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ABSTRACT 

For large-scale High Performance Computing centers with a wide 

range of different projects and heterogeneous infrastructures, 

efficiency is an important consideration. Understanding how 

compute jobs are scheduled is necessary for improving the job 

scheduling strategies in order to optimize cluster utilization and 

job wait times. This increases the importance of a reliable 

simulation capability, which in turn requires accuracy and 

comparability with historic workloads from the cluster. Not all job 

schedulers have a simulation capability, including the Portable 

Batch System (PBS) resource manager. Hence, PBS based centers 

have no direct way to simulate changes and optimizations before 

they are applied to the production system. We propose and discuss 

how to run job simulations for large-scale PBS based clusters with 

the Maui Scheduler. For validation purposes, we use historic 

workloads collected at the IT4Innovations supercomputing center, 

and demonstrate the viability of our approach. 
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1 Introduction 

For large-scale High Performance Computing (HPC) centers with 

a wide range of different projects and heterogeneous 

infrastructure, efficiency is an important consideration. Depending 

on the computing center and its objectives, efficiency comprises 

the optimization of the utilization of the available systems, or 

minimization of the wait times for users’ jobs. 

HPC centers continually strive to improve efficiency. 

Unconfirmed changes and experiments involving live production 

systems are not justifiable due to an increased risk of undesirable 

performance effects, such as job congestion or starvation of jobs, 

unexpected job scheduling behavior for users, etc., or simply 

because of a lack of comparability as usage patterns of users 

change with projects. This problem has already been addressed by 

HPC job schedulers and resource managers by adding simulation 

capabilities (e.g. Slurm Simulator [1], Maui Scheduler [2], LSF 

[3]). However, not all solutions used today offer a simulator, 

which is also the case for PBS Professional [4]. It hence does not 

allow the analysis of changes to the job scheduler configuration or 

effects of node reservations before deployment to the live system. 

There exists a large range of simulation frameworks for HPC and 

grid systems. For research purposes, simulators like SimMatrix 

[5], GridSim [6], SimGrid [7], and CQSim [8] are widely used to 

study the effects of large-scale systems. Whilst SimMatrix 

demonstrated better resource usage than GridSim and SimGrid, 

and is capable of simulating Exascale level systems [9], it was 

only validated against real systems of up to 4096 cores with 

artificial tasks. Another simulator is Alea [10], which is based on 

the GridSim toolkit. It is validated with real workloads [11] for 

approximately 5,200 CPU cores, containing 102,657 jobs over a 

span of 4 months. CQSim enables plan based and energy aware 

simulations, and is validated with systems up to 164k CPU cores 

and 69k jobs. However, all of the above are only toolboxes, and 

require a manual implementation of the job scheduling algorithms 

to approximate an existing system. They are also not a suitable in 

situ replacement for the scheduling algorithms of HPC job 

management systems. 

The Slurm Simulator is an extension of the HPC scheduler Slurm, 

originally developed by A. Lucero [12] and improved further by 

S. Trofinoff and M. Benini [1]. As such, Slurm based systems 

have the advantage of making use of the simulation capabilities 

directly. The Slurm Simulator has been validated for large-scale 

simulations of real workloads from TACC [13] with 6,400 nodes 

over 12 weeks. For LSF based systems, simulations are so far 

only capable of predicting the start times of jobs. However, 

further plans to develop simulation capabilities have been 

announced [14]. The Cobalt Scheduler, developed by Argonne 

National Laboratory, comes with a simulator called Qsim [15]. It 

only is applicable within an existing Cobalt environment. 

The Maui Scheduler (MS in the following) has existed since the 

1990s, and even though there is no active development anymore it 

is open source, mature and highly configurable. Its simulation 
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capability has already been used to analyze HPC workloads [16]. 

Optionally, it can also be applied as a meta-scheduler to replace 

the job scheduling components of HPC resource managers like 

PBS [17] and TORQUE [18]. This allows the simulation and the 

job management system to use the same scheduling algorithms 

and configurations. 

