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This is why ML-driven cluster scheduling remains
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Abstract

Using learning algorithms in cluster schedulers has the potential to increase the effectiveness of a computing cluster, yet deploy-
ments are limited. Our analysis of a diverse set of workload traces from national labs and industry points to three challenges that
have received little attention in the literature. First, lack of data diversity can adversely affect the design of prediction systems. We
demonstrate how we detected limitations, such as impractical feature engineering, unreliable prediction performance, and incon-
spicuous overfitting in prior work. Second, workload changes can negatively affect predictor performance. For the first time, we
quantify how accuracy degrades over time due to the non-stationarity that is common across most traces. We further examine the
effectiveness of adaptive techniques, such as online training, at addressing this problem. Third, aiming for high prediction accu-
racy alone does not guarantee dramatically better end-to-end performance. Our experimental results indicate that the relationship
between prediction error and end-to-end performance can be small for common cluster deployments.
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1 Introduction

Machine learning (ML) has the potential to change the way we build efficient datacenters [6, 20, 18, 22].
Successful ML deployments exist for resource allocation [4], failure prediction [35], and data center cool-
ing [7, 15, 16]. Despite active research, such successes are not present in the area of cluster job scheduling.
In this paper, we identify three key reasons why this gap has formed between research and practice in the
context of job duration prediction using ML models.

Our first concern is data availability and diversity (Section 2). Most publicly available traces have
fewer than 30 features and span only a few months at most [12]. While systems like Microsoft’s Resource
Central [4] leverage over 500 features [S] describing virtual machine runtimes, most researchers are not
privy to such a wealth of data. Other systems, such as Jockey [14], utilize job structure information, such
as dependencies between jobs, to inform scheduling decisions. However, commonly available traces lack
such information, and predictors must resort to utilizing what is known to the scheduler at job submission
time. We show that only a few features are crucial when predicting a job’s resource allocation, but these
features are not the ones commonly available. For example, removing jobs submitted by fewer than 4% of
users can halve model performance on job runtime prediction, which agrees with typical Zipf distributional
assumptions [10]. We find that broadly available features such as job size and submission time are poorly
predictive compared to features that can be used to identify users or applications.

Our second concern is workload variability and its effects on model performance (Section 3). A slew of
prior work on job scheduling has focused on building models that predict job characteristics such as duration,
resource usage, and outcome [2, 30, 28, 25, 19, 17, 31, 21, 33, 3]. But because of the aforementioned lack
of data, most models are only evaluated on short traces that do not expose variations in model performance.
We use longer workload traces (up to 5 years) that contain natural variability to demonstrate its effects on
model performance. For example, we show that performance can fluctuate by more than 40x on a day-to-day
basis. This leads us to conclude that longer traces are necessary in model evaluation, as well as metrics that
capture variation in model performance over time. We also show that even though the data is non-stationary,
predictive performance increases as more training data is added.

Our third concern is understanding the effect of accuracy on end-to-end performance, that is effect
of predictions on scheduler-level metrics (Section 4). The hope of using machine learning in a schedul-
ing system is that it yields lower latencies or higher goodput (which measures useful machine utilization).
However, as we described earlier, model performance is highly variable over time, and there are many cases,
such as when a new users enters the system, when predictions are likely to be wrong. Because of this, there
is a need to understand when model predictions are “good enough”, and when prediction error actually im-
pacts system performance. We attempt to understand this at a fundamental level by studying the effect of
prediction accuracy to end-to-end performance. A key result of our study is that both timing and magnitude
of prediction errors are needed to characterize end-to-end performance.

Data and prediction model used. In this paper we focus on predictors that use job descriptions to
generate predictions at job submission time. Our data set consists of three traces with workloads from
national labs and industry. We use traces captured at a Google cluster [34, 27], the Los Alamos National
Laboratory (LANL) Mustang cluster [1], and the Pittsburgh Supercomputing Center (PSC) Bridges cluster'.
These traces bring with them a fresh perspective: Mustang is the longest trace ever released (5 years), and
the newly released PSC trace spans 4000 users, pushing the envelope on the number of unique users in a
trace. Our analysis utilizes the recent 3Sigma cluster scheduler [26], which uses a collection of independent
predictors to generate predictions for jobs which appear to have been repeated. Each predictor is conditioned
on a feature, such as user ID, or a combination of features, such as both user ID and tasks requested. The
predictors are evaluated on prior data to find ones that have historically performed well, and these are used

IThe LANL Mustang and PSC Bridges traces will be available online through the ATLAS repository at http://www.
project-atlas.org.
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Figure 1: Features affect model performance unequally. The fraction of accurate job duration predictions,
concentrated in the middle of the curve, is significantly lower for the LANL Mustang trace when user
information is removed.

for the final prediction.

