
21-24-02                                                                                           A 

Nordic WLCG Tier-1(NT1) facility evaluation 
Prepared by Vincent Garonne and Tomasz Malkiewicz 

Executive summary 
The Nordic Tier-1 (NT1) NeIC project is one of the computing centers for the Worldwide LHC 
Computing Grid (WLCG) serving the computing needs of the ATLAS and ALICE experiments 
at the CERN Large Hadron Collider (LHC). 
This document presents a description of the NT1 project, its relevance to NeIC, the future 
plans and coming challenges with the High Luminosity upgrade of the LHC (HL-LHC) and 
implications on NT1. This project involves engagement with a multitude of stakeholders, 
from core computing teams of the ATLAS and ALICE collaborations up to relevant actors in 
Denmark, Finland, Norway and Sweden, mainly Principal Investigators of national 
High-Energy Physics (HEP) R&D projects, computing service providers offering resources to 
NT1, namely NBI, CSC, HIP, UiB, UiO, and SNIC (with HPC2N and NSC) HPC sites, and 
network providers (NORDUnet, SUNET, Uninett and DeiC). As an added value, experts in 
every country gain invaluable experience in operating a challenging international 
e-infrastructure that originally led to the creation of NeIC itself in 2012. NeIC has an 
operational responsibility for NT1 and its infrastructure is expected to run until at least 2038. 
As of today, NT1 provides 30PB of storage (200M files) and has averaged 7800 running 
CPU cores over the last year. 
The High Luminosity LHC (HL-LHC) is an upgrade of the LHC to achieve higher luminosity, 
which is planned during this decade and will increase the data volumes by an order of 
magnitude. This sharp increase in storage and CPU requirements presents a new challenge 
for the NT1 computing infrastructure and the development of open source software needed 
for operating NT1. This report provides some estimates on the resources (storage, compute 
and network) needed for the computing upgrade for the LHC Run-3 (2022-2025) and the 
future data handling of the HL-LHC (2027-2030). 
Although heavily distributed, NT1 appears as a single site thanks to NorduGrid's Advanced 
Resource Connector (ARC), dCache and SGAS softwares. These open source software 
solutions are internationally used and serve as an abstraction layer between the distributed 
Tier-1 facility and the researchers, to provide them transparent access to the data and 
computing services and hiding the complexity of the infrastructure behind. The continuation 
of innovation and well recognised effort in these projects will be essential for the continued 
success of NT1 and its international visibility. We cannot assume that scientific computing 
technology evolution will solve the HL-LHC challenges and problems, nor will hardware 
improvements come to our rescue, so software upgrades need urgent attention. New topics, 
workflows and functionalities focusing for example on advanced network usage have been 
identified together with the WLCG. We will also discuss the opportunity for NT1 with its 
collected expertise and experience to evolve into a multidisciplinary distributed facility that 
will be beneficial for other data-intensive sciences. 
 
This report comes from a request by NeIC, and it is intended to be input to the next NeIC 
Board meeting in June, 2021. 
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Overview of the Nordic Tier-1 (NT1) 

Framework 
The Nordic Tier-1 (NT1) is one of the Tier-1 data intensive computing centres for the 
Worldwide LHC Computing Grid (WLCG)1. The technical implementation of the Nordic Tier-1 
was initially (since 2006) performed by the Nordic Data Grid Facility (NDGF), and since 2012 
it is a part of the Nordic e-Infrastructure Collaboration (NeIC)2. While NDGF was established 
with the primary purpose to operate the Tier-1, success of this international endeavour led to 
the transition to NeIC, which opened opportunities for cooperation in other sciences. NeIC 
has an operational responsibility for NT1, which provides both compute and storage capacity 
to the ALICE and ATLAS experiments3 at the CERN’s Large Hadron Collider (LHC)4 and its 
infrastructure is committed to operate until at least 2038, in accordance to the WLCG MoU 
signed by the contributing countries5.  
The specifics of NT1 is that it is built from hardware provided by user communities 
themselves. ALICE and ATLAS communities in the Nordic countries ensure funding from 
national Funding Agencies or universities to cover computing and storage needs of the 
respective experiments. Principal Investigators of these projects and representatives of 
national resource providers who are subcontracted to operate the facilities constitute the 
Nordic LHC Computing Grid (NLCG) Committee which oversees NT1 operations and 
ensures that user needs are met. NeIC has an operational responsibility for NT1, provides 
the governance structure, interacts with the Nordic user representatives, coordinates the 
computing sites in the Nordic region and manages the central operations and middleware 
deployment.  
As a result, NT1 has a distributed setup across 5 countries and 7 computing centres: CSC6 
and HIP7 (Finland), HPC2N8 (Sweden), NBI9 (Denmark), NSC10 (Sweden), UiB11 (Norway), 
UiO12 (Norway) and SiGNET13 (Slovenia). All countries contribute individually to the storage 
and computing resources via university computing centres and national resource providers, 
such as SNIC, CSC, DeiC, Uninett/SIGMA2 and NORDUnet. The involvement of the Nordic 
countries in the LHC experiments is summarized in Table 1. 
 

13 http://signet.ijs.si  
12 https://www.uio.no  
11 https://www.uib.no  
10 https://www.nsc.liu.se  
9 https://www.nbi.ku.dk  
8 https://www.hpc2n.umu.se  
7 https://www.hip.fi/  
6 https://www.csc.fi  
5 https://wlcg.web.cern.ch/mou  
4 https://home.cern/fr/science/accelerators/large-hadron-collider  

3 Finland is the only country involved with the CMS experiment, and provides a CMS Tier-2, which is 
out of scope of this document 

2 https://neic.no  
1 https://wlcg.web.cern.ch  
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Country HPC center ALICE ATLAS 

Denmark NBI Tier-1 Tier-1 

Finland CSC, HIP Tier-1  

Norway UiO  Tier-1 

UiB Tier-1  

Sweden SNIC/NSC Tier-1, Tier-2 Tier-1, Tier-2 

SNIC/HPC2N Tier-1, Tier-2 Tier-1, Tier-2 

SNIC/LUNARC Tier-2 Tier-2 
Table 1. Involvement of the Nordic countries in the LHC experiments. 

