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Introduction  

The US LHC operations program is conducting an assessment of the options for providing, 

operating and maintaining high-speed network services needed to transfer data to and from the 

Large Hadron Collider (LHC) experiments at the European center for particle physics research 

(CERN) in Geneva, Switzerland, to the Tier 1 U.S. data centers at Brookhaven National 

Laboratory and Fermi National Accelerator Laboratory, and between European Tier 1, Tier 2 and 

Tier 3 centers and the U.S. Tier 1, Tier 2 and Tier 3 centers.  In carrying out this assessment, the 

US LHC program is performing an analysis of alternate models or options for delivering this 

service over the next five years. 

 

The LHC experiments are among the largest scientific instruments ever constructed and these 

experiments involve some of today's largest scientific collaborations (ATLAS:182 institutions in 

38 countries; CMS:183 institutions in 38 countries). The LHC experiments have adopted data 

models that rely heavily on distributed data centers and high-speed networking. This is necessary 

in order to allow collaborators anywhere in the world to access any part of the data set in a 

relatively short time, to evaluate detector performance, and to perform calibrations and physics 

analysis. These models depend on each country or region to provide computing hardware and 

networking, not only to enable their researchers to take active roles in the LHC experiments, but 

also for the use of international collaborators. Over the last several years, most countries and 

regions have deployed significant computing resources to meet this challenge. The U.S. effort, 

supported by the Department of Energy and the National Science Foundation, has evolved to 

take on leadership roles in many areas of LHC software and computing.  

For the U.S., the distributed data models of the LHC experiments (ATLAS and CMS) require 

capacious network services between CERN and the two U.S. Tier 1 data centers at Fermilab and 

Brookhaven, as well as between European Tier 1 and Tier 2 centers and the U.S. Tier 1, Tier 2 

and Tier 3 centers.  The implementation of these models has led to measured network traffic in 

2012 of roughly 40 Gbps (weekly average of non-US  US Tier 1, Tier 2, Tier 3 traffic). The 

effectiveness of the US participation in the LHC experimental programs is dependent on the 

throughput and reliability of national and international networks that sites in the US are 

connected to.    

The network service must provide the reliability and base-level capacity necessary for the day-

to-day production operations as well as a level of headroom capacity needed to account for 

outage recovery and other uses. Besides providing the necessary transfer capabilities described 

later in the document, the service must be flexible in order to accommodate changes and future 

increases or decreases in capacity as the LHC experiments evolve.   



Requested Information  

The following information is requested in order that ATLAS and CMS may evaluate alternative 

approaches to the U.S. LHC networking.  

1. Network Architecture  

Describe your approach to provide an integrated, interoperable, cost-effective, reliable network 

service to support bulk data movement between LHC computing facilities at CERN and the U.S. 

Tier 1 data centers at Fermilab and Brookhaven as well as between European Tier 1, Tier 2 and 

Tier 3 centers and the U.S. Tier 1, Tier 2 and Tier 3 centers. Describe details of your 

communications infrastructure that will support such a network service. Based on the ATLAS 

and CMS computing models and primary parameters like trigger rates, dataset size, the size of 

the community, etc the modeled daily data volume that needs to be transferred between the 

above mentioned sites is ~100 TB on average/~200 TB peak during Long Shutdown1 (ends 

~December 2014) and 170 TB on average/340 TB peak during most of 2015, 2016 and 2017 

during collider operations. There will be another long shutdown in 2018 that will likely cause the 

rates to slightly drop. Rather than specifying strict requirements in terms of transfer speeds and 

network service availability we specify capability metrics in terms of data volumes to be 

transferred in certain time intervals, e.g. TB/day or TB/week. Note that while temporary rate 

reductions are acceptable, complete loss of connectivity to CERN and other major sites is not. 

Based on the requirements for LHC operations in 2015 for Tier 1 and Tier 2 traffic, and under 

the assumption that there is a total of 40 Gbps of transatlantic bandwidth available to ATLAS 

and CMS, a reduction to 50% (or 20 Gbps) of the provisioned bandwidth would be acceptable 

for a period of 4 weeks; a reduction to 25% would be acceptable for no more than 2 weeks. A 

reduction below 25% is not acceptable. No more than 3 incidents of capacity reduction lasting 

longer than 3 days should occur over a period of 12 months. 

The wide area network service currently being utilized by ATLAS and CMS has 3 major 

elements 

1) The LHC Optical Private Network (LHCOPN
1
), a “closed” network infrastructure that 

was originally intended to serve the transfer needs of CERN Tier 0  Tier 1 traffic and 

later was broadened to include Tier 1  Tier 1 traffic. The two basic design features of 

the LHCOPN are restricted access (Tier-0 and Tier-1 sites only) and guaranteed 

bandwidth for data movement between LHCOPN sites. The key component of the 

LHCOPN service for the US LHC community is the transatlantic network service 

currently provided by USLHCNet.  

2) The LHC Open Network Environment (LHCONE) that provides a collection of access 

locations, which are effectively entry points into a network that is protecting and isolating 

traffic to the LHC Tier 1, Tier 2 and Tier 3 sites. This infrastructure is currently provided 

by the NRENs on both sides of the Atlantic and by DANTE as an overlay to their 

existing R&E network services.  The transatlantic component of the LHCONE is 
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currently provided through services from GEANT (DANTE), the NSF-funded America-

Connects-to-Europe (ACE) project and USLHCNet. 

3) General R&E networks shared with other science users that are provided by ESnet and 

Internet2 in the US and a collection of National Research and Education Networks 

(NRENs) and DANTE in Europe.   

   According to our observation over the last two years a major part of the traffic is served by the 

R&E network infrastructure provided by the NRENs and DANTE, and over the last year, 

increasingly through LHCONE. The motivation for the OPN was the perceived need of making 

data export from the Tier 0 at CERN to the Tier 1 centers part of the Data Acquisition (DAQ) 

system to ensure data delivery from Tier 0 buffers to Tier 1 tape in quasi real-time. Since data 

taking started in late 2009, operational experience has shown that, while it is important that these 

transfers are completed within a few days, they are far less time critical than the experiments 

initially thought. ATLAS and CMS have storage capacity at the Tier 0 to hold ~5 days of data 

taking. Therefore the relevant performance parameter for the data transfer system out of CERN 

are the transfer capabilities integrated over a certain period of time, considering the end-to-end 

data transfer system (including the storage systems), instead of just specifying an availability 

rating for the network circuit infrastructure. For orientation regarding the quantities table 3 on 

page 29 of the ATLAS Case Study (appendix 1) lists daily transfer volumes associated with 

typical ATLAS workflows. Similar numbers are available for CMS (see appendix 2). The 

description of the approach should include information as to how the organization proposes to 

provide a comprehensive network service to the experiments that satisfies the U.S. LHC 

networking demands currently met by the LHCOPN, LHCONE and the general R&E network 

infrastructure. The description should include the following: 

 The capabilities for prioritization of network traffic, such as higher priority for the Tier 0 

data export versus lower priority for other traffic.   

 How the U.S. LHC network service currently supported with the LHCOPN private 

network domain could be supported, and what the additional cost for doing so would be. 

Please provide information regarding the degradation of transfer capabilities in case of single and 

multiple circuit outages within the proposed infrastructure.   

As described earlier in the document the LHC experiments rely heavily on a complex network 

infrastructure to provide the means to move data between U.S. and European sites.  Engineering 

parameters must address the need for base-level connectivity as well as provisioning bandwidth 

on diverse links to ensure adequate service during link outages.  The network topology should go 

beyond point-to-point links, in order to sustain non-stop operations of the network.  Describe in 

detail how your design addresses each of the following architectural considerations. 

 transatlantic circuit redundancy and diversity 

 terrestrial circuit redundancy and diversity 

 equipment redundancy and diversity 



 service availability such that the network links across the Atlantic are capable of 

supporting a throughput of at least 100 TB/day 

 support for resilient Layer1 circuits, Layer 2 and Layer 3 end-to-end services connecting 

the storage system endpoints at Tier-0, Tier-1, Tier-2 or Tier-3 centers 

 bandwidth allocation management and enforcement  

 fair-sharing during degraded operation  

 collaboration with other research and education networks in support of physics end-users 

1.1 Circuits and Equipment  

Describe the network elements and paths that constitute the data transport circuits between 

CERN and the U.S. Tier 1 data centers at Fermilab and Brookhaven and between European Tier 

1 and Tier 2 centers and the U.S. Tier 1 and Tier 2 centers. 

The LHC relies heavily on a set of circuits to provide data connectivity between U.S. and 

European sites – the circuits provide the means by which the data from CERN are brought to the 

U.S., and the means for exchanging results between U.S. and European sites. The CMS and 

ATLAS experiments have disk buffers to allow for recovering from network outages, however 

these buffers have a limited capacity, which governs how long a network outage can be tolerated.  

In the event of a week or multi-week circuit outage, in particular due to problems with submarine 

cables or possible issues with a vendor, there could be significant negative impact to the 

experiment if there were a significant reduction in bandwidth. This argues strongly for highly 

diverse cable systems, in particular when provisioning transatlantic circuits.  Since a dramatic 

reduction in bandwidth can cause problems similar to a complete outage, the diversity of 

connectivity should provide for basic connectivity plus adequate service continuity during partial 

outages (a reduced number of available paths).  Describe your approach to path diversity.  

 

In relevant data recovery exercises Tier 1 sites have shown that they can ingest traffic to disk at 

rates up to, and some of them well above, 5 times the nominal rate. The sending rate was 

observed to be at least 3 times the nominal rate. It has been demonstrated that sites can recover 

from a 2-day backlog in 1 day or less.  

 

Describe all of the equipment required for your design, whether it is covered by maintenance 

contracts and how repair is accomplished. Explain whether your organization anticipates having 

Service Level Agreements (SLA) with companies providing communication services (e.g. 

circuits) to you.   

1.2 Monitoring  

End-to-end monitoring has proven invaluable for both the end users and the network operations 

centers that serve the end users. Providing full and transparent monitoring of the U.S. - CERN 

circuits is essential. The perfSONAR framework makes it possible to do end-to-end monitoring 

across multiple network domains. perfSONAR
i
 monitoring has become the de-facto standard for 

the research and education community and the experiment operations teams depend on it to 

monitor their data transfer infrastructure. 



Describe your approach to providing perfSONAR measurement points throughout the network 

and the types and frequency of data that will be exported to perfSONAR measurement archives.  

