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Abstract. The landscape of computing power available for the CMS experiment is rapidly
evolving, from a scenario dominated by x86 processors deployed at WLCG sites towards a
more diverse mixture of Grid, HPC, and Cloud facilities, incorporating a higher fraction of
non-CPU components such as GPUs. Using these facilities’ heterogeneous resources efficiently
to process the vast amounts of data to be collected in the LHC Run 3 and beyond, is key
to CMS achieving its scientific goals. The Submission Infrastructure is the main component
of the resource acquisition and workload to resource matchmaking systems in CMS Offline
Computing. It is therefore firstly mandatory to adapt this infrastructure to be able to request
and aggregate heterogeneous resources from our providers and to integrate them into the CMS
HTCondor infrastructure. Secondly, it is crucial to optimize the matchmaking of CMS workloads
to heterogeneous resources, in order for CMS to succeed in effectively exploiting the enormous
amount of computing power that is expected to be available in the form of GPUs. This report
presents how this has been technically achieved, as well as a brief description of the already
existing pool of GPUs ready for CMS use.

1. The CMS Submission Infrastructure
The CMS Submission Infrastructure (SI) is the main computing resource provisioning system for
CMS workflows, including data processing, simulation and analysis. The SI team manages the
organization of HTCondor [1] and GlideinWMS [2] operations that maintain a pool of worldwide
distributed compute resources, aggregated from about 70 WLCG [3] sites, as well as HPC, Cloud,
and volunteer providers, for a current total of nearly 400k CPU cores.

All the allocated resources are managed by a set of federated HTCondor pools, which provide
stability and flexibility in the acquisition and utilization of these resources by CMS compute
needs. The main component of this infrastructure is the SI Global Pool [4][5].
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Figure 1. GlideinWMS and HTCondor components building a dynamically sized pool of
compute resources.

2. Resource allocation and use in the Global Pool

The allocation and utilization of resources in the CMS Global Pool involves a two-stage
matchmaking process, as shown in Figure 1. The first one involves resource allocation to the pool
using pilot jobs [6] as requests determined by the GlideinWMS Frontend (FE) and submitted by
the pilot factories to Compute Elements (CEs) at WLCG sites. Once these requests have been
granted by resource providers, their compute capacity is added to the pool. A subsequent stage
then consists of these resource slots, now part of the HT'Condor Global Pool, being assigned as
dynamically partitioned execution slots for CMS tasks (usually referred to as payload jobs) by
the HTCondor negotiator.

3. Allocation and utilization of heterogeneous resources in the Global Pool

The allocation and use of heterogeneous resources follow the same general logic described in the
previous section. However, the SI, along with other elements in the CMS workload management,
has been modified in their strategies and scope to make use of these new resource types.

The fact that all GPUs available to CMS at grid sites are so far opportunistic, and not
pledged, presents two aspects that separate them from the regular CPU resources employed
predominantly up to now. First of all, there is no concept of a regular execution slot,
predetermined and agreed upon by the LHC collaborations and the WLCG. Sites have been
therefore incorporating GPUs to their infrastructures based on the needs of their local researcher
communities, acquisition opportunities, etc. This has resulted in a wide variety of GPU
technologies being simultaneously available, diverse in their specifications and performance
(more details to this in section 4).

Secondly, being opportunistic, each resource provider may also define their particular
allocation policies independently from CMS (e.g available resource types and priority of access
to them, maximum number of allocated resources at once, maximum execution time, etc), again
contrasting with the uniform policies typical to the system of resource pledges. In this situation,
the SI needs to ensure the efficient allocation of resources and their matchmaking to tasks in
order to maximize their use by CMS. This requires exploring the optimal level of granularity
in the description of the slots, as well as defining new prioritized matchmaking rules for CMS
workflows in this emergent resource mix.

Considering the first matchmaking phase (the acquisition of slots from the grid providers),



GPU resource descriptions are encoded statically in the pilot factories. Limited information is
available at this point, including basically which sites and CEs can grant CMS access to GPUs,
what their associated batch queue names are, etc. Based on this limited information, pilots jobs
are submitted in response to the presence of GPU-like workloads in the job scheduler queues.