 
A collaboration agreement (Appendix A: NT1 Collaboration agreement) between ALICE and 
ATLAS user communities and NeIC determines the NT1 services and resources to be 
provided to the LHC experiments by each country. NT1 has as a target providing 6% of the 
total Tier-1 resources for ATLAS, and a share of overall computing in proportion to physics 
contribution to ALICE, respectively. The CMS Tier-2 resources are currently located in 
Estonia and Finland, they are for the moment out of scope for NT1. 

Total deployed capacity: Storage, computing and network connectivity 

NT1 currently provides for storage a total of 16 PB of disk (11 PB for ATLAS and 5 PB for 
ALICE) and 14 PB of tape (12 PB for ATLAS and 2 PB for ALICE), which is in good 
agreement with the targets. Table 2 shows the current contribution in PB for the storage per 
country and NT1 HPC centers both for the ATLAS and ALICE experiments. 

Country HPC center Disk Tape 

Denmark NBI 0.75 2.7 

Finland CSC, HIP 0.69 0 

Norway UiO 4.83 3 

UiB 

Sweden NSC 5.68 8.08 

HPC2N 

Total:  16.31 PB 13.78 PB 
Table 2. Storage capacity per country and HPC center (in PB). 

 

4 
 



 

 
NT1 has averaged 7800 running CPU cores over the last year, corresponding to more than 
7.7 M jobs done and 600K HS0614 years (400K for ATLAS and 200 K for ALICE). Figure 1 
shows the number of jobs done per month and the contribution from each partner.  
 

 
Figure 1. Total number of jobs done per month per site. 

 
The NT1 external connectivity is partly based on a layer 2 private network, the so-called LHC 
Optical Private Network (LHCOPN15), which interconnects the Tier-1 with Tier-0 at CERN 
and the rest of the Tier-1s in WLCG. NT1 connects, via NORDUnet, to the LHCOPN as an 
overlay network on two geographically redundant 100 Gbps links to CERN, as shown in 
Figure 2.  

 
Figure 2. LHCOPN network map, showing primary and backup links. 

 
The capacity to CERN is 20Gbps to each of the two LHCOPN routers at CERN for a total of 
40Gbps of capacity with options for quick upgrades when the need arises. 
 

15 http://lhcopn.web.cern.ch/lhcopn  

14 HS06 is a unit that results from a combination of the SPEC2006 suite floating point and integer 
benchmarks. 
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In addition to the private LHCOPN network between Tier-0 and Tier-1s, there is a second 
network called LHCONE that consists of a L3VPN that provides connectivity to most Tier-2 
sites around the world, in Europe this is provided by GEANT. The NT1 capacity to LHCONE 
and the general internet is 80Gbps. These external WLCG network services are provided by 
NORDUnet in accordance with the agreement between NORDUnet and NordForsk against 
an annual fee. 
The NT1 sites are connected by overlay networks inside the Nordics on shared 100Gbps 
links by NORDUNet and NRENs, individual HPC sites are connected to these with 
20-100Gbps capacity. For the Nordic network topology16, see Figure 3. 

 
Figure 3. NT1 private network. The color code shows the percentage load of the monitored circuits. 

 
The traffic exchanged to and from CERN over LHCOPN is roughly 4% of the total traffic 
between CERN and all Tier-1s, or 4.3 Gbps on average with 17 PB total data transferred 
during the last year, as illustrated in Figure 4. 

 
Figure 4. Network traffic between CERN and Tiers-1. 

16 http://stats.nordu.net/stat-q/load-map/ndn-map,,traffic,peak  
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The ARC and dCache key software solutions for NT1 
Although all its resources are heavily distributed, NT1 appears as a single site to WLCG 
thanks to the innovative approach that relies on NorduGrid’s Advanced Resource Connector 
(ARC)17 and dCache18 software. Both software solutions serve as an abstraction layer 
between the distributed Tier-1 facility and the researchers, to provide them transparent 
access to the data and computing services and hiding the complexity of the infrastructure 
behind. 
ARC is an open source software that was originally developed to allow Nordic compute and 
storage facilities to contribute to the large compute needs of the LHC experiments. The 
Nordic sites are predominantly HPC facilities with heterogeneous systems, wide-area 
network inaccessibility from the worker nodes, and separated compute and storage services. 
This required special software which at the time (year 2001) was not available. Therefore 
ARC was developed to cater for these needs. It was soon adopted by several other HPC 
sites outside Nordics, and today ARC is widespread, with roughly 200 WLCG sites deploying 
it. Developing and maintaining ARC supports NeIC’s vision to be a global role model, it’s fair 
to say that the ARC’s success can be to a fairly large extent attributed to NeIC. 
NT1 with remote storage performs as well as WLCG sites with a centralised architecture and 
local storage thanks to the way ARC handles data staging and caching. Once a job arrives 
on an ARC site, ARC will fetch all the requested input files, and only once they are all in 
place, will the job be handed to the local batch system for execution. If files already are 
present in the cache from an earlier download, no data staging is necessary for those files. 
The ARC data staging together with the ARC cache results in very efficient job processing, 
and even more so if the input files in the cache are reused frequently. This gives a very 
important contribution to the overall efficiency of the system as described in the paper 
"NorduGrid ARC Data Staging and Cache: Efficiency Gains on HPC and Cloud 
Resources”19. Figure 5 below compares the NT1 federated and distributed storage sites to 
four dedicated central sites with local storage. Thanks to ARC and its data staging/caching 
capability, the performance for NT1 is as good or comparable with a centralised site. ARC is 
therefore a key success factor for NT1 where the storage is shared among sites. 

 

19 Nordugrid ARC Data staging and Cache: Efficiency gains on HPC and cloud resources 
Maiken Pedersen et al., EPJ Web Conf., 245 (2020) 03011 DOI: 
https://doi.org/10.1051/epjconf/202024503011  
 

18 https://www.dcache.org/  
17 http://www.nordugrid.org/arc/  
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Figure 5. Average Job CPU efficiency in four different ARC sites with central storage (Canada, 

Germany, Poland) and with the Nordic Tier-1 with federated and distributed storage sites. 
 
Complementary to ARC, the dCache software solution federates the distributed storage 
resources and controls the data stored on them as a high availability and scalable storage 
solution. This multi-petabytes NT1 model is unique in being distributed across five countries, 
and offering 24x7 services. The dCache project provides an open source storage software 
solution and is a joint venture involving the Deutsches Elektronen-Synchrotron (DESY), the 
Fermi National Accelerator Laboratory (FNAL) and the Nordic e-Infrastructure collaboration, 
NeIC / NT1. 