1.3 Operations  

As with all research and education networks that support time-critical applications, the 

transatlantic networks between CERN and the U.S. Tier 1 data centers at Fermilab and 

Brookhaven and between European Tier 1 and Tier 2 centers and the U.S. Tier 1 and Tier 2 

centers must have 24x7x365 operational monitoring and support. This monitoring must provide 

for rapid response to critical alarms from the low-level circuit and equipment systems in order to 

determine if notifications must be sent to end-users, whether the remaining network has correctly 

reconfigured itself to equitably share the remaining bandwidth, to determine if equipment 

failures have interrupted circuit service and if so to immediately initiate investigation and/or 

repair operations for equipment, etc.  

The 24x7 operations staff must have access to network engineers as needed in order to diagnose 

complex problems and to examine and resolve issues that occur in the L1, L2 and L3 network 

operation and configuration.  

Describe the proposed level of operational monitoring and support and how both would integrate 

with the existing infrastructure and mechanisms of the experiments and OSG (ATLAS and CMS 

computing shifts, network performance archive maintained by the experiments and OSG).  

1.4 The Network Service  

Close coordination with end sites is required to ensure routing integrity.  Describe how you 

propose to coordinate with end sites (Tier1 and Tier2 sites in the US and in Europe). 

Details as to how ATLAS and CMS operate in the distributed computing environment can be 

found in appendix 1 (ATLAS) and appendix 2 (CMS) of this document.  

1.5 Software Support  

If there is any software used in the network design, in device control, or in device monitoring 

that is not supported by a commercial vendor please describe the software, who controls its 

design and implementation, and who does code maintenance and what agreements are in place 

for code maintenance.  

1.6 Flexibility to Adapt to Changing Requirements  

The HEP data handling and analysis strategy for the LHC data has been evolving for several 

years. The experience of ESnet and Internet2 has shown that current network usage patterns are 

in fact a good fit to their own projections. A still emerging trend under analysis is the increase in 

traffic flow between Tier 2 sites and direct access across the WAN between any sites besides 

bulk replication. The long-term implications of this newly emerging pattern are still under 

investigation. Continuing to account for “unexpected” analysis approaches and changing data 



access models that result in increasing or decreasing use of the network is an important aspect of 

the task of providing networking services for the U.S. LHC operations program. Describe your 

approach to managing this issue.  

2.  Supporting End-to-End Performance  

The movement of large amounts of data at high data rates for sustained periods of time over long 

distances is a very complex problem that involves simultaneous optimization of storage systems, 

computing systems, LAN network environments, and WAN network environments. It is essential 

that WAN engineers work closely with applications developers to ensure optimal performance. 

Describe your approach to making contributions to ensuring that application-to-application 

throughput is sufficient to be able to support the science activities.  

3.  Community Input and Collaboration  

LHC networking is an international collaboration between network service providers and the 

physics user community.  The overall configuration is the result of community discussions held 

every 3-4 months and involves representatives of the end users and the network organizations 

that support them.  Describe how you participate/will participate in this sort of collaborative 

network engineering approach and both contribute and take advice and direction from this 

activity.  

4. Comprehensive Financial Model  

A comprehensive financial model covering construction, operation, and current and projected 

capabilities is an essential part of a stable, production facility. Such a model should include:  

1) The cost and ownership of equipment planned for use in the proposed design  

2) The cost of operation including  

a. all service contracts (e.g. all circuit costs, co-location costs, etc.) 

b. equipment maintenance  

c. staff costs including salaries and burdens, office space, communications, personal 

equipment, travel, etc.  

d. institutional and other overhead costs on all of the above  

3) The cost of adding sites 

4) Projected equipment, operational, circuit costs etc. for increased capability in the future. 

For the projection assume that the required bandwidth in 2017 is twice the bandwidth 

required in 2015. 

5) Sources of funding to support all aspects of the networking as described in this document 

and the nature of that funding (fixed period grants, maintenance and operations contracts, 

etc) 

6) Transition costs 

Provide comprehensive information on all of the points.  



5. Schedule and Risks  

Identify risks and describe mitigation strategies related to:  

1) implementation schedule 

2) impact of currency exchange fluctuation impact on Euro-denominated contracts  

3) loss of key personnel  

4) long-term circuit failures  

5) major equipment failures  

6) risk mitigation strategies 

7) bandwidth planning and procurement cycle 

8) technology issues such as 40G and 100G transatlantic transport availability 

9) transition strategy 

10)  any other relevant issues 

6. Management Model  

Describe the organization and management structure including:  

1) staffing levels 

2) first-level network alarm (circuit and equipment failure) responses  

3) equipment failure followup and repair  

4) circuit failure followup  

5) escalation procedures 

6) engineering decisions and implementation related to hardware choices and tradeoffs, etc.  

7) network architecture decisions and implementation for the current network and any 

expansion of the network  

8) financial planning and accounting for current and out-year funding of the current network 

and any expansion of the network  

7. Security Model 

Network services in the context of the US LHC operations program are based on unclassified 

open mission-oriented networks that carry physics research data. Reliable data exchange 

between CERN and the U.S. Tier 1 data centers located at Fermilab and Brookhaven and 

between European Tier 1 and Tier 2 centers and the U.S. Tier 1 and Tier 2 centers is critical.  

Describe your approach to ensure the integrity of the infrastructure and data exchange. 

 

 

 

                                                 
i
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Appendix 1 

 

August 16, 2013 

 
The ATLAS Experiment at the Large Hadron Collider 

1.1 Background  

The ATLAS experiment at CERN’s Large Hadron Collider is one of two large general-purpose LHC 

experiments to investigate high-energy proton-proton collisions.  ATLAS recorded proton-proton 

interactions at center-of-mass energies of 7 and 8 TeV in 2011 and 2012, respectively. The studies of 

these interactions have led to more than 250 scientific publications reporting measurements of particle 

properties and searches for new particles. The chief ATLAS science highlight so far has been the 

discovery of a Higgs boson with a mass of 125 GeV. In fact, this result was named the “Science 

Breakthrough of the Year 2012” by Science magazine. 

The discovery of a Higgs boson opens a new area of scientific study for the ATLAS experiment. Studies 

are underway to measure this Higgs boson’s properties, including its mass, spin, parity, and coupling to 

other particles. The Higgs boson solves only part of the mystery of Electroweak symmetry breaking in the 

Standard Model of particle physics – other particles are needed to complete the description. The boson 

observed by ATLAS may indeed be the Standard Model Higgs boson, or it may be one of several Higgs 

bosons. Therefore, the discovery of the Higgs opens new possibilities beyond the rich physics still to be 

done with the Higgs.  Supersymmetry theory is a strong candidate to explain some of the fundamental 

unanswered questions associated with the Higgs boson: how does the Higgs boson gets the observed 

mass, and what is the mechanism behind Electroweak symmetry breaking? In addition, supersymmetry 

provides a candidate for the dark matter which we know makes up most of the matter in the universe, yet 

has not been observed. The search for dark matter started many decades before the search for the Higgs. 

The discovery of the Higgs at the LHC could be the first in a series of breakthroughs that herald a 

renaissance for particle physics. 

The chief science challenge in these studies is the production rate of new particles relative to the rate of 

proton-proton collisions. For example, only one in a billion inelastic proton-proton collisions at 14 TeV is 

expected to produce a Higgs boson. Ensuring a statistically significant sample of Higgs bosons requires 

an enormous dataset of collected proton-proton collision events, which in turn implies a high-luminosity 

collider. The rate of dark matter production at the LHC could be much smaller, requiring much more 

difficult data mining. 

The LHC accelerator and the ATLAS experiment are currently being prepared for collisions at 13-14 

TeV, scheduled to begin in late 2015. The LHC will then operate at the original design luminosity of 1 x 

10
34

 cm
-2

s
-1

, until a one-year shutdown for further luminosity upgrades in 2018. This expected schedule 

sets the timeline for the science drivers and needs described below. A proposal to increase the LHC 

luminosity to 5 x 10
34

 cm
-2

s
-1

, beginning in 2023, is currently under consideration.   

Since the time of the last HEP ESnet requirements review in 2009, the ATLAS experiment has revamped 

its computing model to put less emphasis on a strict hierarchical model among the computing sites, and 

more emphasis on a peer-to-peer mesh model. This re-evaluation has been driven by the needs of physics 

analyzers and the emergence of high-performance research networks. Nevertheless, we maintain the 

distinctions between Tier 1/2/3 in our case study to indicate the physical scale of each facility as well as 

its support of middleware services and its role in physics analysis. 

Once the data is acquired and reconstructed, the nature of the LHC physics environment makes its 

analysis a complex challenge as well. New discoveries in physics expected at the LHC, such as the Higgs 

boson and supersymmetry, are predicted to occur at very low rates. A typical light Higgs signal, for 

example, may involve of order a thousand signal events distilled from 10
14

 events occurring in the 
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detector in a year of data taking. The ATLAS trigger provides a rejection factor of 10

5
, but the further 

selection of one event in a million must be performed in offline processing. This presents one of the 

central computing infrastructure challenges in LHC computing: the rapid and efficient extraction of 

sparse physics samples from extremely large datasets. 

 
Figure 1: ATLAS Online Luminosity in 2012           Figure 2: ATLAS data volume on the Grid 

Experience gained during the first three years of ATLAS data taking gives us confidence that the 

distributed computing model developed by ATLAS has sufficient flexibility to process, reprocess, distill, 

disseminate, and analyze ATLAS data in a way that utilizes both computing and manpower resources 

efficiently. New advances in computing, like cloud computing, can be integrated easily into the current 

model. 

The data management, processing and analysis tasks required by ATLAS must be conducted in the 

context of a very large collaboration distributed worldwide. The computing system must foresee more 

than 1,000 simultaneous users distributed globally and requiring transparent access to all resources 

available to the collaboration when working from their home institutes. ATLAS already has about 2000 

users of its distributed analysis system. The unique challenges of LHC computing have led us to the tiered 

hierarchy of centers, networked together in a worldwide data intensive grid. The early success of this 

system has been tremendous, with the distributed computing systems of ATLAS truly acting as an enabler 

for timely and effective analysis. A lesson of LHC experience to date is that Tier-2 centers play a vital 

and previously underestimated role; they are more important players than the hierarchical model foresees, 

and the current and still evolving future of LHC computing planning is towards a 'flatter' architecture that 

discriminates less between Tier-1s and Tier-2s in how they interconnect in the distributed facility. This 

also means, and is agreed by ATLAS management, that a cost/benefit analysis is the basis for the decision 

as to whether capacities are deployed at the Tier-1 versus the Tier-2s. However, this arrangement can only 

work if the Tier-2s have, besides compute and storage capacities, the necessary network infrastructure in 

place to exploit the resources. This larger Tier-2 role requires the centers to provide high performance and 

very reliable network capabilities at a level that wasn’t foreseen when the hierarchical model was 

designed. In addition to the original role, Tier-2s have become and are still increasingly becoming a 

repository for primary data that they are supposed to serve to sites domestically and internationally either 

by means of programmatic replication or eventually by letting remote processes access the data directly 

through the federated storage service (FAX).  