2 Lack of diversity

The first step towards practical ML-driven schedulers is to ensure that the input features are easily available.
In this section we test the efficacy of such features for achieving high prediction accuracy, and attempt to
better understand the role each plays in the final model performance.

After examining tens of job traces [12, 34, 27, 1] we find that several features are commonly available
across them: user and group name of the submitter; requested and allocated number of processors; job out-
come; submission, start, and end time of the job. Of those, only the user and group ID, the requested number
of processors, and the job submission time are available at the time a job is submitted to the scheduler. This
is also the time when predictions are most valuable. These features and their engineered variants, such as
the hour of the day and day of the week when the job was submitted, are the features we investigate first.

In addition to these features that are common across the board, two other features appear frequently.
First, several traces include a job name corresponding to the name given to the scheduler upon job sub-
mission. Unfortunately, systems such as MapReduce auto-generate unique names for each job, making it a
useless feature for predictions. To address this issue, a variant of job name, the logical job name, may be
used instead of the job name if it’s available. A logical job name is used to identify an application by using
a hash of the executable name and parameters [34, 27], which avoids the uniqueness problem mentioned
previously. Second, several traces include user-defined runtime limits. We refrain from using them in our
models, since they are not always available to bound predictions. Regardless, we have experimented with
using them and did not witness a significant increase in performance.

Observation 1: User behavior, as expressed by grouping jobs by user name, is the most predictive
common feature. Logical job names, as generated by combining the executable name and parameters, are a
reliable way to detect job repeats but are often missing from traces.

To gauge the effect of a feature on model performance it is common to perform ablation studies in
the machine learning community, i.e., remove features to measure their effect on prediction accuracy. Our
ablation study of the Mustang trace found that using personalized features was enough to match the results
of using all the features, as shown in Figure 1. The tails of estimate error (i.e., larger than +100%) are
captured in the leftmost and rightmost bins. We analyze these plots by assuming that jobs with low estimate
error (e.g., within =5%) are are accurate enough to make sensible scheduling decisions; the effects of larger
errors is hard to predict and is further discussed in Section 4. We use combinations of the user name and
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Figure 2: At times, one feature can be single-handedly responsible for model performance. By leaving
our job names generated using the executable name and parameters, accuracy for the Google trace drops
significantly.

number of tasks requested (UserTasks) to get the highest performance; using the number of tasks alone
(Tasks) results in a 6.5% drop in accuracy. Using only features such as the hour of day (HourOfDay) and
day of the week (DayOfWeek) the job was submitted results in more than 25% lower accuracy, since they
fail to reliably identify users. Our results are in line with prior work that has shown both the user name and
the number of tasks to have high predictive performance on LANL Mustang [1]. This observation, however,
does not hold for the Google trace, as shown in Figure 2. Instead, the logical names of jobs are needed
to achieve improved performance. While not shown, the PSC Bridges trace does not contain logical job
names and is robust to removal of user names, losing only 3% accuracy. We suspect this is due to the PSC
trace having 4000 active users in the system within a span of 1 year, a number that is at least an order of
magnitude higher than what we encounter in typical traces.

Observation 2: Extreme user skew, where most of the users only submit 5-10 jobs, and high user
arrival rates are the norm across traces and over time.

Having observed that user names is predictive, we investigate factors which may affect the reliability
of predictions. First, we notice that the users submitting the most jobs in each cluster make up a significant
fraction of the workload. Specifically, the top 10 users in Mustang, Google, and Bridges account for 78.9%,
55.7%, and 44.9% of the jobs, respectively, and this trend holds for CPU hours as well. Second, we find that
new users arrive at high rates and use the cluster sporadically. This means that for many users we have little
history to use when trying to predict their future behavior. In Figure 3 we show the arrival rates of unique
users in all three clusters, and observe that the arrival rates remain stable both across traces and over time.

On Bridges, most of the 4000 unique users do not have sufficient per-user job history to learn anything
interesting. A quarter of Bridges users submit fewer than five jobs, and 42% of the users submit fewer than
ten. We can see this in Figure 4, where we plot a heatmap of user submissions over time on a weekly basis.
In general, we observe that user activity is often highly intermittent and does not extend throughout the
trace. This means learning from user behavior poses challenges, though this is obscured by the user activity
skew found in the datasets.