Service management, operational and support model 

 
NT1 has developed a unique and recognized expertise in running a physically distributed but 
logically single Tier-1 facility. The current IT service management model is the result of more 
than a decade of experience and iterations with a fully distributed operations team, including 
responsibilities for the covered services and interactions. Most of these have a primary and 
secondary skilled expert assigned as responsible. The deployment workflow relies on 
continuous integration and delivery paradigms complemented by FitSM20 practices. The 
service management model is effective to allow smooth distributed operational tasks and to 
deliver high availability core services while offering opportunities to extend and complement 
the NT1 operational model with new paradigms, tools and automation. NT1 relies on 
established tools in the open source DevOps community, most notably Git21 for version 
control management, Ansible22 for configuration management & control, service monitoring 
tools (e.g., ELK stack23), and RocketChat24 for communication. 
 
The high availability deployment schema allows robustness and horizontal scalability by 
accommodating multiple instances of each service with fail-over, backup and possibly 
transparent interventions. Prior to any changes in production, a required validation is done in 
several environments, called preproduction or experimental, depending on the classification 
of the changes, e.g., minor, major or patch. The different environments share the same 
configuration management templates as in production, with distinct respective variables like 
database, software version, etc. The preproduction environment is the exact clone of the 
production deployment model with a constant load generated by the ATLAS and ALICE 
experiments, validating a rich set of functionalities, changes or new features.  This workflow 
allows us to detect, fix and report issues as soon as possible and reduces the probability of 
issues in the production environment. 
 
The 24/7 support is organized through the Operator on Duty (OoD) role during working hours 
and the Operator on Call (OoC) role otherwise. The OoD is the person responsible for 

24 https://rocket.chat  
23 https://www.elastic.co/  
22 https://www.ansible.com/  
21 https://git-scm.com/  

20 
https://apmg-international.com/fr/product/fitsm-lightweight-streamlined-it-service-management-certific
ation  
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running day to day operations of NT1 and approves everything that is happening. The OoD, 
with possible backup, is a full-time engagement when there are alarms, incidents or 
problems. This person is in charge of incident escalation for the mitigation and resolution 
actions. All operational procedures and known errors are documented, classified and 
maintained. In addition, an operator on duty log is updated to keep track of all the 
interventions and important events facilitating the reporting, hand-over and rotation to a new 
OoD person. These reports are discussed and followed up, e.g., via post-mortem 
analysis/actions during the NT1 weekly meetings. 

High Luminosity upgrade of the LHC (HL-LHC) 

The computing requirements for LHC experiments are unprecedented in physics research 
and in scientific computing in general. With the LHC upgrade (HL-LHC), the data volumes 
will increase by more than a factor 10 when compared to the current status, giving new 
challenges to the whole analysis chain, from readout electronics to offline computing. The 
schedule of the LHC plans is illustrated in Figure 6. 

 
Figure 6. The schedule of the LHC. The LHC and the detector upgrades are completed during the 

long shutdowns (LS2 and LS3). 
 
The full exploitation of the HL-LHC, which has the status of a Landmark on the ESFRI 
Roadmap25, is only possible if the capabilities of the e-infrastructure and the experiments are 
improved significantly. The estimated CPU, disk and tape resources needed at NT1 for the 
years 2020 to 2034 for both ATLAS and ALICE experiments are shown in Figure 7. These 
estimates are based on the inputs provided by the experiments. 

25 European Strategy Forum on Research Infrastructures, “Strategy Report on Research 
Infrastructures - Roadmap 2018,” 2018. [Online]. Available: 
https://ec.europa.eu/info/sites/info/files/research_and_innovation/esfri-roadmap-2018.pdf 
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For ATLAS, a flat budget model with +10% resource capacity increase per year is assumed 
for the period 2022-2025. For the period 2027-2030, the updated Computing Conceptual 
Design Report26 in view of the HL-LHC requirement provides some resource estimates with 
different scenarios which have been used to define the future storage and computing needs 
of NT1. This gives a factor 4 for the needed resources in 2025 and a factor 15 for 2030. The 
ALICE experiment foresees a flat budget model with +20% resources capacity increase per 
year. This results in a factor 2 for the needed resources in 2025 and a factor 5 for 2030.  
The network capacity requires a closer look as well, as 100 Gbps dedicated links per each 
site will be needed and the current links are between 20 Gbps and 100 Gbps shared. WLCG 
has estimated the LHC network throughput requirements for NT1 between 140 Gbps and 
280 Gbps. Some major upgrades are already investigated or planned by the sites or 
NORDUnet.  As faster and cheaper links are coming, the flat budget model will have to be 
revised to accommodate the estimated throughput requirements for NT1. 

 
Figure 7.  

 
Figure 7. Estimated CPU, disk and tape resources needed at NT1 for the years 2020 to 2034 for both 

ATLAS and ALICE experiments 
 
 

26 https://cds.cern.ch/record/2729668  
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Impact and consequences on NT1, central services, resource and software 
 
With the start of the High-Luminosity LHC, the year 2026 will see a significant increase in the 
data rates due to the increase in the number of HL-LHC collisions, higher event triggering 
rates, and more data products in offline computing. This presents both a funding and 
technological challenge on the maintenance and development of software needed for 
operating NT1. 
We need to guarantee that ARC can sustainably operate at the needed HL-LHC scale and 
that the necessary level of development effort and expertise is available to address these 
challenges.  For instance, today a single ARC site normally deals with 10k-20k concurrent 
jobs, with peaks up to 250k as demonstrated in recent tests. Scaling to HL-LHC might 
require handling 100k-200k concurrent data-intensive jobs for a single site in a sustained 
manner, equivalent globally to 500k-1M concurrent jobs for NT1. New topics, workflows and 
functionalities focusing for example on smart content delivery and caching have been 
identified within the Data Organisation, Management and Access (DOMA) WLCG project2728. 
Other WLCG developments include transition to token-based authorisation, REST 
interfaces, full workload containerisation, as well as changes in monitoring and accounting 
services. All these developments require respective changes in ARC, integration and 
development efforts without breaking the existing functionalities and horizontal scalability of 
ARC. ARC ensures the reliable and efficient communication among the participating 
components such as network, caching services, and computing resources like HPC centers. 
In addition, the impact to wide-area networking and traffic when making changes to local or 
global infrastructure is especially important and can be hard to assess. It will be essential for 
the continued success of NT1 to control, monitor and understand the (shared) traffic on the 
underlying network. It is also important to note that NT1 will work closely with the various 
networking providers, research efforts and the LHC experiments to effectively prepare for the 
HL-LHC era and the resulting growth of the network usage. 
Another focus will be the scalability of the NT1 storage system which is provided through the 
dCache software. NT1 in 2021 provides 30PB of storage and hosts 200M files. An order of 
magnitude increase presents a new challenge for the high availability deployment of the NT1 
storage and will require large investments for scaling (out and up) the infrastructure. For 
example, the relational database storage management system (RDBMS) providing the 
dCache information persistence is expected to scale to LHC Run-4 rates with billion entries 
and more few terabytes of storage, but this is yet to be demonstrated. An increasing and 
large usage of tape is inexorably expected with the consequent challenges of dealing with 
high latency storage. The dCache software must evolve to support new workflows and 
required (WLCG) functionalities like new cost models with various QoS and programmable 
WAN links, e.g., packet marking. Keeping a strong commitment in dCache development will 
ensure that our storage takes better advantage of the distributed resources with the 
necessary optimization and guarantee of quality. 