Whether hierarchical or more flat, the distributed computing model depends on linking all computational 

and storage resources within a center as well as all sites through high-speed local and wide area networks 

into a highly functional distributed fabric that distributes and manages data and workloads among the 

massive resources it encompasses in a way that presents a tractable operational load.  

Given the modified and added responsibilities along with the massive amount of critical resources the 

Tier-2 centers contribute to ATLAS centrally managed production and user analysis, it is imperative to 

deploy and maintain a reliable communication infrastructure that matches the performance requirements 
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of the applications running on the computational resources at those centers as well as to support 

programmatic replication of ATLAS data and remote data access. 

1.2 The ATLAS Collaboration 

The ATLAS collaboration (atlas.ch), consists of 174 institutes from 38 countries. After completion of the 

construction of the ATLAS detector at the LHC, the first collisions were recorded in late 2009. The 44 

institutions of ATLAS from the U.S. made major and unique contributions to the construction of the 

ATLAS detector, provided critical support for the ATLAS computing and software program and detector 

operations, and contributed significantly to physics analysis, results, and papers published. The physics 

results from such a large collaboration rely on efficient networking to provide transparent access to data 

and processing across all computing sites, irrespective of hierarchical or mesh configuration of the Tier 

1/2/3 sites used. 

1.3 Key Local Science Drivers 

1.3.1 ATLAS computing facilities in the U.S. 

In keeping the focus on enabling science, we define the local instruments and facilities to be those 

facilities that are used directly by physicists analyzing data from the LHC.  These are typically large local 

computing clusters at universities and laboratories. 

While the ATLAS Tier-1 center in the U.S. runs up to 13,000 concurrent jobs the five distributed Tier 2 

centers are currently providing between 4,000 and 7,000 job slots each. The workload is a mix of 

production and analysis jobs. The majority of the centers let analysis jobs take priority over production 

jobs such that, to use the CPU resources efficiently, the network infrastructure has to be able to 

accommodate the bandwidth needs of jobs running on up to 66% of the total CPU resources.  While the 

number of user analysis jobs submitted to a Tier 1/2 facility varies widely, the software system keeps all 

available CPU’s busy with centrally submitted jobs. In addition, local computing is done at the Tier 3 

sites for the end stages of user analysis. 

Facts related to ATLAS analysis jobs: 

a) Most, if not all, CPU cycles are spent on unzipping of ROOT branches and creation of unzipped 

structures in memory 

b) ROOT (gzip) can unzip at a rate of up to 40 MB/s on a single core. In case of ATLAS D3PDs the 

rate is lower, actually 20 MB/s due to a huge compression ratio and inefficient file structures 

Assuming sparse reading, network latencies, etc bandwidth requirements are observed between 3 MB/s 

and 15 MB/s per job. That translates to being able to accommodate between 420 and 80 jobs on a 10 

Gbps network link in the path between CPU and disk storage. This path could be local to a site where 

both CPU and disk storage is installed or between CPU at a site (e.g. UIUC) and storage at a different site 

(e.g. UC). Even at a moderate average rate of 6 MB/s per job a 10 Gbps link would be saturated by only 

200 jobs, meaning a site should have the ability to serve data at a rate of at least 100 Gbps. At this point 

none of the Tier 2’s are close to having this bandwidth available between their compute and their storage 

servers (note at the Tier-1 we have 160 Gbps and we observe full utilization of the path on a regular basis 

when running ~4k analysis jobs).  Only large aggregation switches, as recently proposed, and/or 

significantly higher bandwidth between switches local to sites and across the WAN are necessary to 

efficiently use resources currently installed and even more so in the future. 

In the US, Tier-1 computing for ATLAS is provided by Brookhaven National Laboratory (BNL). The 

facility is large in absolute size and in relative size when compared to other Tier-1 computing centers for 

the LHC. The Tier-1 center is connected to CERN and receives data from the ATLAS Tier-0 facility via 
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an Optical Private Network (OPN). The expectations of the OPN are described in the case study on LHC 

Transatlantic networking. 

Currently BNL has more than 10PB of disk in production and 90kHS02 of processing (Processing 

resources in the LHC are measured in thousands of HEPSpec 2006 (kHS06), which is based on SpecInt 

2006.). Data is archived on magnetic tape stored in and managed by automated libraries. The ATLAS 

inventory of archived data is currently about 8 PB. The BNL Tier-1 facility utilizes dCache to virtualize 

the large number of physical devices into a storage system.  

Besides the Tier-1 center there are five Tier-2 computing facilities for ATLAS. Four of the Tier-2s are 

distributed facilities with hardware and operations support located at two, or three, campuses. 

In 2013 a nominal Tier-2 for ATLAS is about 35 kHEPSpec06 of processing, which is roughly 3000 

processor cores, and 3500 TB of usable disk. The available storage space is spread over many physical 

storage devices and there are several technologies used to make them a coherent storage system. In the 

U.S. dCache and XRootd are currently in production.  

 

 
 

Figure 3: Tier-1 Resources and Architecture 
 

Compute Nodes 

The compute nodes in the US Atlas facilities are multi-core, stateless compute servers with a relatively 

simple data flow profile. To first order, data is read from and written to the storage servers, with reads 

dominating over writes by over a factor of 10 or higher. A superficial analysis of inter-switch link 

utilization suggests the following: 40Gb/sec of network bandwidth is required for every 240 compute 

nodes. However, this assumes that the current bandwidth utilization is not limited by storage server 

bandwidth. 

 

High bandwidth data servers at the Tier-1 
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The high bandwidth data servers at the US Atlas Tier 1 facility are the dCache storage nodes. These 

storage nodes are 10GbE or 20GbE attached servers that have the ability to drive their network 

connections at full line rate. There are currently on the order of 80 storage servers, in four different 

flavors. A superficial analysis of inter-switch link utilization between compute nodes and storage nodes 

suggests the following: 

 40Gb/sec of network bandwidth is required for every twenty 10GbE attached storage nodes. 

 

Data flows are observed between disk storage nodes and the following facility resources: 

 Compute nodes (overwhelmingly read only) 

 Data transfer servers 

 Custodial Storage (HPSS) 

Read access to data from compute nodes and data transfer servers runs the gamut, from single “hot” file 

to uniformly “hot” data storage servers. Write access from the compute nodes and data transfer servers is 

assumed to be uniformly spread across storage nodes. Read and write access to data from custodial 

storage (HPSS) to the data storage nodes is assumed to be uniformly spread over storage nodes. 

A rough estimate of the required 10GbE port density is as follows. Assuming 120 disk drives per 10GbE 

connectivity, at 9720 disk drives, the number of 10GbE host ports required is on the order of 65. In the 

data flow section of this document, a minimum of 40Gb/sec of network connectivity per twenty 10GbE 

attached server is the current rule of thumb. This yields a maximum 5:1 over subscription ratio between 

aggregate server connectivity and uplink bandwidth. For 65 10GbE host ports, a minimum of 14 10GbE 

uplink ports is required. This translates to a need for at least 79 10GbE ports. Even more are required 

when cross links to the disk storage switch in another room and multi-10GbE connectivity to HPSS are 

factored in. 

Note that the following statement is assumed to be true: 

There is no control over data placement, thus eliminating the possibility of partitioning the facility 

into smaller clusters with minimal data movement between clusters. 

This assumption has drastic effects on the design of the network. 
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Figure 4: Current U.S. ATLAS Tier-1 network configuration 

 

Data Transfer Servers at the Tier-1 center 

Data transfers are currently performed by dedicated servers. These nodes are used to send/receive data 

over the LHCOPN, LHCONE and the GPN to/from the dCache storage nodes. These data transfer servers 

are dual attached to the network, with one physical connection to the LHCOPN and the other physical 

connection on the same switch as the dCache storage nodes. 

 

Data Flows in the Tier-1 Network 

Large data flows in the Tier-1 network are split into two categories, internal and external. Within the US 

ATLAS network, the predominant data flow is between the dCache storage subnet and the Linux Farm 

subnets. Outside of the Tier-1 network, the predominant data flow is between the dCache transfer server 

and the WANs. Note that these external data flows from the transfer servers are exactly mirrored by data 

flows between those and the dCache storage servers. For various reasons, the transfer servers are dual 

homed (i.e., have two network interface cards).  

A superficial analysis of the inter-switch link utilization suggests the following : 

1) 40Gb/sec of bandwidth is required for every 250 compute nodes 

2) 40Gb/sec of bandwidth is required for every twenty 10GbE attached high-density storage nodes 

However, it should be noted that these ratios may not be independent. It is possible that increasing the 

number of storage nodes will increase the bandwidth used per 250 compute nodes. It is also possible that 

increasing the number of compute nodes will increase the bandwidth used per 20 high-density storage 
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nodes. Data flows between dCache and the linux farm have been tuned to utilize both available paths 

between core switches in the network. 

 

“Network-aware” applications 

Another aspect worth to be considered is a new paradigm that is likely to change the way applications 

interact with the underlying network infrastructure. Rather than looking at an opaque piece of 

infrastructure, as applications do today, they will soon have the ability to take control over the topology 

and quality of service parameters, capabilities that make the performance of the communication path in 

our highly distributed applications highly predictable. The foundation for the interaction of “network-

aware” applications with the infrastructure is called Software Defined Networks (SDN). New equipment 

being acquired by the Tier-1 and the Tier-2s is required to support the SDN technology. 

1.3.2 Software Infrastructure 

While the bulk of data processing in ATLAS is done at Tier 1 and Tier 2 resources, the end stage analysis 

is usually done by users at a local Tier 3 facility. The scale of computing resources at Tier 3 sites range 

from workstations to small clusters. ROOT is the most common software stack used to analyze the DPD’s 

generated on distributed computing resources. Data transfer is done using ATLAS DDM tools, which 

mostly rely on gridFTP middleware. XROOTD based direct data access is also gaining importance 

wherever high network bandwidth is available. For a small number of users, primarily for detector 

development and calibration studies, ATHENA software (ATLAS application framework) needs to be 

supported in the local environment. 