We use the MS to complement PBS with the analysis of historic 

workloads of large-scale clusters. To show the viability of the MS 

for larger systems, we describe the configuration and changes to 

approximate the behavior of the PBS job scheduler for a non-

trivial 2 PetaFLOP/s system. We furthermore discuss the results 

and problems we faced whilst using real workload data of that 

system. 

2 Poster Structure 

The poster summarizes our work on approximating an existing, 

large-scale, non-trivial PBS based job-scheduling configuration 

for simulation with the MS. We investigated whether simulations 

with the MS are possible for large-scale (>1k nodes) and PBS 

based systems. The investigation includes the analysis of 

accuracies of the simulations compared to real workloads. 

For the poster, we highlight our simulation setup and results1. We 

describe the large-scale PBS environment (i.e. IT4Innovations’ 

Salomon cluster) for which we simulated the job scheduling. Its 

configuration is non-trivial due to supporting different queues 

with individual limitations, a job priority formula that considers 

different queue priorities, project based fairshare with 

conservative backfilling, and job wait times to avoid job 

starvation. 

Furthermore, we describe the changes applied to the MS in order 

to support clusters of the size of Salomon with over 24k cores, 

1008 nodes and over 60k jobs in the queues at peak times. Our 

simulation also considers node downtimes, both unexpected (i.e. 

node failures) and system wide (i.e. planned maintenance). Whilst 

the former can be directly expressed with MS capabilities, the 

latter required an extension of the simulation control flow, which 

we describe as well. 

Results show two simulated weeks, week 6 and 7, taken from 50 

simulation windows in 2017. Simulations are carried out for every 

week independently, which requires its preceding week for warm-

up of the simulator. The warm-up weeks are shown for 

completeness but are not the subject of our measurements. Weeks 

6 and 7 have been selected due to prominent properties. Week 6 

has one of the highest amounts of job submissions of the 50 weeks 

we analyzed with a high utilization of the job backlog (queues). It 

also contains larger unexpected node downtimes. On the other 

hand, during week 7, the cluster underwent system wide 

maintenance, which required the cluster to shut down. The change 

                                                                 
1  For generality, our original paper mainly describes the mapping of a PBS 

configuration with a job formula as an additive term to the MS; we find the 

simulation setup and results more appropriate for the poster, and refer the reader to 

our paper for more information. 

of the cluster utilization before the maintenance is clearly visible, 

as well as its behavior when going back online. Because of the 

interruption, the amount of jobs submitted during that week are 

one of the lowest of the 50 week window. 

Both weeks are characterized by real and simulated cluster 

utilization in terms of the number of active nodes and queued jobs 

waiting for execution. We also show the qualitative differences of 

wait times of the jobs for the simulation against the real system. 

For quantitative analysis, we use Cumulative Density Functions 

(CDFs) to characterize the simulated job wait times back to back 

with the real system for different simulation time steps. More 

details on deviation (i.e. errors) of the wait times are shown with 

standard deviation, mean, and median for time step resolutions of 

60, 30, 10, 5 and 1 s against the real wait times. 

The results also show the limitations of the simulation due to 

missing job dependency information including the lack of a 

corresponding simulation method, and the effects of terminating 

entire jobs with failed nodes. The latter is caused by the 

assumption of the simulation that jobs are terminated if any of the 

nodes fail, which is not always the case in the real workloads.  

The former is caused by both missing historic data (i.e. PBS does 

not store job dependency information in the SQL database) and 

the lack of MS to simulate those. However, both limitations only 

have a minor impact on the overall error. 

3 Collateral Material 

With the poster, we make available collateral on our GitHub 

repository [19], such as the Dockerfile and environment of our 

setup, configuration files for the simulations, interactive plots of 

the diagrams from the poster, and a link to the original paper. 

The Dockerfile is used to build a Docker image that contains the 

entire MS simulation environment with the changes we applied as 

a patch file. The configuration files for simulating the Salmon 

cluster’s PBS scheduler with our approximated setup are also 

available. For privacy reasons, we only provide an example 

workload and control script to emulate the node downtimes during 

the example workload period. However, our full results as shown 

in the paper are available as interactive plots via a Jupyter 

notebook. They contain tens of thousands of data points each, 

which allows for a more detailed insight into the results. Our 

GitHub repository describes how to reproduce our setup in detail. 
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