Remarks on the centralized and federated NT1 organisational model (today) 

Given the expectation that each Nordic country should contribute computing and storage 
resources to the LHC experiments proportionally to the number of researchers that are 

28 https://iris-hep.org/doma.html  
27 https://twiki.cern.ch/twiki/bin/view/LCG/DomaActivities 
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members of those experiments, one can imagine many different ways of providing these 
resources: 
Distributed sites with no synchronization. In one extreme, each country would run their 
own Tier-2 sites on dedicated resources. This would lead to a large amount of duplicated 
effort though, especially for management and running storage systems. A WLCG survey29 
put disk-only Tier-2 storage systems at 1-2 FTE in order to run them reliably. While 
attempted initially, this model proves to be suboptimal: Norwegian and a part of Swedish 
Tier-2 services have been already merged into Tier-1, and a similar trend towards smaller 
number of larger sites is observed worldwide.  
A single common site. On the other extreme, the Nordic countries would join together and 
build a single common site providing all the resources that is the fair share of Nordic 
participation in the LHC experiments. In the design phase of the NDGF/NT1 (in 2001-2005) 
a synchronized joint facility was proposed for efficiency in terms of money spent, and for 
ensuring that a critical mass of resources could be reached through a Tier-1 site providing 
more value to the experiments than an equal amount of resources in several Tier-2 sites. At 
the time, consolidation into a single geographical facility was not possible due to the 
difficulties of allocating funds to a facility abroad, and a more recent evaluation30 by Dr. Flix 
confirmed that such a consolidation would not save much money.  

Remarks on multinational HPC facilities, e.g., EuroHPC LUMI and Vega facilities 
Future use of multinational HPC facilities needs to be carefully followed to see if, how, and 
when such use would be both cost-efficient (compared to other options) and feasible. The 
ALICE and ATLAS workload management systems for data-intensive jobs have different 
technical demands on a HPC system than the common usage mode. 
The NT1 user communities and experts have already started investigating possibilities of 
using the EuroHPC LUMI facility in Finland. Through an effort coordinated by NLCG, we 
have provided technical specifications required by LHC workloads and submitted them to 
LUMI experts. It however remains to be seen whether this will be possible, as most 
workloads can not be executed in an optimal manner on GPUs, and LUMI is not expected to 
have a sufficiently large CPU partition. 
At the same time, in Slovenia, a full scale test of filling the Vega EuroHPC3132 system with 
selected ATLAS workloads has been successfully executed during commissioning, 
momentarily providing 50 times as much CPU power as the entire Nordic Tier-1. Although 
Vega is not currently suited for all LHC workflows either, this success indicates that in future 
it may be possible to use a single system to accommodate all the Tier-1 workload. This 
however would require major changes in workloads and system architectures as well, 
implying significant extra investments.  

Onboarding New Communities within NT1 

Thanks to the NeIC framework, the opportunity exists for NT1 to evolve into a 
multidisciplinary distributed facility like the WLCG TRIUMF33 data center and the Compute 

33 https://www.triumf.ca  
32 https://www.izum.si/en/hpc-en/  
31 https://eurohpc-ju.europa.eu/news/vega-new-eurohpc-world-class-supercomputer-slovenia 
30 https://wiki.neic.no/w/ext/img_auth.php/6/66/NT-1-Evaluation-report.pdf  
29 https://twiki.cern.ch/twiki/bin/view/LCG/WLCGSiteSurvey  
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Canada34 initiative, that highlights the depth of skills and capabilities within the Nordic region. 
The tremendous asset of the collected expertise and experience within the NT1 will allow 
these expansions towards other data-intensive sciences. Support for non-LHC communities 
will be driven by their requirements as described in Appendix C: Project plan, mini 
Onboarding New Communities within the NT1. 

Contributions to research excellence in the Nordic 
region 
The WLCG resources, both computing and storage, offered through NeIC NT1, are 
accessible for all scientists working for the Large Hadron Collider experiments. This means 
that members of ALICE and ATLAS experiments in all countries worldwide use the Nordic 
Tier-1 facility. The number of authors (users) has been approximately 7,000 with little 
fluctuation from year to year and the average number of ALICE and ATLAS authors from the 
Nordicspublications’ is given in Table 3. In the reporting of LHC experiments, diploma 
students, engineers, system administrators and some of the PhD students are not counted 
as authors. If those groups are included, the total number of users is approximately 9,000. 
 

Country ALICE ATLAS 

Denmark 11 13 

Finland 10 - 

Norway 31 27 

Sweden 9 52 
Table 3. Average number of ALICE and ATLAS authors in the nordic countries over the years 

2018-2020. 
 
The associated list of publications for both experiments is available in Appendix B: WLCG 
Publications. 