1.3.3 Process of Science 

Scientific discovery at the LHC is a massive data mining problem.   The design rate of collisions at the 

experiment is 40MHz with a data collection rate of a few hundred Hz. Only a tiny fraction of the events 

contain interesting physics and a smaller fraction contains evidence of new discoveries.  It is the job of 

the experiment’s data acquisition systems to preferentially select the 1 in 10^5 events we can afford to 

keep.  The problem of event selections continues with the Tier-1s.   The Tier-1s are responsible for 

updating the data samples by reprocessing with improved calibration, and for creating analysis samples 

for users. In the new mesh model, Tier 2’s also participate in reprocessing. The events are skimmed to 

attempt to make smaller samples focusing on particular physics processes and thinned to concentrate 

objects relevant to a particular analysis.  The ATLAS experiment collects a few billion events per year 

and, except in the most fortuitous cases, a new discovery is or will be based on a few hundred, or less, of 

very carefully selected events. With higher luminosities planned in the future, data processing becomes 

much more challenging due to pile-up effects (multiple collisions in the recorded event), putting more 

demands on networking due to flatter distributed computing model involving Tier 2 sites. 

With the LHC in its Long Shutdown 1, the ATLAS collaboration is currently focused on analyzing the 

results of the 7 and 8 TeV data taken in 2011-2012.  The most popular data format for physics analysis is 

a Derived Physics Data (DPD) format that is essentially a flat ROOT ntuple.  These DPD ntuples can be 

read efficiently with highly-optimized tools and can be used in distributed analysis jobs, in local batch 

queues, or in a PROOF farm.  Even though the event size in the DPDs is reduced to about half of the 250 

KB/event size in the Analysis Object Data (AOD) files, there are multiple distinct versions of the Derived 

Physics Data.  As a result, the total amount of data in the DPD format is about 3 times the amount of data 

in the AOD format.  A recent estimate found a total of 3.2 PB of existing DPD datasets in ATLAS, 

including collision data and Monte Carlo data. A recent initiative to develop a common DPD ntuple 

format promises to reduce this data volume to 1 PB by eliminating duplication in the DPD definitions. 
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Data analysis with the local Tier 3 computing systems depends at the moment on specific locally-

accessible datasets.  A particular case study is the analysis of Higgs decays to W boson pairs. In addition 

to the collision data sample, the analysis processes a total of ~530 Monte Carlo samples.  These samples 

are skimmed with suitable event filters at Tier 1/2 sites, and approximately 4 TB of input files are 

downloaded to a local compute farm using ATLAS data management tools, with typical transfer rates of 

50 MB/s. This local farm is used to produce DPD ntuples in a process that takes about 200-300 CPU 

hours, and the resulting ntuples are transferred to CERN.  Additional ntuples used to study systematic 

uncertainties in the measurements multiply the requirements by a factor of 50, resulting in a CPU 

requirement of 10,000 hours and a total ntuple production output of 2.1 TB. This is a fraction of the 

locally-accessible disk at the Tier 3 sites, where the median disk resource is 100 TB; nevertheless, the 

data transfers from the remote sites take a significant amount of time in the data analysis cycle. These 

datasets are re-produced between 1 and 10 times per month, depending on the studies being performed.  

Many analyses do not require local ntuple production, but rather use DPD ntuples produced on the Grid, 

either centrally or with user analysis jobs. This model offers less flexibility for local analyzers, but it 

requires fewer local CPU resources. The typical dataset used for analysis is approximately 1 TB in size 

and is refreshed once per month with newly-produced ntuples. The goal of the Tier 3 systems, as 

developed and supported by ATLAS, is to allow physicists to analyze their entire reduced dataset in 1-2 

hours.  Each local computing installation supports between 1 and 5 physics analyses with accompanying 

datasets.  The analyzers at some active Tier 3 clusters submit 2 million Condor jobs each year. 

1.4 Key Remote Science Drivers 

1.4.1 Instruments and Facilities 

Because of the data-intensive nature of the ATLAS scientific program, the ATLAS collaboration 

implicitly relies upon having a ubiquitous, high-performing, global network to enable its distributed grid-

computing infrastructure. Providing effective access to petabytes of data for thousands of physicists all 

over the world just wouldn’t be possible without the corresponding set of research and education 

networks that provide 1 to 10 to 100 Gigabits per second of bandwidth to enable ATLAS data to flow to 

where it is needed. Typical network paths that ATLAS data traverses consist of multiple administrative 

domains (local area networks at each end and possibly multiple campus, regional, national and 

international networks along the path). The ability of the Internet to allow these separate domains to 

transparently inter-operate is one of its greatest strengths. However, when a problem involving the 

network arises, that same transparency can make it very difficult to find the cause and location of the 

problem. Because of both the criticality of the network for ATLAS normal operations and the difficulty in 

identifying and locating the source of network problems when they occur, the US ATLAS facilities began 

an intense collaboration with ESnet and Internet2 on the development and deployment of perfSONAR-PS 

in 2008. The goal was to provide the sites with a set of tools and measurements that would allow them to 

differentiate network issues from end-site issues and to help localize and identify network-specific 

problems to expedite their resolution. 

As US ATLAS began to deploy perfSONAR-PS monitoring instances, it was found the federated design 

architecture to have some shortcomings for the intended use-case. Each site was independently installed, 

configured and controlled and it was difficult to see the status of the sites or the inter-site measurements 

without visiting each site and viewing multiple graphs. In order to provide a high-level summary of the 

site test status and to visualize the results of the perfSONAR measurements, a dedicated monitoring 

system was proposed and developed. The architecture of the system consists of multiple functional 

components. The first is a set of collectors responsible for gathering monitoring information. The results 

from the collectors are stored in a data store component. Information from the data store is presented to 

users via a data presentation web interface. Finally, new monitoring jobs and alerting is defined through a 

configuration web interface. Given the globally distributed computing facility ATLAS data analysis is 
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dependent upon the perfSONAR tools and services were adopted by the Open Science Grid in the US and 

WLCG as a vital component in the ensemble of services these organizations coordinate in terms of 

deployment and configuration at about 160 sites worldwide. As dependencies on network performance 

data still increase (ATLAS is in the process of integrating network performance into task brokerage and 

data placement decisions) it is tremendously important for the collaboration that ESnet contributes to the 

perfSONAR development and maintenance at least at the present level.     

ATLAS is in the process of adding direct access to data that is not available locally, meaning rather than 

requiring a process to wait until a programmatic replication of a dataset is completed the process is using 

a mechanism that allows to transparently discover the location of the needed data and access it over the 

Wide Area Network (WAN). US ATLAS is currently using xrootd at both the individual site level and the 

US ATLAS computing facility level. Tier 2 sites at SLAC and University of Texas at Arlington use 

xrootd as their baseline storage system, while the Tier-1 at BNL, University of Chicago and University of 

Michigan are using xrootd as an interface system on top of their dCache-managed storage to serve user 

analysis activities. The sites each have between 3 PB and 10 PB of usable disk storage installed and serve 

heavy user analysis activities.  

ATLAS recently deployed a Federated ATLAS Xrootd system (FAX) aimed at providing direct data 

access over the WAN. The system allows users to access any data file in the federation via its global 

unique file name using the xroot protocol. FAX is implemented via a global xrootd redirector at BNL and 

some regional redirectors deployed at Tier-2 sites. In addition to Tier-1 and Tier-2 sites, Tier 3 sites are 

important members of this federation because quite often, "hot" user analysis data are initially produced at 

Tier 3 institutions.  

ATLAS intends to implement and evaluate a still more fine grained approach to caching, below the file 

level. The approach takes advantage of a ROOT-based caching mechanism as well as recent efficiency 

gains in ROOT I/O implemented by the ROOT team that minimizes the number of transactions with 

storage during data read operations, which particularly over the WAN are very expensive in terms of 

latency. It also utilizes development work performed by CERN-IT on a custom xrootd server which 

operates on the client side to direct ROOT I/O requests to remote xrootd storage, transparently caching at 

the block level data that is retrieved over the WAN and passed on to the application. Subsequent local use 

of the data hits the cache rather than the WAN. This benefits not only the latency seen by a client utilizing 

cached data, but also the source site, freed from the need to serve already-delivered data. In addition 

caching obviously saves network capacities. 

  
Figure 5: Federated data stores and data access with FAX in ATLAS 
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Deriving benefit from fine-grained caching depends upon re-use of the cache. As one approach to 

maximizing re-use, PanDA’s (the ATLAS workload management system) existing mechanism for 

brokering jobs to worker nodes on the basis of data affinity will be applied to this case, such that jobs are 

preferentially brokered to sites which have run jobs utilizing the same input files. 

Non-PanDA based applications using data at the cache site will also automatically benefit from the cache. 

The approach will integrate well with the federated xrootd system; it adds an automatic local caching 

capability to the federation. It may also be of interest in the context of serving data to applications running 

in commercial clouds, where the expense of data import and in-cloud storage could make fine-grained 

caching efficiencies valuable. 

 
Figure 6: ATLAS worldwide data transfer activities by data category (2009-2013) 

 

Figure 6: Traffic from non-US sites to the US Tier-1 center at BNL from 6/2012 – 5/2013 
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Figure 7: Traffic from the US Tier-1 center to non-US sites from 6/2012 – 5/2013 

 
 

Figure 8: Traffic from Non-US sites to US Tier-2 centers from 6/2012 – 5/2013 
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Figure 9: Traffic from US Tier-2 centers to non-US sites from 6/2012 – 5/2013 

1.4.2 Software Infrastructure 

The PanDA workload management system is used to manage the distributed workflow in ATLAS. In the 

following section we provide a general introduction to PanDA, followed by the specific examples 

relevant to this case study. 

1. PanDA 

The computational challenge of the LHC is not limited to the unprecedented size of the data generated. 

LHC data is highly distributed and accessed by large number of users. A sophisticated Workload 

Management System (WMS) is needed to manage the distribution and processing of such data.  One of 

the most successful WMS developed in the U.S. for the ATLAS experiment is PanDA (acronym for 

Production and Distributed Analysis System). PanDA is also actively being considered for wider use 

among other big data sciences. The AMS (Alpha Magnetic Spectrometer) is a satellite based experiment 

which has dedicated three programmers to adapt PanDA for their use. The CMS and ALICE experiments 

at the LHC are evaluating PanDA for their distributed analysis system. PanDA is becoming the enabling 

technology for many scientific discoveries that require access to exascale data. 

PanDA delivers transparency of data and processing in a distributed computing environment to ATLAS 

physicists. It provides execution environments for a wide range of experimental applications, automates 

centralized data production and processing, enables analysis activity of physics groups, supports custom 

workflow of individual physicists, provides a unified view of distributed worldwide resources, presents 

status and history of workflow through a integrated monitoring system, archives and curates all workflow, 

manages distribution of data as needed for processing or physicist access, and provides other features. 