However, once a pilot job starts its execution on the remote GPU resources, the
condor_gpu_discovery tool [7] is employed to retrieve the co-processor properties. In addition,
a custom CMS script is used to evaluate the CUDA [8] supported runtime environments. All of
this dynamically obtained information is updated in the slot description and can then be used
as part of the matchmaking attributes, including;:

[CPUs, TotalSlotMemory, GPUs, CUDACapability, CUDAClockMhz, CUDAComputeUnits,
CUDACoresPerCU, CUDADeviceName, CUDADriverVersion, CUDAECCEnabled, CUDAGlobal
MemoryMB, CUDAMaxSupportedVersion, CMS_CUDA_SUPPORTED_RUNTIMES, CMS_NVIDIA_
DRIVER_VERSION}

The description of CMS tasks also requires to be enlarged, starting by identifying those jobs
that are suitable for execution using co-processors. A first condition, RequiresGPU, defines
whether or not the payload job must use a GPU, and therefore should be accounted for in the
first matchmaking, when the GlideinWMS FE calculates the resource requests to be submitted
onto CEs. A second condition, RequestGPUs, determines whether or not jobs can make use of
Global Pool GPUs. At the second (HTCondor) matchmaking phase, jobs susceptible of being
executed at GPUs can include use specific requirements such as:

Requirements = CUDACapability >= 3 and CUDARuntime = "11.4"

4. Scale and performance test on GPUs in the CMS Global Pool

To ensure the Global Pool is capable of allocating and providing GPUs to CMS users, the SI
team conducted a scale and performance exercise, injecting about 15,000 test jobs targeting any
available GPU. The objectives were to match as many GPUs as possible for a period of 24h,
and thus conduct a survey how many were available, their location and specifications, as well
as assessing their performance on a test computational task. A simple TensorFlow multiple
random matrix (10k x 10k, float16) multiplication script was used as the GPU payload.

A peak allocation of over 150 GPUs in parallel was achieved in the Global Pool (see Figure 2),
with a total of about 230 distinct opportunistic GPUs discovered during the test, with their
specifications sumarized in Figure 3, located at CERN as well as in several European and
US sites. The execution times for the test job was recorded as a function of location and GPU
type(shown in Figure 4), providing valuable insights into the performance of different accelerator
types and their suitability for different tasks.

5. Further Challenges in the use of GPUs

While the test described provided valuable insights into the allocation and use of GPUs in the
CMS Global Pool, CMS faces additional challenges in the use of GPUs originating from the
lack of a GPU benchmark adopted by the WLCG. Firstly, this is a requirement for the pledge
procedure, as compute needs are assessed by the experiments in terms of a given benchmark,
used then by resource providers for their acquisition. Moreover, the lack of a suitable benchmark
makes the estimation of predictable workflow execution times (a key parameter for an efficient
matchmaking of jobs to slots) extremely difficult in a scenario with high heterogeneity among
the available GPUs (as shown in Figure 4). Lacking a standard benchmark scale widely adopted
by the WLCG also prevents sites and experiments from converging on a reliable accounting of
the resources provided and used. Lastly, the efficient execution of CMS multi-step jobs [9] on
heterogeneous resources, being only partially compatible with GPUs, remains to be solved.
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Figure 2. Number of test jobs in simultaneously running on GPUs in the Global Pool, indicating

their execution site.
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Figure 3. Diversity of GPUs found during the tests, according to their location at WLCG sites,
device type, CUDA capability and NVIDIA driver.
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Figure 4. Distribution of execution times for the GPU test jobs, as

and device model.
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6. Conclusions and future work

As described in this report, the CMS Submission Infrastructure plays a crucial role in CMS
computing operations, managing the acquisition of resources from our providers (WLCG, HPC
or Cloud) and workload to resource matchmaking. The integration of heterogeneous resources,
such as GPUs, into the SI design, along with a generalization of the matchmaking policies, are
requirements to successfully harnessing their potential for CMS use. This note has outlined
the methodology to achieve effective scheduling of workflows on GPUs relying on a detailed
description of slot properties and task requirements,

As demonstrated by the exercise described, despite being considered opportunistic resources
from WLCG perspective, there is already an existing pool of GPUs available for CMS use.
However, the conducted survey also showed that there is no standard description yet for a
generic “GPU slot”, thus resulting in unpredictable execution times and potentially reducing
the effective use of this type of resources.

The SI team is committed to continue providing a powerful and reliable computing resource
for CMS researchers in the form of a Global Pool, now incorporating heterogeneous resources,
and to maintaining a regularly updated detailed inventory of available GPUs in order to promote
their exploitation by CMS users. To this end, the condor_ssh_to_job debugging tool is
expected to be a useful addition planned to soon be enabled the CMS SI.
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