The effectiveness at meeting the goals of the 
project as described in the project or activity plan  

The WLCG collaboration 
The WLCG collaboration is governed by a Memorandum of Understanding (MoU)35 signed 
between CERN and countries hosting Tier-1 and Tier-2 centers, represented by their 
Funding Agencies. The WLCG MoU defines the service levels to be provided by such 
centers. The resources to be pledged by each country are defined internally by LHC 

35 WLCG MoU: https://wlcg.web.cern.ch/mou  
34 https://www.computecanada.ca/  
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experiments, in agreement with country representatives. The overall resources provided by 
WLCG to the experiments are monitored by the LHC Computing Resources Review Board 
(C-RRB), which meets twice per year, in spring and autumn36. The C-RRB is a subset of the 
LHC Resource Review Board, that consists of representatives of CERN Member States, and 
oversees and officially approves the requested resources by the LHC experiments. NT1 
agreed with ATLAS and ALICE on targets to provide 6% of the total Tier-1 resources to 
ATLAS, and a fraction proportional to physics contributions (Maintenance & Operations 
share) per country to ALICE. The NT1 resources are deployed in HPC centers to 
accommodate these Tier-1 needs, since the resources are (typically) deployed once and 
then operated for several years. The hardware is expected to be deployed with a sufficient 
spare capacity to accommodate for the future LHC needs. These Tier-1 needs are 
communicated by the NLCG to the national resource providers and the HPC sites, and the 
systems are adjusted to deliver the resources accordingly to the country shares. Differences 
in national funding cycles, and sometimes even rejected funding applications, translate to a 
delivery of resources that does not necessarily match the pledged targets, as can be seen in 
Figure 8 for the Tape. Sometimes the deviations from the targets translate into deficits or 
surpluses in the NT1 pledges to WLCG, which might be related to lack of funds to meet the 
targets or to attempts to maximize the use of the available installed resources for the NT1 at 
the HPC centers, respectively. 
 

 
Figure 8. WLCG Accounting report for the experiment pledges for NDGF / NT1. 

 
The main objective of the Nordic Tier-1 is to continuously deliver sufficient production 
resources towards WLCG until the agreed end, which, according to the WLCG MoU, is LHC 

36 List to C-RRB agendas: http://indico.cern.ch/categoryDisplay.py?categId=852  
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lifetime plus 15 years. The minimum success level of the NT1 is defined as WLCG MoU 
fulfillment by the participating Nordic countries. 
By combining the independent national contributions through synchronized operation, the 
total Nordic contribution reaches a critical mass with higher impact, resilience, risk mitigation, 
saves costs, pools competences and enables more beneficial scientific return by better 
serving large-scale storage and computing needs37.  

WLCG monitoring tools, accounting and availability/reliability reports 

 
All of the critical services’ quality and stability are closely tracked by monitoring two metrics 
defined by the WLCG monitoring framework: the so-called availability and reliability (A&R) 
metrics38. These are computed from outputs of dozens of sensors, for each of the 
experiments, which hourly probe the entire site services and guaranteeing that the reliability 
of WLCG service keeps improving. The MoU sets a yearly average target of 97% for the 
reliability metric at the Tier-1 centers. 
Generic and specific ATLAS/ALICE experiment tests are used to compare the reliability at 
the sites towards the targets The last year availability and reliability Tier-1 rankings are 
shown in Figure 9 for both ALICE and ATLAS. The measured reliability of the NT1 
consistently meets the MoU targets, showing that the NT1 is a stable site towards WLCG 
and in the top 3 from 2020 of the best Tier-1 sites according to the A&R metrics. 
 
ATLAS Availability & Reliability 

 

38 https://monit-wlcg-sitemon.web.cern.ch  
37 https://wiki.neic.no/w/ext/img_auth.php/6/66/NT-1-Evaluation-report.pdf  
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ALICE Availability & Reliability  

 

 
Figure 9. Availability and reliability metrics for the ATLAS and ALICE Tiers-1 measured by WLCG for 

the year 2020. 

Budget 
NeIC through the NT1 activity has an operational responsibility for the Nordic distributed 
WLCG Nordic Tier-1 facility. NeIC provides the governance structure, interacts with the 
Nordic user representatives, coordinates six computing sites in the Nordic region and 
manages the central operations and middleware deployment for the Nordic Tier-1. The 
majority of the staff for NeIC projects are employed by a partner organisation in a 
participating country. Staff members engage in the NeIC projects with 20–80% commitments 
through a service agreement with their home organisation.  The NT1 personnel are funded 
either by NeIC, national R&D programs or in-kind contributions from the HPC centers or 
HEP communities, where the Tier-1 resources are deployed. The total NeIC budget in 2021 
for NT1 is ~11 MNOK/year.  The breakdown per category is shown in Table 4. 
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 NeIC funding Partner funding 

NT1 Personnel cost NOK 7 326 678 FTE 5.8 

NT1 Travel and Meeting Costs NOK 333 362  

WLCG NORDUnet cost NOK 3 247 000  

Total: NOK 10 907 040  
Table 4. NeIC Budget in 2021 for the NT1 activity. 

Personnel 
Currently the NT1 activity involves 11 people from 7 partner organisations as summarized in 
the following Table 5: 
 

Partners NeIC FTE In-kind FTE 

HPC2N (SE) 0.5 1.2 

UiB (NO) - 1 

UiO (NO) 1.75 1 

CSC, HIP (FI) 0.75 0.4 

NSC (SE) 1 1.2 

LU (SE) 0.5 - 

NBI (DK) 1 1 

Total: 5.5 5.8 
Table 5. NT1 Personnel per partner. 