The rich menu of features provided, coupled with support for heterogeneous computing environments, 

makes PanDA ideally suited for data intensive sciences. 

PanDA has a highly scalable and flexible architecture. Scalability has been demonstrated in ATLAS 

through the rapid increase in usage over the past three years, and is expected to easily meet the expected 

continuously growing needs over the next decade. PanDA was designed to have the flexibility to adapt to 

emerging computing technologies in processing, storage, networking as well as the underlying software 
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stack (middleware). This flexibility has also been successfully demonstrated through the past five years of 

evolving technologies adapted by computing centers in ATLAS which span many continents and yet are 

seamlessly integrated into PanDA. 

The PanDA project began in 2005 as part of the U.S. ATAS program and managed jointly by Prof. K. De 

from UTA and Dr. T. Wenaus from BNL. At the time, a variety of workload management systems were 

deployed in ATLAS, based on deployed grid systems, separately for different applications, and separate 

systems for physicists and central production. PanDA emerged as the best system and was adopted as the 

default and single WMS for ATLAS before the LHC started operating in 2009. PanDA continues to be 

primarily supported by DoE and NSF, and managed by the original team of Wenaus and De, while 

enjoying a large expansion in contributions from many countries in ATLAS. Today, PanDA has grown to 

support all distributed workflows in ATLAS, and enjoys a huge user and support base worldwide. 

Through PanDA, ATLAS physicists see a single computing facility that is used to run all data processing 

for the experiment, even though the data centers are physically scattered all over the world. Central 

computing tasks (Monte Carlo simulations, processing and re-processing of LHC data, re-processing of 

MC simulations, mixing and merging of data, and other tasks) are automatically scheduled and executed. 

Group production tasks, carried out by groups of physicists of varying sizes, are also processed by 

PanDA. User analysis tasks, providing the majority of activities by individual physicists leading to 

scientific publications, are seamlessly managed. PanDA is deployed at all ATLAS Tier 1 and Tier 2 

centers. In the Figure below we show the number of concurrently running jobs managed by PanDA over 

the ten regional groups of Tiered centers during the past one year. 

 

Figure 10: Average number of concurrently running production jobs 

Each PanDA site provides a grid accessible Compute Element (CE) and a Storage Element (SE). Pilot 

jobs are continuously and automatically scheduled at the CE of each site. When the pilot jobs start 

execution, they contact PanDA Apache servers, which then dispatch the execution workload. PanDA 

maintains a central database of all activities, and consequently a central queue of all work-flows. This 

architecture provides an integrated view of all resources managed by PanDA. The pilot based system also 

enables integration of non-grid based resources. Local resources at universities are integrated using local 

pilot submission factories. New cloud-based resources are also added to PanDA using the CE model. 

The SE plays a central role in the PanDA work-flow. For central computing tasks, input data is 

asynchronously staged in and output data is staged out to the SE. The Tier 1 hierarchy is maintained for 

all workflow of these types of tasks. However, the user analysis workflow is different. Processing always 
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goes to the location of the data. Both work-flows are automatically managed by PanDA. The ATLAS data 

management system DQ2 is used by the PanDA system for all data registration, data discovery, and data 

movement. A large variety of SE’s are supported by PanDA across the hundreds of computing sites. 

Recent work has focused on supporting Federated Storage (FAX), specifically through XrootD. 

Recent developments in PanDA introduce a revolutionary step in WMS design: the concept of a Network 

Element (NE). Networking services provide an essential infrastructure for all distributed WMS, but they 

are seldom integrated into the workflow. PanDA is currently undergoing an evolution through the 

complete integration of network services in PanDA. The NE will become as ubiquitous as the CE or SE in 

PanDA design. 

PanDA’s capability for large scale data-intensive distributed processing has been thoroughly 

demonstrated in one of the most demanding computing environments in large scale science. PanDA 

processes a diverse range of workloads, over 200 million jobs/year, on over 100k job slots worldwide. 

Thousands of physicists use it for their personal processing needs. At current scale, PanDA is managing 

about one million jobs daily in ATLAS. 

1.4.3 Process of Science 

Sites and their complementary roles are essential to the ATLAS analysis model. The process of science at 

remote locations has a variety of forms. At the remote Tier-1 centers the synchronized reconstructed data 

and more summarized analysis formats are served to local Tier-2 sites in the same way they are served to 

local Tier-2s from the US Tier-1s.  Data location is managed transparently through automated systems 

like PanDA and the ATLAS Distributed Data Management (DDM) system to provide seamless access to 

hundreds of petabytes of data to ATLAS physicists. 

The scientific process primarily resides at the remote Tier-2 centers, which are the bulk of the analysis 

resources for ATLAS. However, with the new mesh configuration of sites, Tier 1 and Tier 2 sites are 

almost equivalent in their usage by the thousands of physicist in ATLAS. Smaller event samples are 

processed remotely by physicists at Tier1/2 sites comparing the expected signal from the predicted 

background. In this case the signal can be a source of new physics, or the standard model physics being 

investigated. 

The 40 ATLAS Tier-3 computing systems in the US are designed to provide computing resources each 

for roughly 10-20 physicists in a single institution.  As such, they have modest storage and CPU 

resources.  Most of them do not have the middleware required to participate as Grid computing sites, in 

contrast with the Tier-1 and Tier-2 sites.  The remote Tier-1 and Tier-2 sites provide Grid-enabled 

analysis queues, data storage elements, and Monte Carlo production capability.   
Physicists at home institutes transfer the stored output of Monte Carlo production (or the converted DPD 

ntuples) to their local computing clusters for analysis.  They may also submit event skimming jobs to 

Grid queues at the remote facilities and transfer the output of those analysis jobs to their local cluster for 

analysis. Strategic data placement makes it possible to utilize fully the US resources for analysis, and 

large shared storage elements, a part of the ATLAS distributed data management scheme, make it 

possible for physicists to collaborate in analyzing a specific dataset. 

1.5 Local Science Drivers – the next 2-5 years 

1.5.1 Instruments and Facilities 

During the next 2-5 years the LHC will go from startup to operating at design luminosity. The complexity 

of events, the trigger rate and the event processing times, and the average event sizes will increase, but the 

operating models of the experiments that will be exercised in the next year will be recognizable in the 

next 2-5 years. Most of the increases in facility capacity for processing, disk storage, and archival storage 

will come from technology improvements, while maintaining a similar facility complexity. Processing 
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and storage nodes will be replaced with faster nodes and larger nodes, though the number of nodes should 

remain roughly constant. Usage of GPU’s may become an integrated part of the hardware. Cloud 

computing and leadership class HPC sites may be used transparently through PanDA as they become 

available to HEP. 

1.5.2 Software Infrastructure 

The local software infrastructure is not expected to change in the next 2-5 years. ROOT will continue to 

be used widely, perhaps increasing in importance with the consolidation of data formats expected for the 

next LHC run. A new ATLAS data management system will be deployed in 2014, which should meet all 

requirements during the next 5 years. 

1.5.3 Process of Science 

The scientific process for the LHC will run in cycles over the next 2-5 years.   At the start of the new 

energy frontier there is the opportunity for rapid discovery as thresholds for production are crossed. Some 

of these processes, like some supersymmetry channels, turn on extremely fast and can be observed very 

early, provided with a good understanding of the detector and the background. As more data is analyzed 

the process of discovery turns to signals that occur less frequently and require analyzing larger quantities 

of data. In 2015 the LHC experiments will have the opportunity to cross the energy frontier at 13 TeV, 

which will require rapid assessment of the data looking for obvious new physics. As the volume of data 

increases there will be very careful and detailed analysis of large datasets looking for more subtle physics. 

The ATLAS collaboration will continue to analyze the data from the 7 and 8 TeV runs during the next 

two years.  The high-energy Run 2 is expected to begin in 2015 and continue with proton-proton 

collisions at a center-of-mass energy of 13 TeV until 2018, by which time approximately 100 fb
-1

 of data 

will have been collected. 

Several recent computing developments are changing the process of science in ATLAS. The first is the 

effort to define a new data format that combines the flexibility of the object-based AOD format and the 

convenience of the flat DPD ntuple.  This will allow ATLAS to store datasets in a single analysis format 

instead of both AOD and DPD, thereby reducing the size of the expected 2012 dataset by a factor of 3 

relative to today’s size.  The second is the FAX effort on federated storage access via the Xrootd protocol.  

This will enable direct access of remote data from local analysis jobs.  The third is the opportunity to 

flock analysis jobs submitted on the local computing clusters to high-volume queues in remote facilities, 

outside of the existing Grid paradigm. 

At the moment, a Monte Carlo production volume of 10 times the number of data events is foreseen for 

Run 2 physics analysis. We have estimated that the new datasets will occupy about 3 times the current 

storage space, even taking into account the data format improvements outlined above. A centralized 

skimming production service will decrease the data volume on the local computing centers, and new tools 

are being developed to use effectively both parts of the merged data format. 

An example analysis in 2015 may begin with a centrally-produced skimming algorithm, defined by a 

physics group and using the merged AOD/DPD format dataset as input at the remote facility. The 

skimmed ntuples (on order of 5 TB) could be transferred to the local computing clusters, or local analysis 

jobs could access the skimmed dataset directly using the FAX mechanism. The additional possibility of 

analysis at remote facilities is discussed below. 

1.6 Remote Science Drivers – the next 2-5 years 

1.6.1 Instruments and Facilities 

The Tier-1 centers will produce large samples when the whole collected data is reprocessed. These larger 

products will need to be synchronized to other Tier-1s.    The samples selected by physics groups to be 

served to Tier-2s will increase in size as the integrated luminosity increases, but the time the physics 
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groups are willing to wait is probably roughly constant so the networking both Tier-1 to Tier-1 and Tier-1 

to Tier-2 will increase. We expect that a larger fraction of the derived data will be placed automatically at 

the Tier 1 and Tier 2 centers through automated caching systems like PD2P (PanDA Dynamic Data 

Placement), which will increase demands on networking. 

One area where complexity is increasing is in the number of batch slots of processing. The batch slot 

count is steadily increasing as most performance improvements are achieved by increasing the number of 

processor cores with more modest improvements in the speed of each individual core. At the Tier-1 and 

the Tier-2s this increases the number of applications operating and increases the overall bandwidth from 

the local storage. It is reasonably safe to predict that the LHC experiments will see a 2-3 fold increase in 

the required rate from local storage to accommodate the growing number of cores. 