Observation 3: Removing a few active users can significantly affect model performance.

Knowing that user behavior can be important and that individual users may have varying amounts of
history, we remove the top N users from the traces, ranked by the number of submitted jobs. In Figure 5 we
show model performance after removing the top 20 users while using all features. We see that performance
degrades significantly as this results in the bulk of user history being removed for both Mustang and Bridges
traces. The Google trace (not shown) is not as significantly affected by user removal. This calls into question
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Figure 3: The amount of unique users in traces over time. For all three traces, the rate of arrival of new users
remains stable over time.

what machine models actually learn when trained on real traces: do they learn the underlying behavioral
trends of users and applications, or are results strongly biased toward the most common outcomes? Bridges
suffers just as Mustang does from these modifications; the top few users can dominate performance even if
there are thousands of users in total.

We conclude that there is a strong case for increased feature diversity. Using solely user-based behavior
for prediction is not reliable, since user behavior is highly variable. A steady stream of new users enter the
system, and a few users dominate each trace. Instead, we encourage future traces to be released with features
that describe submitted jobs, like the described logical job name does, but without losing the generality found
with features that aren’t categorical and trace specific (e.g., hour of day or tasks requested).

3 Inability to adapt to change

Our analysis confirms that workload characteristics, such as the number of jobs submitted, are non-stationary.
This means that these metrics exhibit variable variance over time, without returning to a long-run mean. To
cope with changes in trace properties over time, existing work incorporates adaptation techniques such as
sliding windows [35, 26]. However, even with such approaches there is error in predictions over time. In
this section we investigate how model performance may fluctuate over time. We expect that there is a ramp
up period before a model reaches good accuracy due to an initial lack of training data, but we would like to
measure the length of such a period. To do this we analyze the time it takes for a model to perform at “full
capacity”, which we define as obtaining similar cumulative accuracy as a model trained using the full trace.

Observation 4: Model performance can fluctuate by more than 40x on a day-to-day basis.

Model performance is highly variable, as seen in Figure 6. We group prediction errors by day, allowing
us to capture means and confidence intervals. We show performance can fluctuate daily by more than 40x
in Mean Absolute Percentage Error (MAPE). It’s worth noting that individual errors can be negative, and
we take the absolute values of these errors. We further normalize the error by the actual runtime and capped
values to 100%. This means that the variations could potentially be higher without capping. The Google
trace is only a few months long, while the other two traces span years. This allows us to measure meaningful
variations in model performance. We also note that there are some correlations between misprediction rates
and trace features — the low rates of mispredictions for Mustang around 2014 correlate with the introduction
of shorter jobs. One conclusion to make from this is that a single accuracy number is not sufficient to
capture model performance. Rather, models should be evaluated over long traces and summaries of their
performance should be reported. Further, it may not be sufficient to use only recent data, as larger training
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Figure 4: The count of user weekly job submissions (log scale) for the PSC Bridges trace over time. Users
appear over time, enforcing a diagonal-like pattern. Many users do not submit many jobs and therefore have
0 (white) or a low amount of submissions (light blue) for most weeks. Users sometimes have many jobs
submitted in a week (dark blue).

sets seem to boost performance.

Observation 5: Learning can take between a hundred thousand to a million trace events to level off at
a stable state. This represents months of data before a model is ready to be deployed.

Predictor performance is highly variable. How much of this variability is due to difficulties in the trace
compared to difficulties caused by a lack of learning? To answer this, we evaluate the cumulative accuracy
of 3Sigma using all features to show how 3Sigma predictions evolve over time. We show results for the
Mustang trace in Figure 7 and for the Google trace in Figure 8. In the Mustang trace, we can see that it takes
3Sigma about one million records (around 850 days) to reach the same cumulative accuracy as using the
whole trace. This shows that if rich features are not available, then real ML systems may not be deployable
until years after a cluster comes online, which is impractical. The Google trace follows a similar trend,
though at a much shorter time scale, since the trace itself is much shorter. Interestingly, when we ran the
same test with job names removed, the learning over time is relatively constant and poor in performance.
This points to job names being learned over time as they appear. Doing the same evaluation, i.e., using all
features, with PSC Bridges results in highly variable performance, with accuracy sharply dropping off at
about 10° records, representing roughly 3 months of data. This is an indication that some parts of the trace
are harder to learn from, but the learning period is short.