The core of NT1 personnel costs is related to Tier-1 operations, covering system 
administration tasks, the liaison to CERN, the Tier-1 security officer, central management 
tasks and additional local help for tendering and administrative processes. The NeIC share 
is backed up with equally skilled manpower at the local sites with responsibilities like batch 
or cloud computing, storage, local networking or local communication. Not all sites need to 
offer these services. 
Some personnel efforts are spent in development activities for services that are extensively 
used by the NT1, such as SGAS, ARC or dCache. 
SGAS (Swedish Grid Accounting System) is an accounting system for maintaining a 
grid-wide view of the resources consumed by members of a virtual organization on compute 
and storage. As the name suggests, it was originally developed  in Sweden, but was soon 
taken into use by other national initiatives elsewhere as well (e.g., Finland, Norway). NeIC 
funds most of the development activity for SGAS since October 2013.  
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The NorduGrid Collaboration coordinates the development of ARC as an open source 
project. The collaboration is based on a Collaboration Agreement39 with 11 institutes 
involved. Some of these institutes are part of NT1, e.g., UiO, NBI. A party of the NorduGrid 
Collaboration commits itself to contribute to at least one of the activities listed in the 
agreement like development, maintenance and support of the ARC middleware or promotion 
of ARC. NT1 has a leading role in the ARC project because it is critical to its operations 
and NT1 contributes actively to development, testing, validation and steering of the 
project. 
The dCache project provides an open-source storage software solution and is a joint venture 
between the Deutsches Elektronen-Synchrotron (DESY), the Fermi National Accelerator 
Laboratory, FNAL and the Nordic e-Infrastructure collaboration, NeIC / NT1. Today dCache 
is widely used by nine Tier-1s and many Tier-2 centres around the world. As of today, the 
dCache developer team consists of six persons at DESY, two at Fermilab and one at NeIC. 
In the past 20 years more than 50 individuals have contributed to the code base. NT1 
contributes to the development of dCache mainly to support the high availability setup with 
federated distributed storage resources for reduced overhead and better quality of service. 
These contributions are quite visible and thanks to them some sites like TRIUMF and KIT 
Tier-1s have shown to provide better resource utilisation and efficiency. 
Other expenses are travel and meeting costs for internal coordination, WLCG management 
and coordination and workshops. 

Central services and Network 

Part of the Tier-1 running costs is spent for the central  NT1 services hosted at NORDUnet, 
as well as the main WAN network connectivity of NT1. These costs are ~3.2 MNOK/year. 

Resources at sites 
The basis for the NT1 facility for the WLCG is that the Nordic member countries contribute 
resources in the form of hardware, hardware operations and maintenance and dedicated 
national network costs. The hardware resources like tape storage, disk storage and 
computing cycles are acquired and hosted by the existing computing centres through other 
national sources. The Tier-1 hardware purchases are funded by research grants coordinated 
by HEP (ALICE and ATLAS) user communities. These computing needs are normally 
included as part of global LHC research project applications that are submitted to calls from 
national R&D programs. These projects include funding requests for LHC Physics, detector 
upgrades and computing resources for Tier-1, including some personnel needs. Projects are 
typically granted for periods of three to four years. Additional computing funds may be 
obtained by dedicated infrastructure grants, in some of the countries. Investments are 
typically done once during the execution time of the projects.  
This section provides an estimation of the total costs for running the NT1, with costs 
breakdown per categories and countries in Table 6, for a better understanding of the NT1 
funding structure.  Most of this information has been obtained from the stakeholders by 
survey, cf. Appendix D: NT1 Survey and the last evaluation report40. Some of the 

40 https://wiki.neic.no/w/ext/img_auth.php/6/66/NT-1-Evaluation-report.pdf  
39 http://www.nordugrid.org/documents/NorduGrid-Agreement-2011.pdf  
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(unavailable) data has been estimated. This estimate gives a total budget of ~31 MNOK/year 
including the NeIC budget (~11 MNOK/year). 

Countries Physical location (Disk, Tape, 
Compute with share for ATLAS 
& ALICE) 

Fundings Budget 
(Hardware 
purchase, 
personnel, 
electricity) 

Denmark HPC facilities at the Niels Bohr 
Institute (NBI) for disk, tape and 
compute 

Public grants covering 
~35% of the total Tier-1 
costs at the site 

1 MDKK/year 

Finland CSC and HIP for disk, tape and 
compute 
ALICE runs on the cPouta41 cloud 
service 
 

public grants 
HIP budget for 
operational costs. 
Academy of Finland 
public grants for 
investments. 
CSC resources by 
academic grants to HIP. 

~800k€/year 
~200k€/year 

 

Norway 

University of Bergen (UiB) 
Compute: NREC42 
Disk: NREC 
Tape: UiB 

Public grants from 
Research Council of 
Norway, in particular 
from the Nuclear Physics 
(HENP) and Particle 
Physics (HEPP) 
programs, fund the 
ALICE and ATLAS Tier-1 
activities 

ATLAS: ~2.5 
MNOK/year 
Alice: ~2 
MNOK/year 
Split 50-50 
for hardware 
purchases 
and 
personnel 

University of Oslo (UiO)  
Compute: NREC + Opportunistic  
Disk: UiO 
Tape: UiO 

Sweden  

HPC2N 
CPU: Kebnekaise 
Disk: HPC2N 
Tape: HPC2N 

 Public funds obtained 
by the Swedish LHC 
Consortium (LHCK) and 
distributed to the centres 
through SNIC​  

6.7 MSEK 
split 50-50 
between 
HPC2N and 
NSC, 
Cover the 
Tier-1 
hardware 
purchases, 
part of the 
Tier-1 
personnel, 
and some of 
the running 
costs, 
including the 
WAN 
network 
connectivity 

NSC 
CPU: bluegrass 
Disk: NSC 
Tape: NSC 

42 https://docs.nrec.no/  
41 https://research.csc.fi/-/cpouta  
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costs for the 
centers. 

Table 6. Summary of the current NT1 resources, fundings and budgets per Nordic country. 

National contributions to CERN, i.e., membership fees for NT1 countries 
CERN membership fees are based on the GDP.  
 
For NT1 countries, excluding Slovenia, the rounded 2021 contributions are: ​
DK: 21 MCHF, FI: 16 MCHF, NO: 27 MCHF, SE: 30 MCHF43.  
The respective 2020 numbers were: DK: 20 MCHF, FI: 15 MCHF, NO: 26 MCHF, SE: 30 
MCHF.  
 
The CERN membership fees emphasize the importance that the countries place on this area 
of research and these fees are much greater than the operations cost of NT1. It’s worth 
noticing that, as discussed later in this document in Relevance and inclusion in national 
roadmaps, the fees are among the largest items in the respective funding agencies budgets, 
e.g., in Sweden it certainly was, the ESS (European Spallation Source) in Sweden is 
growing above it lately.   