1.6.2 Software Infrastructure 

PanDA is evolving continuously to provide physicists with the same common interface irrespective of the 

facilities available for data processing, storage and networking. Through the ASCR funded BigPanDA 

project various innovations will be introduced. While the grid middleware may change, and as new cloud 

computing and LCF facilities become available, the user data analysis model will remain the same in the 

next 2-5 years. There will be increased demands on networking as higher energy and luminosity at the 

LHC drives the distributed computing model to higher complexity and more direct access to data. 

1.6.3 Process of Science 

Over the next 5 years, the science goals of the ATLAS experiment will shift from the detailed precision 

measurements of 7 and 8 TeV collisions to the search for new physics in the early 13 TeV data.  

Networking performance will play a significant role in enabling physicists to access large datasets 

repeatedly as new detector calibrations and corrections are developed. 

The new ATLAS analysis model, to be commissioned during a Monte Carlo data challenge in 2014, is 

intended to reduce the computing resources required for analysis and consolidate the physics data 

formats.  At the beginning of the 13 TeV run, some detector performance studies will access to un-

skimmed data in formats that are as close as possible to the raw detector output.  These studies will 

commission the new detector systems for science. 

One possible development concerns analysis at remote facilities.  Because of concerns about the future of 

local computing investment at universities, ATLAS has prototyped a remote facilities queue that accepts 

batch jobs from local clusters.  These jobs would run on the remote storage elements at the facilities or on 

data accessible through FAX (as described in 1.4.1).  ATLAS is also investigating the feasibility of 

providing a central analysis cluster that would be accessed remotely by physicists from their institutions. 

Such a cluster would be feasible only if the collaboration members have low-latency network connection 

to the cluster. 

 

LHC operation plans and ATLAS trigger rates, amount of simulated data, event sizes, and processing 

times comprise the parameters that drive computing and networking resource requirements, and therefore 

are input parameters to the resource model. Such parameters are shown in Table 1. 
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Table 1: Event sizes. Samples and processing times for resource calculations 

 

Data Distribution Plan for 2013 - 2015 
In the updated model foreseen for 2013-2015, the number of pre-placed AOD replicas kept in Tier-1 and 

Tier-2 disks for both real and simulated data will remain the same as in 2012. AODs from the most recent 

(real data) reprocessing and the corresponding simulation will be pre-placed in two copies, and the 

corresponding real data DESDs in one copy in Tier-1 disks. All AODs from data (re)processings and 

simulation production that remain relevant for analysis will be kept in two pre-placed disk copies in the 

Tier-2s, as will the real data DESDs in one copy. The number of copies of AODs corresponding to 

different (re)processings and simulation productions in Tier-1s will be decreased from two to zero 

according to their relevance and popularity for physics analysis. While in 2011 and 2012 this was done 

via a human decision process within the ATLAS Computing Resources Management, in 2013 and 

thereafter auxiliary automated mechanisms based on popularity will be introduced to provide an 

additional dynamic component in reducing the number of pre-placed AOD replicas in Tier-1 disks.  

In addition, the simulated ESD and RDO (where RDO is the simulation equivalent of RAW), which are 

produced only upon explicit request for specific simulated samples, and which have proven to be essential 

to the combined performance and trigger groups, will be kept at Tier-2s in one copy in 2013-2015. The 

total simulated ESD volume is estimated to correspond to 5% of the total simulation statistics in 2012 

(20% was assumed in the 2012 Resource Request), and is expected to remain at this level in 2013 and 

2014, after which it is expected to increase to 10% in 2015. The RDO fraction is assumed to remain 

constant at 5% of the total statistics.  
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Table 2: Input parameters for resource calculations 

1.7 Beyond 5 years – future needs and scientific direction 

The current CERN schedule for the LHC program shows a high-energy high-luminosity run beginning in 

2019 (Run 3).  The ATLAS experiment will be upgraded in a long 1-year shutdown in 2018 to replace 

calorimeter front-end electronics and trigger hardware, so that full readout information can be used in the 

calorimeter and muon triggers.  A fast track trigger system will be installed at the same time. 

A proposal to increase further the LHC luminosity to 5 x 10
34

 cm
-2

s
-1

 beginning in 2023 has been 

presented to the CERN Council.  A long run at this increased luminosity would yield 3000 fb
-1

 of 14 TeV 

collisions, and this data sample would open up the possibility for precision measurements of the Higgs 

boson couplings and extend the reach for new physics searches. 

1.8 Network and data architecture 

The DoE-ASCR funded Big Data PanDA (BigPanDA) and the NSF funded ANSE project proposes new 

enhancements to the networking model which integrates the NE (Network Element) with PanDA WMS. 

The successful completion of these two projects will enable the science of the future LHC program. A 

dynamically configurable network architecture will be an essential component of future capabilities. 

High Speed Campus networking 
Campuses have a fiber-rich environment with fiber optic connectivity between buildings on campus. As 

vendors increase the throughput available with their network equipment, the existing or planned for fiber 

footprint ensures that the basic physical infrastructure can keep pace with the technology.  

The following is an example of how campus networking will be implemented at UChicago (UC). Similar 

plans exist at several other institutions hosting ATLAS Tier-2 centers.   
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In an effort to optimize data flows UC will acquire two items: 1. a dedicated Core Research Switch 

capable of providing Layer 3 routing and Layer 2 switching functionality with both 10 Gb/s and 100Gb/s 

optics and enough fabric/backplane bandwidth per slot to support multiple 100Gb/s connections and 2. a 

Science DMZ aggregation switch. The first switch will be a common, high speed confluence of external 

and intra-campus large data flows as distinct from the general purpose network. This will provide the 

ability to extend high speed connectivity between multiple laboratories and compute clusters on campus. 

It will also serve a dual purpose as the main Science DMZ switch. In the future, we will establish a more 

diverse, distributed Science DMZ/high performance research network by the acquisition of a second 

switch via future NSF funding or as campus networking budget allows. 

 
Figure 11: The draft architecture for the UChicago campus. 

Taking the example of MWT2 the following diagram shows how sites associated with distributed ATLAS 

Tier-2 center in the Chicago area plan to arrange their network connectivity in fall 2013. Note also 

planned is to add the Great Lakes Tier-2 (UMichigan and Michigan State University) to this 

configuration.  
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Figure 12: Draft network configuration for site in Chicago area 

1.9 Collaboration tools 

The main collaboration and communication tool for the ATLAS collaboration is the Vidyo service, which 

is capable of voice and video communications through desktop, mobile, and H.323/SIP clients.  CERN 

provides registered users access to this service for CERN-related meetings, but there are equal numbers of 

distinct guest users and registered users in 2013.  Currently there are approximately 2000 Vidyo meetings 

per month within ATLAS, and the Vidyo service is integrated with the CERN Indico agenda server.  The 

vast majority of meetings have fewer than five connected clients, but a tiny number of meetings can have 

more than 200 connections.  In nearly every meeting, only the speaker or main meeting room is shown on 

video, and the other participants transmit audio only. 

There is also some need for robust telephone/audio conferencing for meetings with up to 20 participants, 

especially for colleagues who do not have Vidyo accounts through CERN or who desire a simpler 

teleconferencing system.  Most of these colleagues use the ReadyTalk service. 

1.10  Data, Workflow, Middleware Tools and Services 

The primary high level tools used by the ATLAS experiment are PanDA for work flow management, and 

DQ2 for data management. The two tools work together to provide a uniform interface to the distributed 

computing and storage resources available to the collaboration. DQ2 will be replaced by the Rucio system 

in 2014. PanDA is evolving to BigPanDA in 2014-15, which will integrate network elements as a 

resource in workload management. These high level applications insulate the physicists from the diverse 

middleware systems and heterogeneous computing systems used in the distributed computing resources 

available to ATLAS. 

PanDA has demonstrated the capability to scale well; as the number of users, data volume, and available 

resources have almost exponentially increase over the past 2-3 years. We expect PanDA and Rucio to 

evolve in order to manage the growing needs of ATLAS for the next decade. This will put additional 

demands on networking as described in this document. Computing clouds are already integrated into 
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PanDA and have provided additional resources to ATLAS as needed for physics publications. We expect 

LCF facilities to become critically important contributors to future physics goals at the LHC. 

For the next few years, it is assumed that distributed computing facilities will still be accessed primarily 

through Worldwide LHC Computing Grid (WLCG) components, but with an increasing use of 

Infrastructure As A Service (IAAS) and other technologies. It is expected that WLCG will concentrate its 

effort on few topics: specific to HEP or where it has the leading role, while integrating industry standard 

products in other areas. These will then also be incorporated into the ADC toolkit. Cloud computing is 

one example.  

The increased load expected after the upgrade in 2018+ will require ATLAS to optimize the usage of 

computing resources within the LHC environment (CPU, storage, network, maintenance manpower), and 

must evolve to adapt to the changing ATLAS workflows, the changing hardware, and in particular to the 

increased dataflows and processing volumes implied by the upgrades. Changes in technology will imply 

development that far exceed the normal M&O (Maintenance and Operation), for instance work on Clouds 

and virtualization, or new storage techniques. A major area that will require development to cope with 

future data flows and volume is in networking. Next generation advanced networked applications (i.e., 

Cloud based services) will require a set of network capabilities and services far beyond what is available 

from networks today. A new class of intelligent network services must be developed in order to satisfy 

additional application-specific requirements and to feed the co-scheduling algorithms that will search for 

real-time and scheduled resources that span the network and application spaces associated with large 

volume, worldwide distributed data analyses. 

1.11 Summary Table 

Based on the parameters shown in table 1 and 2 (number of real and simulated events, event sizes and 

dataset replication factors, etc) the following data volumes need to be accommodated on disk and tape 

worldwide; the US hosts/will be hosting 23% of the total.  
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The below table summarizes the expected daily data transfer volumes (average and peak) to and from the 

Tier-1 at BNL and the five Tier-2 sites in the US. Data is exchanged between sites in the US domestically 

and sites in Europe and Asia via transoceanic links. 

 
 

Table 3: Daily data transfer volumes to/from the Tier-1 and the Tier-2 sites 

Note, in 2018 there will be no LHC data taking; the data rates are expected to stay at the level of 2017 or 

will be slightly lower. 
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The following tables show a breakdown of the total data volumes into the various data categories. Note 

the US is/will be hosting at the Tier-1 and the five Tier-2s 23% of the total. 

 
Table 4: Tier-1 disk occupation by data category 

 
Table 5: Tier-1 tape occupation by data category 

 
Table 6: Tier-2 disk occupation by data category 
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Appendix 2 

2 Production Transfers to Support CMS Physics  

2.1 Background  

CMS is one of the 4 experiments recording proton-proton collisions at the Large Hadron Collider 

(LHC) in Geneva, Switzerland. All detector signals of a proton-proton beam crossing are called 

an event; multiple collisions of protons can occur in each event. In 2012, the LHC produced 20 

MHz of crossings in the center of the CMS detector. In 2015, this will increase to 40 MHz. A 

powerful multi-stage trigger system reduces the data-taking rate and selects only events 

interesting for physics studies. The data taking rates in 2012 reached 1 kHz after trigger while 

2015 will start with a trigger rate of at least 1 kHz.  

