infrastructures and data-intensive

appl i cati ons—poses significant environnmental and econom ¢ chal |l enges.
Fut ure HP-WAN depl oynments will increasingly prioritise energy-
efficient network conmponents, smart power managenent systems, and
sust ai nabl e operational practices.

Ener gi ng approaches include adaptive network managenent strategies
designed to reduce energy consunption during periods of |ower
utilisation and | everagi ng advanced technol ogi es such as optica
net wor ki ng and energy-aware routing protocols. Furthernore,
industry-wide initiatives are focusing on neasuring and reducing the
carbon footprint of data transfers and network operations,
contributing to broader clinmte goal s.

4.12. Resource Scheduling

[Editor’s Note - Do we need to discuss service and resource
schedul i ng?]

5. Exanpl es of HP-WANs

The foll owi ng sub-sections highlight exanples of HP-WANS, and their
techni cal specifications.
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5.1. GANT

The GANT network is a pan-European data network dedicated to
research and education, providing high-speed, high-capacity
connectivity across Europe, between European NRENs and to other
wor | dwi de NRENs. It is an essential infrastructure for HPC
applications, enabling collaborati on and data sharing anong research
institutions, universities, and HPC centers across the continent and
beyond.

The core of GANT operates at speeds of up to 600 Gops, using Dense
Wavel ength Division Miltiplexing (DADM technol ogy. This provides
connectivity suitable for HPC applications, particularly those

invol ving large-scale simulations, scientific research, and real -tine
data processing. Reliability is provided by using nultiple optica
underl ay paths for data to travel between GANT nodes. This design
ensures high availability and reliability, which is crucial for the
conti nuous operation of HPC environnent.

The GANT network integrates perfSONAR for real -time network
performance nonitoring and reporting of |IP perfornmance metrics

[ RFC6703] , allowing HPC users to detect and troubl eshoot potential

i ssues that could inpact data transfer and overall perfornance. This
ensures that the high-performance requirenments of HPC applications
are net consistently across the network.

GANT provi des speci alised services for specific HPC projects, such
as the LHC Optical Private Network (LHCOPN) and LHC Open Network
Envi ronnent (LHCONE), which are critical for supporting the data-

i ntensi ve needs of the Large Hadron Collider (LHC) at CERN. These
services offer dedi cated, high-bandw dth connections that are
optinmised for the massive data fl ows generated by LHC experiments

The GANT network connects over 50 million users across nore than
10,000 institutions in 40 countries. This extensive reach supports a
wi de range of HPC applications by enabling seam ess col | aboration

bet ween geographically di spersed research facilities. Beyond Europe,
GANT connects to other major research and educati on networks,
including Internet2 in the United States and CANARI E i n Canada,

all owi ng for global HPC coll aborations and data exchanges.

5.2. Janet

The Janet network is the UK NREN, operated by Jisc. First
established in 1984, backbone |inks now run at up to 800CGbps, with a
growi ng nunber of sites connected at 100Gbps, in sone cases with
multiple 100G links. A typical university site will have nultiple
10G li nks.
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Janet connects to other RE networks via a 400G resilient link to
GANT. It has a presence in nultiple | Xes, predom nantly LI NX
connects/peers directly to many content and cl oud providers, and has
commpdity connectivity via Tierl ISPs. The total aggregate externa
capacity is around 4-5 Thit/s.

Sone private, dedicated links are used by Janet sites, e.g., the CERN
to RAL (UK Tier 1 site) LHCOPN link, which is a dedicated 200G pat h.
VWhile LHCONE is a L3VPN that nay be on its own circuit or as an
overlay on general RE paths. Oherw se, Jisc seeks to provide
sufficient capacity to its science communities ahead of denand, and
work with them (via its network performance tean) to provide advice
and gui dance on how sites can optinmise their use of the Janet

network, e.g., by follow ng Science DMZ principl es

5.3. Google Effingo

CGoogl e Effingo is a state-of-the-art, high-perfornmance infrastructure
designed to neet the demandi ng data processing and storage needs of

| arge-scal e machine learning (M), artificial intelligence (Al), and
comput ati onal workl oads. As part of Google's cloud offering, Effingo
is an exanple of how WAN i nfrastructure supports hi gh-performance
conputing applications across diverse industries and research areas.

Ef fi ngo | everages a gl obal network of data centers interconnected
wi th high-capacity, lowlatency WAN |links. These links facilitate
rapi d data exchange and provide the performance required to handl e
real -tinme Al nodel training, conplex sinulations, and | arge-scale
data anal ytics. The network is optimised for high-throughput
wor kl oads, where low latency and reliability are critical for
processing | arge datasets across vast geographical areas, and nore
than 100 data center sites.