Provisional NT1 Budget increase in view of the HL-LHC area and future needs 
For our future support of the High Luminosity LHC, It is vital to retain and preserve the 
current competence and expertise for maintenance, operations and support at the same 
level as today. Moreover, we cannot assume that scientific computing technology evolution 
will solve the HL-LHC challenges and problems, so demonstrating the scalability of NT1 with 
the necessary software upgrades in ARC, dCache and SGAS is critical and needs urgent 
attention. 
For the WLCG major upgrade computing program, the ARC software must be extended with 
the set of authentication, computing and data orchestration services enabling Exabyte scale 
data delivery to computing resources. dCache to look towards the challenges of the High 
Luminosity LHC will require a better integration with network zones to optimise data 
placement and operations in the NT1 data lake model. SGAS must be extended with open 
source monitoring and analytics features to profile NT1 performance and bottlenecks. A 
constant and active participation in the relevant WLCG working groups and activities like 
data Challenges to evaluate changes and alternatives at scale must be possible. 
The proposed expansion of NT1 would naturally benefit other scientific communities, most 
notably in climate and health sciences, and will help to expand the NT1 service catalog, e.g., 
meta scheduler gateway service.   

43 https://cdsweb.cern.ch/record/2747920/files/English.pdf  
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National commitments and partnerships or 
associated efforts  
The work done at NeIC (NeIC NT1) provides the governance structure, interacts with the 
Nordic user representatives, coordinates six computing sites in the Nordic region and 
manages the central operations and middleware deployment for the Nordic Tier-1. 

The NLCG committee as reference group 

The Nordic LHC Computing Grid (NLCG) Steering Committee is a NeIC body that ensures 
availability of resources in accordance to the LHC experiments requirements and oversees 
CERN-related activities, such as Nordic Tier-1 implementation and interactions with ATLAS, 
and ALICE experiments at CERN. The Committee is governed by the Appendix E: Terms of 
Reference for NeIC Nordic WLCG (NLCG) Committee approved by the NeIC Board. 
 
The NLCG committee consists of members appointed by the national bodies coordinating 
LHC contributions, including representatives of relevant research communities and 
infrastructures adding up to a total of two members per country. NLCG Committee meetings 
are held quarterly, 4 times a year. 

Relevance and inclusion in national roadmaps  
 
NeIC NT1 is seen as a highly relevant activity for national High Energy Physics communities, 
significantly contributing to the LHC physics exploitation. In general one can say that the 
plan is to keep the funding on at least the same level as today, including the NeIC part, since 
the national funding agencies have a long time commitment towards CERN. Denmark, 
Norway and Sweden are among the 12 founding members of CERN (since 1956), and 
together with Finland, that joined CERN in 1991, are fully committed to support the LHC 
research program. LHC is one of the cornerstones of national research strategies in these 
countries, and its high-luminosity upgrade, the HL-LHC, is a Landmark on the ESFRI 
Roadmap. Through membership contributions, CERN and its experiments, including LHC, is 
a national research infrastructure in Nordic Countries located abroad, similarly to e.g. the 
Nordic Optical Telescope located in Spain. 
 
FI, NO and SE specifics are as follows, no input has been received from DK. 
 
FI 
Finland supports the continuation of heavy ion collisions at the LHC beyond 2029. In 
general, the funding for the computing and detector developments is mainly expected to 
come from Finnish Research Infrastructures (FIRI) calls issued by the Academy of Finland, 
as has been the case previously. 
Finnish contribution to NT1 is realised by Helsinki Institute of Physics (HIP). In the long-term 
strategy of the HIP it is stated that the main focus of HIP in the coming decade will be to fully 
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exploit the participation in the LHC experiments. To this end the WLCG resources and 
detector R&D are essential. 
 
Currently the main research focus is on three of the LHC experiments: ALICE, CMS and 
TOTEM, in which Finnish scientists are making significant contributions to ultra-relativistic 
heavy ion physics, new physics searches, standard model measurements and forward 
physics. Currently, the full physics exploitation of these, including their preparations for 
the high luminosity LHC (HL-LHC), constitute the highest priority of the Finnish high-energy 
physics community. 
 
Computing and data access are an integral part of this physics exploitation. HIP participates 
in the Worldwide LHC Computing Grid (WLCG) through the Nordic Tier-1 and the HIP Tier-2 
(T2_FI_HIP) centers44. Securing and developing further the WLCG resources will be 
essential if we are to take full advantage of the LHC data. The Finnish Grid and Cloud 
Infrastructure (FCCI) collaboration is crucial for developing and maintaining the necessary 
national grid infrastructure. Collaboration with CSC is important in being able to satisfy the 
needs of the data intensive LHC computing. 
  
  
NO 
The Norwegian contributions to the distributed Tier-1 centre is financed through the funding 
mechanisms for the CERN/High Energy Physics activities, with major parts of the funding 
coming through the NFR Infrastructure programme.  
Currently resources for ALICE are located at the University of Bergen, whereas resources 
for ATLAS are located at USIT/UiO. 
 
ALICE/ATLAS computing requirements are mainly focussed on high volume/high throughput 
computing, pointing to operating clusters of well equipped COTS computers to be the most 
cost effective solution. Prior to the previous investment, detailed discussions with the 
national HPC groups were conducted, concluding that colocation with the national HPC 
centres in Tromsø and Trondheim would be a more expensive solution at that stage. 
With the ever increasing demands for LHC computing, but the technical and political 
developments should be followed closely, to select the most efficient way (both with respect 
to hardware and operations) to fulfill our requirements at the lowest possible cost. 
The current infrastructure project will last to 2022. The final computing investments for 
ALICE (in this funding round) is planned for autumn 2021. A funding application for the next 
period is currently being handled by the Research Council of Norway.  
  
SE 
The Swedish contribution to NT1 is financed by the Swedish Research Council (VR) through 
the LHC Consortium (LHCK) consisting of ALICE and ATLAS groups in Lund, Stockholm 
and Uppsala Universities and the Royal Institute of Technology. LHCK coordinates 
investments and operation of e-infrastructure for the participation in WLCG, including funding 
for NeIC. The responsibility for investment and operation of the resources available in 
Sweden is handled via SNIC. 

44 https://www.hip.fi/wp-content/uploads/2020/11/HIP-Long-Term-Strategy.pdf 
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The current round of funding is ending in 2023 for the LHCK and in 2022 for SNIC. The 
planning for the next funding cycle is in its beginning and with the increasing demands for 
WLCG resources it is vital that all is working well on all levels. The plan is to keep the 
funding on at least the same level as today, including the NeIC part, since VR has a long 
time commitment towards CERN. 

Nordic added value  
The Nordic Added Value concept has been developed in the framework of NeIC strategy 
work over the years 2019-2020. The major elements of Nordic added value for NeIC 
activities are: enabling excellence in research, adding value to the Nordics beyond national 
capabilities in e-infrastructure, enhancing sustainability and integration by sharing 
infrastructure or data or harmonising systems for utilising data and other resources in the 
Nordic region and acting as a global role model for e-infrastructure collaborations. 
 