CMS uses a tiered setup of distributed computing sites shown in Figure 1 to process, store and 

analyze the recorded and triggered proton-proton events. It relies on networks between the 

centers to move data around. 

 

Figure 1: Tier structure and network connections of distributed CMS computing 
infrastructure. 

 

Many events are stored in files of 2-8 GB size, optimized for tape storage. Files are grouped in 

blocks smaller or equal to a typical tape cartridge size, optimized for tape writing and recall. 

Blocks are grouped in datasets of the same physics content. 
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CMS primarily knows about two kinds of types of datasets/blocks/files: data that was recorded 

by the detector from real proton-proton events and Monte Carlo (MC) simulations that use the 

mathematical framework of the Standard Model to simulate events. 

CMS records billions of data events during an LHC data taking year and also simulates billions 

of events. 

2.2 Collaborators 

The CMS Collaboration is its own Virtual Organization. The collaboration consists of 

approximately 2.5k physicists. The primary distinction of use cases on the distributed computing 

infrastructure is between central “production” tasks like the reconstruction of all data and the 

simulation of MC, and user analysis of the produced data and simulations.  Analysis is chaotic, 

with all users submitting workflows or tasks in parallel, while production is organized and uses a 

special role and gets special priority on all CMS computing resources.  This case study focuses 

on the production use case. 

Table 1 summarizes the distributed CMS computing infrastructure and the sites that are 

participating in it. In the US, Fermilab is the CMS Tier-1 (T1) site. The following sites are US 

CMS Operations Program Tier-2 (T2) sites: Wisconsin, Nebraska, Caltech, MIT, Florida, Purdue 

and UCSD.  (Another T2 site, at Vanderbilt, is supported by the DOE Nuclear Physics program, 

and has somewhat different functionality from the other T2 sites.)  In addition, many universities 

have established “Tier-3” (T3) computing clusters for use by their scientific staff; these are 

independently managed by the hosting institutes.  As discussed below, T3 sites are expected to 

increase their use of wide-area networking to support their operations. 

 
Tier 

Level 
US 

Sites 
Non-US 

Sites 
Total 
Sites 

T0  1 1 

T1 1 6 7 

T2 7 45 52 

T3 30 33 63 

Table 1: Summary of sites in distributed CMS computing infrastructure 

2.3 Key Local Science Drivers (e.g. Local Network aspects) 

2.3.1 Instruments and Facilities 

A standard CMS site provides the following GRID-accessible services: 

 Workernodes organized though a local batch system 
o Access through GRID computing element (CE) used by central production 

and analysis users (sometimes additional local access is granted to special 
users) 

 Mass Storage System (MSS) managing the available disk (dCache, Hadoop, DPM, 
etc.) 

o Jobs access the MSS through optimized local access protocols 
 Files are placed on MSS at sites through GridFTP 
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Workernodes at sites are interconnected through a low latency LAN infrastructure based on 

Gigabit or already emerging 10 Gigabit infrastructures. 

2.3.2 Software Infrastructure 

CMS uses a C++ software framework called CMSSW, which fulfills all needs of central 

processing and MC production. Software releases are either installed at the sites or distributed 

through distributed read-only file systems based on http caches (Squids) like CVMFS. Access to 

calibration and alignment constants is provided through a system that translates database access 

into http calls, which are also cached through Squid http caches. 

2.3.3 Process of Science 

Central production workflows process and prepare data and MC for analyses. In the time 

evolution of a physics analysis of LHC proton-proton events, which needs input from both data 

and MC simulations, central production workflows are coming before physicists analyze the 

data. CMS distinguishes four primary types of production workflows that are summarized in 

Table 2. Average event sizes from 2012 are given in the table. 

 
Workflow Location Input Output 

Prompt data 
Reconstruction 

T0 
Detector RAW data 

2012: 0.8 MB/event 
Analysis Object Data (AOD) 

2012: 0.25 MB/event 

Data re-
reconstruction 

T1 
Detector RAW data 

2012: 0.8 MB/event 
Analysis Object Data (AOD) 

2012: 0.25 MB/event 

MC 
reconstruction 

T1 
Simulated events 

2012: 1.5 MB/event 

Simulation Analysis Object Data 
(AODSIM) 

2012: 0.3 MB/event 

MC production T2 None 
Simulated events 

2012: 1.5 MB/event 

Table 2: CMS production workflows with their input and output data formats. 

 

Recorded data is processed for the first time at the Tier-0 at CERN and then transferred via the 

network to the Tier-1 sites for safekeeping on tape (custodial storage), further processing and 

event selection (skimming) and further transfer to the T2 sites for analysis. Each Tier-1 site has 

only a subset of the total amount of recorded data; CERN has a complete backup copy of all 

RAW data. 

MC production is CPU intensive and primarily performed at Tier-2 sites. The output is the 

simulation counterpart of the RAW detector data. After production, it is transferred to the Tier-1 

sites for custodial storage. 

Processing of the MC is performed at the Tier-1 sites because of its I/O intensive nature while 

simulating different PileUp conditions (every LHC proton-proton event consists of a primary 

collision and several parasitic secondary collisions called PileUp. In 2012, up to 30 PileUp 

collisions were produced and subsequently simulated.) 

Data reprocessing is also performed at the Tier-1 sites; a reprocessing is done when there are 

new calibrations or algorithms that will improve the understanding of the data. Both of these 

reprocessing workflows require to stage large amounts of data from tape to disk. 
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Network workflow Main Transfer route Transfer Pattern 

Archive prompt processing output (RAW 
and products) 

T0  T1 Sustained 

Archive MC production output T2  T1 
Sustained with 

small bursts 

Replicate analysis samples T1  T2 Bursts 

Table 3: main production network workflows for CMS 

Table 3 summarizes the main network workflows for CMS for the four main production 

workflow types. 

2.4 Key Remote Science Drivers (e.g. Wide Area Network aspects, remote 

collaborators, data transfers) 

2.4.1 Instruments and Facilities 

CMS uses its distributed computing infrastructure described in Section 2.1. 

2.4.2 Software Infrastructure 

CMS uses a system for organized transfers called PhEDEx. It handles destination-based transfer 

requests (transfer dataset X to site A). The system picks out sources of sites depending on link 

quality and load (a single dataset can be transferred from several source sites optimized by the 

system) and transfers the files of a dataset to its destination. In the end, PhEDEx schedules 

GridFTP transfers between sites through several layers of software to protect sites, enabling 

multiple streams and taking care of authentication (keywords: SRM, FTS). 

2.4.3 Process of Science 

In 2012, CMS produced and reprocessed 13.5 PB of MC files (see Figure 3)  and recorded and 

processed 9.4 PB proton-proton events (see Figure 2) ). 



 35 

                                                                                                                                                             

 

Figure 2: Volume of data recorded and processed in 2012. 

 

 

Figure 3: MC produced and reprocessed in 2012. 

 

The total volume transferred in 2012 amounts to more than 40 PB. Figure 3 shows the one-week 

averaged transfer rates for 2012. 
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Figure 4: One-week averaged transfer rate for 2012. 

To illustrate the transfer load worldwide, we pick a good week with many transfers in the last 

months of 2012 when data-taking activity was the highest.  

 

 

Figure 5: Main transfer workflows for one week in 2012 
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Figure 6 shows the main transfer workflows for this week showing the sustained transfers from 

the Tier-0 to the Tier-1 sites and the burst transfer modes to the Tier-2 sites which peak around 

10 Gbps. 

In Figure 6 and Figure, we show the total data volumes for the different main transfer streams for 

this particular week. The same information is shown in Figure 8 and Figure , only for the whole 

year 2012. 

 

Figure 6: Total transfer volume for main transfer streams for one week in 2012. 

 

Figure 7: Total transfer volume for transfers to and from US T3 sites for one week in 
2012. 
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Figure 8: Total transfer volume for main transfer streams in 2012. 

 

 

Figure 9: Total transfer volume to and from US T3 sites in 2012. 

 

2.5 Local Science Drivers – the next 2-5 years 

 

For LHC Run 2, several key parameters will change: 

 Energy will go up from 8 TeV to ~13 TeV: increased event complexity, larger event 
sizes and longer processing times 

o Smaller effect: bunch spacing will be reduced from 50 ns to 25 ns: lower 
PileUp per event: smaller event sizes and shorter processing times 

 Trigger rate will go up from 300-400 Hz to 1 kHz 
o The last two months in 2012 already saw such high trigger rates 
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Summary:  

 Expect event processing times to increase ➞ more resources needed to process and 
analyze 

 Expect trigger to select more relevant events for analysis ➞ analysis datasets grow, 
which have to be transferred to the T2 sites for analysis 

 

 

2.5.1 Instruments and Facilities 

 

Apart from sites changing their access interface from GRID to cloud based technologies, we 

expect that more and more Tier-3 sites will be setup without any disk organized in an MSS. 

These diskless T3 sites access data and MC files transparently through the WAN. The 

technology used is based on the Xrootd protocol and was implemented for CMS by the AAA 

project (Any data, Anytime, Anywhere). A first example is the Tier-3 at the University of Notre 

Dame. It has a capacity of about 800 job slots and during ongoing analysis sustains about 200 

MB/s input rate sustained over 24 hours while reading files through the WAN (see Figure and 

Figure ). 

 

 

Figure 10: Network throughput to the Tier-3 at the University of Notre Dame during 
three months in 2013. 
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Figure 11: Network throughput to the Tier-3 at the University of Notre Fame during 
one week in 2013. 

The campus research traffic is normally 500 MB/s but when the Tier-3 is analyzing data, it 

increases to 2-3 GB/s. 

2.5.2 Software Infrastructure 

To make such remote access possible, every CMS site will publish their stored files in the CMS 

data federation. The data federation allows access to all published files through the WAN 

transparently and location independent. The federation is based on Xrootd; every site will bring 

up Xrootd servers that provide access and stream files. The site can restrict the total outbound 

bandwidth of the Xrootd servers to protect the local storage. This requires good network 

connectivity down to the smallest sites. 

2.5.3 Process of Science 

There is no fundamental change planned for the described science process. Only the CMS data 

federation will be used to optimize resource usage and use resources also independent of data 

locality. This is an optimization that is planned for all major workflows outside the Tier-0. 