Effingo utilises a private global network of high-capacity fiber

| inks, conbined with packet-layer protocols to deliver |owlatency,
hi gh-speed data transfer across continents. This connectivity
enabl es gl obal coll aboration between research centers, universities,
and data-driven enterprises, allowing themto share | arge datasets
and results.

Currently, Effingo daily data transfers exceeds 1 exabytes.
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5.4. Energy Sciences Network

The Energy Sciences Network (ESnet) is a high-performance network
dedi cated to supporting scientific research within the United States,
operated by the U S. Departnment of Energy (DOE). Established in
1986, ESnet interconnects national |aboratories, superconputing
centres, universities, and research institutions, enabling

col l aborative scientific projects, data-intensive applications, and
hi gh- per f ormance computing (HPC) tasks across multiple geographica

| ocati ons.

ESnet delivers high-capacity, |lowlatency connectivity through its
robust fibre-optic backbone, enploying advanced optical networking
technol ogi es and dynam c circuit provisioning services. It supports
data transfer rates ranging fromtens of gigabits per second up to
mul ti-hundred gigabit per second capacities, essential for demanding
scientific workflows such as hi gh-energy physics experinents, climte
nmodel I i ng, and | arge-scal e genoni c research

A key feature of ESnet is its use of specialised services such as the
On-Demand Secure GCircuits and Advance Reservation System ( OSCARS),
provi di ng dynam c, guaranteed-bandw dth paths that allow researchers
to reserve network capacity tailored specifically to their project’s
needs. Additionally, the network incorporates advanced orchestration
platforns |ike SENSE, offering intent-driven, automated nanagenent to
ensure optiml network resource utilisation and agile response to
evol ving scientific requirenents.

ESnet’ s infrastructure integrates conprehensive nonitoring and

di agnostic tools such as PerfSONAR, ensuring end-to-end network
visibility and perfornmance anal ysis across institutional boundari es.
This facilitates proactive identification and resol ution of
performance bottl enecks, maintaining the reliability and efficiency
necessary for HPC operations.

Wth interconnections to international research networks, including
GANT, Janet, Internet2, and CANARI E, ESnet provides gl obal reach,
facilitating extensive international collaboration and enabling the
seanl ess exchange of data anong scientific communities worl dw de.

5.4.1. Practical Exanples of Dynam c Network Managenent
ESnet’' s OSCARS system exenplifies dynami c, advanced reservation, and

circuit provisioning, denonstrating the practical application of
HPWAN capabilities in operational scientific networks.
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The SENSE platformfurther illustrates how intent-based networking
and automation can sinplify conplex resource allocation processes,
significantly inmproving network agility and scalability.

5.5. I nternet?2

Internet2 is a high-performance networking consortium serving the
United States research and education conmmunity. Established in 1996,
Internet2 provides advanced networking infrastructure specifically
desi gned to support collaborative research, scientific discovery, and
i nnovati on anbng educational institutions, governnent |aboratories,
and i ndustry partners.

I nternet2 operates an advanced optical backbone network capabl e of
multi-terabit speeds, al so delivering exceptionally high-capacity and
| ow | atency connections. As with aforenmentioned networks it supports
dynani ¢ bandwi dth al |l ocati on, advanced nonitoring through tools, and
federated identity nmanagenent.

5.6. CANAR E

CANARI E i s Canada’s national research and educati on network,
established in 1993, dedicated to providing robust, high-performance
connectivity for research, education, and innovation. It

i nterconnects universities, research centres, healthcare
institutions, and governnent |aboratories across Canada, as well as
facilitating international collaboration through gl oba

i nterconnections with networks such as GANT, Internet2, and ESnet.

As with other regions the CANARI E network operates using a high-
capacity fibre-optic backbone, delivering advanced networ ki ng
services tailored specifically for demanding scientific and research
applications. The network provides dynam c, software-driven
capabilities, including dedicated high-speed |inks, autonmated
resource allocation, and integrated identity and access nanagenent
solutions. Additionally, CANARIE supports advanced services |like the
Digital Accelerator for Innovation and Research (DAIR), enabling

cl oud- based research and devel opnent .

5.7. Asia-Pacific Advanced Network
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5.7.1. CERNET

The CERNET (Chi na Education and Research Network) is a national high-
performance network serving China s education, research and

i nnovation sectors. It delivers high-speed, secure connectivity
across the country—Ilinking universities, research institutions and
HPC centers—and enabl es connections to gl obal research networKks,

pl aying a key role in supporting collaborative research, |arge-scale
data sharing and advanced HPC applicati ons.

CERNET’ s backbone operates at up to 100 Gbps (with ongoi ng upgrades)
usi ng technol ogies |i ke DADM and SDN, handl i ng HPC demands such as
scientific simulations, clinmate nodeling and hi gh-throughput data
processing. A redundant topology with alternate paths ensures ultra-
high reliability, mnimzing downtinme for critical HPC operations.