NeIC provides added value for research through the Nordic WLCG Tier-1 and by facilitating 
development and use of e-infrastructures. Seamless integration and interoperability of 
services and sharing of capabilities across national borders enabled scientists to conduct the 
research in a new way. Through joint Nordic development of services NT1 not only enables 
agile software development and minimised redundant investments but also ensures that the 
researchers have access to the data and other resources they need for their research also 
across the borders. 
  
By combining the independent national contributions through synchronised operation, the 
total Nordic contribution reaches a critical mass with higher impact, saves costs, pools 
competences and enables more beneficial scientific return by better serving large-scale 
storage and computing needs.  
 
All NeIC projects and activities, including the NT1, have broader impacts on society, e.g. by  
contributing to competence development within the Nordic region and beyond (Slovenia, 
other Tier-1 sites, etc.). As of today, NT1 directly supports more than 150 researchers in the 
Nordics (ATLAS and ALICE authors) and roughly double this number indirectly 
(theoreticians, making physics model predictions verified by ALICE, ATLAS and other LHC 
experiments).  
 
The NT1 contributes in the long-term to the Nordic Council of Ministers Vision 203045, 
according to which the Nordic Region will become the most sustainable and integrated 
region in the world. The three cornerstones of this vision and NT1 contribution to these are:​
 

●​ A competitive Nordic Region - promoting green growth in the Nordic Region based 
on knowledge, innovation, mobility, and digital integration 

○​ The construction of Nordic Tier-1 was decided to provide a contribution to the 
LHC total to advance the research in the Nordic. Nordics were the one among 

45 https://www.norden.org/en/information/action-plan-vision-2030  
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the sites which established the system in the earlier phase with excellent 
credibility. According to researchers using the NT1, because of these earlier 
achievements, they had quite a bit of recognition in computing in general, that 
helped obtain the competitive advantage at least within ALICE and ATLAS 
collaboration 

●​ A green Nordic Region - promoting a green transition of our societies and work 
towards carbon neutrality and a sustainable, circular, and bio-based economy 

○​ The NT1 partner institutions which contribute the NT1 resources in terms of 
computing and storage are systematically seeking ways to be more ‘green’ 
and are forerunners in the efforts to reduce the carbon footprint of 
supercomputers 

■​ The goal is full climate neutrality. Powering the supercomputers with 
renewable energy, using free cooling, and re-use of waste heat are 
examples of measures that are taken. For example, the eco-efficient 
datacenter, placed in Kajaani, Finland, aims to run with zero or even 
negative carbon footprint by using 100% renewable energy and by 
efficient waste heat usage (the waste heat can heat up to 20% of the 
houses of the surrounding city), while still hosting one of the fastest 
HPC systems in the world.   

●​ A socially sustainable Nordic Region - promoting an inclusive, equal, and 
interconnected region with shared values and strengthened cultural exchanges and 
welfare 

○​ xtNT1, as a NeIC project, adhere to NeIC values and HR policy, which 
promotes equality​ ​and​ ​diversity, ​including equal​ ​opportunity​ ​in​ ​employment​ 
​practices​ ​without​ ​discrimination​ ​on​ ​the​ ​grounds​ ​of​ ​race, religious​ ​beliefs,​ 
​colour,​ ​gender,​ ​sexual​ ​orientation,​ ​disability,​ ​place​ ​of​ ​origin,​ ​age,​ ​marital 
status,​ ​or​ ​family​ ​status. 

Relevance beyond the region  

International effort with Nordic component 
 
NT1 operates a Nordic Tier-1 service supporting the LHC research programme. The main 
objective of NT1 is to deliver continuously sufficient production resources towards the WLCG 
– the large international e-infrastructure built to provide computing and storage for CERN 
until the agreed end, which according to the WLCG Memorandums of Understanding is LHC 
lifetime plus 15 years. The NT1 by contributing its share to the WLCG resources enables 
High Energy Physics research for the scientists in the Nordics. 
Seamless integration and interoperability of services and sharing capabilities across borders 
enables scientists to conduct research in a new way and to solve new types of research 
problems.  
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Role that NT1 plays in High Energy Physics research 
 
NT1 is currently one of 10 ATLAS and 8 ALICE Tier-1 sites. Given that ATLAS has 50 
member countries, and ALICE - 39, it is clear that NT1 plays a very important role in High 
Energy Physics Research. The particular significance of a Tier-1 site is that it provides 
custodial tape storage, thus ensuring long-term data preservation. The Nordic Tier-1 stands 
out because of its highly resilient distributed design: indeed, we avoid single points of 
failures and can provide non-stop operations. Sharing our technological solutions with other 
WLCG sites has been a part of our daily activities. Nordic Tier-1 is highly regarded not only 
for its reliability and innovation, but also for the assistance we offer to other WLCG 
community members. Support of ARC and dCache development further increases the 
international role of NT1. Complementary to HTCondor46, ARC is now the only European 
computing interface in WLCG. The highly available and distributed setup of dCache at NT1 
is also a reference within WLCG.  
 
NT1 through its contribution to the WLCG is participating in the experiments with the largest 
data analysis in the world and grid-computing which is one of its kind in a sense world-wide 
communications. It is acknowledged in all scientific papers produced by the experiments, 
ALICE example: “The ALICE Collaboration gratefully acknowledges the resources and 
support provided by all Grid centres and the Worldwide LHC Computing Grid (WLCG) 
collaboration.”. 
 
NT1, as well as other WLCG Tier-0, -1 and -2 computing and data sites, is preparing to meet 
the challenges posed by the High-Luminosity upgrade of the LHC. Thanks to our 
long-standing commitment to innovation, NT1 has a potential to pave a way for developing 
novel services to respond to the challenges. The role of NT1 in High Energy Physics 
computing can become even more pronounced by exploring natural synergies with the 
activities around LUMI supercomputer - NT1 has contributed significantly to first discussions 
aiming at seamless usage of LUMI resources by the High Energy Physics community, and 
through ARC and dCache development contributed to the first successful run of ATLAS 
workloads on the EuroHPC Vega system. 
 
 
 
 

46 https://research.cs.wisc.edu/htcondor/  
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