2.6 Remote Science Drivers – the next 2-5 years 

2.6.1 Instruments and Facilities 

The CPU resources needed to process all data and simulate all MC will be significantly higher in 

LHC Run 2 than in Run 1. We expect that requested resource increases would have to be 

augmented with access to high-performance supercomputing centers and other types of 

opportunistic resources like commercial clouds from Amazon and Google when they become 

financially viable options. The mode of operation will also change, as resource allocations on 

these resources most probable cannot be made for the whole year but rather for a limited time 

period. This requires either fast stage-in of datasets or access through the CMS data federation. 

Also other GRID sites not primarily available for CMS use will have to be used in opportunistic 

mode. In any case good network connectivity to these resources is required. 
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A good example is the usage of the San Diego Super Computing Center (SDSC) in 2013, where 

we processed large datasets for specific SuperSymmetry (SUSY) analyses. About 1.7 million 

core hours were used in four weeks to re-process 400 Million proton-proton events. 150 TB of 

input RAW data was transferred to SDSC and access was provided through the local Data Oasis 

storage system. This collaboration with SDSC enabled CMS to complete the processing of these 

datasets needed for SUSY analyses several months ahead of the original schedule (see 

http://www.sdsc.edu/News%20Items/PR040413_lhc.html). 

2.6.2 Software Infrastructure 

For LHC Run 2, CMS will optimize the usage of the available disk space at the Tier-1 and Tier-2 

sites. The strict request-based dataset distribution model will be augmented to take into account 

popularity information for datasets. According to popularity and demand with regard to analysis 

jobs in the queue wanting to access a dataset, the system will be enabled to automatically create 

more replicas of the sample and analysis jobs are rerouted. At the same time, the system will be 

enabled to release the cache of less or unpopular samples automatically to make room for more 

popular samples. This enhanced mode of operation is not expected to have a big effect on the 

network load. In the first place, samples that are not popular will not be distributed at all which 

saves bandwidth. This is compensated by samples that are more often replicated and therefore 

creating more bandwidth usage. An optimal operations point will have to be found. 

As discussed previously, the CMS data federation plays a prominent role in CMS plans to 

optimize resource usage and increase flexibility for production and processing. The CMS data 

federation is based on the AAA project, “Any data, Any time, Anywhere,” with Xrootd at its 

core (see http://xrootd.slac.stanford.edu/). All CMS files on disk at CMS sites will be accessible 

for access through Xrootd. Applications can open files directly via the WAN; the CMS event 

contents have been optimized for WAN access. The WAN access itself introduces minimal 

additional latency. As an example, processing RAW data through AAA produces 50 kB/s per 

application and higher data rates for MC and other workflows if more data is read through the 

WAN. AAA is decoupling the application from the location of the data. A redirector setup 

resolves the request to open a file (see Figure and Figure) and redirects the file open request to 

the Xrootd servers of a site providing access to the requested file, and at the same time also 

provides load balancing. 

http://www.sdsc.edu/News%20Items/PR040413_lhc.html
http://xrootd.slac.stanford.edu/
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Figure 12: Local redirector setup for AAA. 

 

 

Figure 13: Cross-region redirector for AAA. 

 

All CMS sites will be configured for “fallback” mode. Every application running locally at the 

site that tries to read a file that cannot be found locally at the site will automatically fall back to 

read the file from a remote sites through Xrootd. AAA has different data access pattern than 

organized PhEDEx sample placements, which are done in burst mode. AAA distributes the 

network load much more evenly and is expected to fill the gaps in the network usage shown 

exemplary in Section 2.4.3.  

2.6.3 Process of Science 

 

The change in LHC Run 2 parameters will cause analysis datasets to grow in size as more 

interesting events are selected amongst all the background events. Larger analysis datasets will 
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cause the transfer volume go up. The increase is expected to not be exponential. Figure 14 shows 

the increase in data volume during LHC Run 1. 
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Figure 14: Transfer volume per year for LHC run 1. 

2010 to 2011 saw a small increase in total transfer volume but had the same center-of-mass 

energy. In 2011, data replaced MC on the analysis level, which contributed to the small increase. 

From 2011 to 2012 the center-of-mass energy increased (larger cross section of physics 

processes) and the trigger rate increased, resulting in larger datasets to be analyzed and 

transferred to the T2 level. In summary, LHC Run 1 saw an increase in transfers but the effect is 

not exponential. For LHC run 2, we estimate a conservative increase in the total transfer volume 

by a factor 2-5, including the effect of the CMS data federation filling the gaps in between the 

bursts of organized PhEDEx transfers. 

2.7 Beyond 5 years – future needs and scientific direction 

 

2.8 Network and data architecture 

Apart from the already mentioned good network connectivity of all CMS sites down to the Tier-

3 level required for the usage of the CMS data federation and the good connectivity to the 

supercomputing centers, non-CMS GRID resources and cloud providers, the reliability and 

performance of the whole network infrastructure is of very high importance. Monitoring of the 

infrastructure plays a key role. The USCMS network monitoring strategy is based on using 

network monitoring tools on different levels of the network infrastructure: 

 Application level: PhEDEx 
 Site/fabric level: FTS monitoring DashBoard 
 Network level: PerfSONAR 

Here PerfSONAR is a very good tool whose support needs to be maintained.  

If CMS then detects low-level network problems or performance reductions, we normally 

contact networking experts at FNAL. They also use PerfSONAR to determine how well the 

network infrastructure is performing by looking at information about throughput/latency for 

network paths where PerfSONAR tests are setup. CMS is working with the OSG networking 

group to establish a complete PerfSONAR test mesh between all sites. PerfSONAR's focus is on 

what throughput/latency network paths of interest are capable of supporting and this monitoring 
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of networking infrastructure is necessary to sustain high throughput and reliability of the network 

paths. Experience has been that this is not always sufficient information to solve the majority of 

WAN performance problems. 

The PerfSONAR monitoring does not extend to the end system(s), and often stops at the border 

between the site and the WAN providers (last mile PerfSONAR monitoring gaps remain). To 

solve these problems, the FNAL team adopts an end-to-end focus from the network up through 

the application level looking at packet traces. This gives a true end-to-end picture of what is 

happening with the particular application. The “ESnet Fasterdata Knowledge Base” could help 

here to optimize WAN data movement, but its more guidance than an integrated 

debugging/troubleshooting tool. 

2.9 Collaboration tools 

CMS uses Vidyo for video conferencing collaboration wide. All meetings have Vidyo 

conferences attached in their indico agendas. 

2.10 Data, Workflow, Middleware Tools and Services 

Summary of LHC run 2 expectations: 

 

 Larger analysis datasets (higher cross section means higher number of selected 
physics events) 

o Analysts have to look at more events which are more complicated 
o Causing more transfers to T2 sites for analysis 
o Burst mode in data placement will remain or even increase slightly 

 WAN access through CMS data federation will fill in gaps between transfer bursts 
 Resource requirements for processing will increase (complexity of events will 

increase which mean longer processing times) 
o Increase in resource diversity will play a big role (CMS needs to use HPC 

installations like NERSC, clouds like Amazon, Google, etc., university campus 
computing centers) to augment CMS-owned resources. 

o Example: resources on university cluster gets allocated for two months to 
CMS, CMS needs to be able to use it effectively, also if no disk space available 
at sites (data accessed through WAN) 

 

 

Trends: 

 

 No huge demand in more peak performance around 10 Gpbs 
 Factor 2-5 increase in sustained rates 
 In general, more reliance on network reliability and robustness to more and diverse 

sites (monitoring, trouble shooting, etc.) 
 Transatlantic component of traffic remains very important 

2.11 Outstanding Issues (if any) 

N/A 
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2.12 Summary Table 

 

Key Science Drivers Anticipated Network Needs 

Science 

Instruments, 

Software, and 

Facilities 

Process of Science 

 

Data Set Size 
LAN Transfer 

Time needed 

WAN 

Transfer 

Time needed 

Near Term (0-2 years) 

 The Large Hadron 

Collider brings 

protons to 

collisions inside 

the CMS detector. 

 The CMS detector 

records the events, 

filters them in the 

trigger system and 

then stores the 

RAW information. 

 The CMS 

distributed 

computing 

infrastructure of 

more than 100 

sites stores, 

processes and 

analyzes the 

collisions to 

extract physics 

results. 

 

 Proton-proton collision 

events are recorded 

with the detector and 

reconstructed and 

stored on the 

distributed computing 

infrastructure 

 MC events are 

simulated, 

reconstructed and 

stored on the 

distributed computing 

infrastructure 

 Analysis data formats 

are transferred to the 

Tier-2 level where they 

are accessed by 

analysis applications.  

 In 2012, 13.5 

PB MC and 9.4 

PB data was 

stored 

 In 2012, a 

total of more 

than 40 PB 

was 

transferred 

between the 

CMS sites 

 LAN is used 

within 

individual 

sites to access 

files on the 

MSS using 

local 

optimized file 

access 

protocols. 

 Workernodes 

have Gigabit 

connectivity, 

which is 

slowly 

upgrade to 10 

Gigabit. 

 CMS is placing 

datasets 

centrally or 

per requests 

of physics 

groups at 

Tier-2 sites 

for analysis. 

 These 

organized 

transfers are 

showing a 

burst-like 

behavior.  
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2-5 years 

 LHC run 2 will see 

an increase in 

center-of-mass 

energy and trigger 

rate, which will 

primarily result in 

larger datasets to 

be analyzed.  

 The increase in 

center-of-mass 

energy will also 

result in larger 

CPU resource 

demands. CMS will 

have to augment 

its resources by 

using super 

computer centers, 

non-CMS GRID 

resources and 

cloud providers. 

 New developments and 

systems will help 

increase the efficiency 

of the CMS operation. 

 Dynamic data 

placement and 

automatic cache 

release will optimize 

disk usage but will have 

no net effect on the 

transfer volume. 

 CMS data federation 

will allow location 

independent access to 

CMS files on disk at one 

of the sites. New access 

mode will produce a 

more even usage of the 

network and is 

expected to fill in the 

gaps between the 

bursts of organized 

transfers 

 Conservative 

estimates are 

an increase of 

the total 

transfer 

volume by a 

factor 2-4. 

 No huge 

demand in 

more peak 

performance 

 Excellent 

Connectivity 

down to the 

smallest Tier-

3 sites, super 

computer 

centers and 

cloud 

providers is 

required. 

 

 

 Usage of CMS 

data 

federation 

will fill in gaps 

between 

organized 

transfer 

bursts around 

10 Gpbs. 

 

 

 

5+ years 

         

 

 

  

 

 

 

 
 

 

 
 