CERNET offers custom zed services for nmajor national projects,

i ncl udi ng dedi cat ed hi gh-bandw dth connections for the China
Spal | ati on Neutron Source (CSNS) and national superconputing centers
(e.g., Sunway Tai huLight). These support data-intensive workl oads
and seanl ess data exchange

CERNET covers 31 Chi nese provinces, and connects over 200 nillion
users across 2,000+ universities, institutes and schools, fostering
cross-regional research collaboration. Internationally, it peers
with gl obal networks |ike GANT (Europe) and Internet2 (U S.),
enabl i ng gl obal HPC cooperation

5.7.2. China Mbile doud Dedi cat ed Network

Chi na Mobile C oud Dedicated Network is a high-performance dedicated
service for enterprises, governments and industrial users. It has
built a large-scale SRv6 Policy-based cl oud dedi cated network,

of fering secure, lowlatency connectivity between on-preni ses data
centers, branches and its public cloud—supporting mssion-critica
tasks like real-tine industrial control and | arge-scal e data

anal ytics.

It covers 31 provinces and over 300 cities, it has nearly 50 Thps

i nter-provincial bandw dth and over 800 SRv6 Policy-enabl ed devi ces.
Its backbone uses Segnent Routing (SR); sone backbone |inks support
400 Gbps OTIN to handl e hi gh-bandwi dth demands. A multi-path
redundant architecture ensures 99.99% avail ability, reducing business
di srupti ons.

It integrates an intelligent managenent platformfor real-tine

moni toring of latency, jitter and bandw dth, and connects tens of
thousands of enterprise users donestically to eases inter-office
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col l aboration and cloud migration. Internationally, it links to
gl obal cl oud providers and overseas data centers for secure cross-
border data transm ssion.

6. Emerging Trends and Future Directions

As HP-WANs continue to evolve, driven by energing requirenents from
scientific research, high-performance conputing, distributed
artificial intelligence, and industrial data analytics, several key
trends and future directions are shaping the next generation of HP-
WANS .

Wil e these capabilities may not yet be wi dely depl oyed on RE
infrastructures, there is clear interest in the NREN operator
community in tracking their devel opnent and readi ness for production
depl oynent .

6.1. Integrated Resource and Network Contro

Enhanced integrati on between resource controllers and network
controllers for schedul ed services to nmaxim se network efficiency.
This tighter integration ains to deliver nore granular and efficient
control over network resources, enabling dynam ¢, on-demand bandw dth
al l ocation and optim sed resource allocation decisions. Such
integration facilitates nmore effective orchestration of network
resources, aligning network performance closely with application
requirenents

For exanple, A typical trend for HP-WANs is to satisfy the need of
distributed or decentralized Al, which is so-called "scal e-across”
network between nmultiple |arge data centers over |ong distance. The
i ntegration of network resources and applications should touch the
under|ying resources, such as optical transport layer [H C OIN, and
routing policies configured by network controllers, as well as
service requests. This integration needs the coordination of optica
resource managenent platform the network controller, and the service
orchastrator.

6.2. Intent-Based Networking and Automation

I ntent -based networking (IBN) and automati on technol ogi es are
increasingly used in the role in the managenent and orchestration of
HP-WANs. | BN al l ows network administrators to define desired network
states or outcomes, with automated systens translating these intents
into actionabl e network configurations. As discussed earlier,

pl atforns such as ESnet’'s SENSE provi de val uabl e practica
denonstrations of how intent-driven orchestration can significantly
enhance agility, scalability, and operational efficiency.
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6.3. Network Signalling

As the scale and conplexity of HP-WAN depl oynments grow, efficient
signal | i ng nmechani sns becone increasingly critical, especially when
runni ng HPWAN servi ces over shared public infrastructure.

Applications may want to signal their desired bandwidth to the

net wor k, enabling nore precise rate negotiation and col |l aborative
congestion control, to achieve a targeted conpetition tine for the
data transfer.

Therefore, efficient and scal abl e signalling approaches are vital for
dynani c resource allocation in HPWAN environments. Effective
protocol s nust support rapid di ssem nation of resource states and

swi ft propagation of requests between network conponents, m nim sing
| at ency and over head.

Desirabl e signalling nechanisns in HPWAN i ncl ude extensibility, |ow
over head, real-time responsiveness, and robustness, supporting
di verse technol ogi es and ensuring reliable, high-performance
communi cat i on.

7. 1 ANA Consi derations
Thi s docunent nakes no requests for action by | ANA

8. Security Considerations
The security requirements for HPC networks, particularly in inter-
data center scenarios, are crucial to ensuring the integrity,
confidentiality, and availability of sensitive data and conputationa
resources. These requirenents are stringent due to the high-value
and often sensitive nature of the data processed w thin HPC systens,
such as research data in fields |like national defense,
pharmaceuticals, and clinmate science.
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