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ABSTRACT
Hierarchical batch scheduling has many advantages, but a
lack of trade-off studies against traditional scheduling pre-
cludes the rapid emergence of effective solutions for very
large HPC centers. Under the hierarchical scheme, any job
can instantiate its own scheduler to schedule the sub-jobs
with a distinct policy. While such scheduling parallelism
and specialization are extremely attractive for the expanding
scale and resource diversity of the centers, hierarchical re-
source partitioning can lead to poor resource utilization. In
this poster, we explore the trade-off space between schedul-
ing complexity and resource utilization under hierarchical
scheduling. Our approach includes novel techniques to cre-
ate a hierarchical workload automatically from a traditional
HPC workload. Our preliminary results show that introduc-
ing only one additional scheduling level can reduce schedul-
ing complexity by a factor of 3.58 while decrease resource
utilization by up to 24%. Our study, therefore, suggests
that poor utilization can be real under hierarchical schedul-
ing and motivates dynamic scheduling as a complementary
technique to combat the inherent issue.

1. HIERARCHICAL SCHEDULING
The path towards Exascale surely involves a large increase
in the number of compute resources in a high performance
computing (HPC) center along with the need for a scheduler
to manage these resources. Several solutions to this prob-
lem exist for cloud data centers, but they lack scalability,
strict policy enforcement, and multi-dimensional resource
support required by HPC [1, 2]. Hierarchical scheduling
provides high levels of parallelism and scalability while si-
multaneously ensuring strict enforcement of center policies
and multi-dimensional constraints.

Flux is a resource and job management system currently be-
ing developed to enable hierarchical, multi-level scheduling
for very large HPC centers. Each scheduler in the hierarchy
is bound by two rules:

1. Parent bounding rule: a parent scheduler grants and
confines the resource allocation of all of its children;

2. Child empowerment rule: within the bounds set by the
parent, a child scheduler is delegated the ownership of
the allocation and becomes solely responsible for the
most efficient uses of its resources.

These rules ensure that even with multiple schedulers run-
ning in parallel, constraints are enforced and satisfied while
also allowing for flexibility within each scheduler. Hierar-
chical scheduling can also scale to much higher numbers
of resources and jobs than existing schedulers because each
scheduler in the hierarchy has to manage only its immediate
children, not all of the jobs across the entire center.

2. APPROACH
The advantages of hierarchical scheduling, however, can come
at a significant cost: poor resource utilization. Thus, practi-
cal solutions require us to quantify this trade-off space, and
if the utilization challenges are real, complementary tech-
niques to address these challenges must be developed.

2.1 Realistic Hierarchical Workload Creation
Hierarchical scheduling is new for large HPC centers, and
thus no hierarchical workload exists for use in our trade-off
study. Thus, we use existing HPC workloads and aggregate
multiple smaller jobs into large single jobs—i.e., hierarchical
jobs—which can easily map to our hierarchical scheduling
scheme. To automatically aggregate jobs from exiting work-
loads, we created a scheduling pre-processor that intercepts
user job submissions and aggregates them. Jobs submitted
within a short window of time and with similar characteris-
tics are aggregated together into a larger job. If the aggrega-
tion rate is high, this can offer two main benefits. First, for
each hierarchical job, a corresponding scheduler can be cre-
ated, thus distributing the complexity of scheduling across
the hierarchy. Second, many flat jobs from existing work-
loads can be easily and automatically aggregated to form
hierarchical jobs, resulting in fewer jobs for the scheduler at
the top of the hierarchy (top-level scheduler) to manage and
thus improving scalability.

2.2 Job Aggregation Modes
Due to the constraints of existing HPC schedulers, hierar-
chical jobs must have their sizes set at submission time. We
assess the effects of two methods for setting the size of hier-
archical jobs. These two methods represent the two possible



extremes. The first method, which we refer to as MinTime,
sets the size of jobs so that all of the sub-jobs can execute
in parallel, thus minimizing the execution time of the hi-
erarchical job. The second method, which we refer to as
MinRes, sets the size of hierarchical jobs to the size of the
largest sub-job, thus minimizing the resource footprint of
the hierarchical job.

3. RESULTS
We evaluate these parameters of our hierarchical scheduling
by extending the Flux scheduling emulator with our pre-
processor for automatic job aggregation. As input, we feed
the emulator with job traces from Rzmerl and Rzzeus, two
clusters at Lawrence Livermore National Laboratory. The
traces were collected over 2.5 months, and combined contain
32,046 jobs.

3.1 Scheduling Complexity
Scheduling complexity is a function of the number resources
and jobs to be considered at each level in the hierarchy.
When executing our hierarchical scheduling with job traces
from Rzzeus, we observe a 3.58x reduction in the number
of jobs sent to the top-level of the hierarchical scheduler, as
seen in Table 1. This significantly reduces scheduling com-
plexity at the top-level scheduler and ultimately increases
the number of jobs that it can schedule over time. The job
traces for Rzmerl experience a smaller reduction because
Rzmerl has a lower job-submission rate; thus there is a lower
probability that two jobs from the same user are submitted
within the configured time interval.

Machine Pre-Aggregation Post-Aggregation Ratio

Rzmerl 6,737 jobs 5,688 jobs 1.18
Rzzeus 25,309 jobs 7,073 jobs 3.58

Table 1: Effects of job aggregation on the number of jobs
handled by the top-level scheduler

3.2 Resource Utilization
Our hierarchical scheduling decreases the number of jobs
handled by the top-level hierarchical scheduler and thus im-
proves scalability. At the same time, hierarchical job alloca-
tions associated to our scheduling can fragment the system’s
resources and lead to a decrease in resource utilization. We
notice that a decrease in utilization occurs when a large job
and a small job are aggregated together with MinRes. The
two sub-jobs execute serially within the hierarchical job’s al-
location, and some of the resources are idle when the smaller
job executes. In addition, a decrease in utilization occurs
when a long-running job and a short-running job are aggre-
gated together with MinTime. These sub-jobs execute in
parallel within the hierarchical job’s allocation, and some of
the resources become idle when the short-running job termi-
nates. We study the resource utilization for both conditions.

Figure 1 shows the resource utilization that we observe in our
hierarchical scheduler emulations. We observe that MinRes
aggregation creates hierarchical jobs that cause virtually no
decrease in utilization.
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Figure 1: Effects of hierarchical scheduling on resource uti-
lization caused by idle resources within hierarchical job al-
locations. The grey bars represent the time that resources
within a hierarchical job spend executing a sub-job, while
the black bars represent the time that resources within a
hierarchical job spend idle.

4. CONCLUSION AND FUTURE WORK
Our results demonstrate that hierarchical scheduling offers a
sizable reduction in scheduling complexity with a decrease in
resource utilization between virtually none and up to 24%.
They also show that larger and busier HPC centers can re-
duce their scheduling complexity with hierarchical schedul-
ing with deeper levels. Our work motivates incorporation of
dynamic scheduling into our hierarchical scheduling to ad-
dress the resource utilization challenges we quantified in this
study.
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