4 Accuracy is not enough

Observation 6: Errors seem to matter more if the system is under load. Under high load, latencies may scale
proportionally with error. In general, the relationship between error and latency/goodput is not necessarily
monotonic or easily characterizable.
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Figure 5: Certain values of a given feature may determine the effectiveness of the model itself. For our
traces, performance suffers once power users are removed. The figure shows prediction accuracy when the
20 most active users are removed from the LANL Mustang and PSC Bridges traces.
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Figure 6: Misprediction variance is the norm. Shown are the daily relative misprediction scores of 3Sigma
for each trace, over time. 95% Confidence Intervals are also shown. The mean estimation error varies wildly,
often by more than 40x.

Previous work has evaluated the effect of error on system performance. TetriSched runs tests with
error injected to measure SLOs/latency [32]. 3Sigma measures the effect of runtime shift and width on a
distribution-aware and distribution-unaware scheduler [26]. Similarly, Stratus injects multiplicative error®
in the context of cloud scheduling and finds that error controlling mechanisms are necessary for good system
performance (i.e., heuristics are used to fix model errors) [3]. In the context of backfilling with user esti-
mates, prior work indicates that inaccurate estimates of a user’s job duration can improve cluster efficiency
under backfilling [13, 24, 36]. To make matters more complicated, inaccurate estimates can be either harm-
ful or beneficial depending on how aggressive backfilling is [8, 9]. These effects are due to scheduling holes
being occupied by small jobs. This favors small jobs in the same way as shortest job first (SJF) policies
do [11]. More aggressive backfilling allows large jobs to block small jobs. Theoretical analysis has recently
been conducted on the robustness of latency-driven scheduling policies, i.e., ability to minimize expected
service time [29, 23].

We next provide experimental results using the 3Sigma system on the Mustang trace. The objective
of 3Sigma is to maximize the total work completed (goodput), as well as minimizing the best effort job
latency. This is done via utility functions, which incorporate reward completed jobs while adding aggressive
penalties for missing SLOs. We report the performance of the system measured by goodput (machine-

2Job task runtimes are scaled by a factor sampled from a uniform distribution.
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Figure 7: How much data does it take to train an accurate model? We find that high cumulative accuracy,
relative to training with the whole trace, is not achieved until millions of job samples are seen for the LANL
Mustang trace.
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Figure 8: Similar to Figure 7, we find that high cumulative accuracy for the Google trace is not achieved,
until hundreds of thousands of job samples are seen. Note that the entire trace contains a few million jobs.

seconds), job completion latency (seconds), and effective utilization of the cluster (fraction of cluster), as
we perturb the job’s true runtime with (additive) Gaussian noise. This error model differs from prior work,
and it allows us to measure the effect of the magnitude of errors in an intuitive way. A job’s true duration is
affected by some noise, such as network congestion, interference between services, and the state of caches
in the system. By adding noise to the true duration, we can model how the system breaks down under
variability which is impossible to avoid.

Formally, let T; be the actual runtime of a job (in seconds), indexed by j, and let our perturbation
€ ~ N\((0, 6%). The job runtime estimate provided to the scheduler is then T =Tj+e. We sample from 7}
to obtain point estimates and clamp negative values to 0. Since Mustang is a large HPC cluster, the number
of tasks submitted to be packed can be larger than is feasible to simulate. We divide the number of tasks
by 24 and we simulate the trace on a 512-node cluster. As expected, we do not see any variations when the
cluster is not being highly utilized; when all jobs fit in the cluster, scheduling can be done first-come-first-
serve and the predictor is not used. Therefore, we chose a window of time in the trace corresponding to 5
hours where a large number of completed jobs were submitted (allowing for 95 jobs to complete when the
scheduler is provided with perfect oracular predictions) and fits well to our cluster. We re-ran each test 10
times with different random seeds and report the mean performance. Latency, goodput, and pcg plots are
shown in Figure 9.

Our results show some patterns; namely, latency is increased with these induced errors, but goodput
and pefr are more robust. Latency is improved by scheduling jobs conditioned on their runtime (e.g., favor
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Figure 9: The effect of Gaussian error with various level of ¢ on latency, goodput, and pefr. ¢ = 0 cor-
responds to perfect (oracular) knowledge of runtimes. Latency increases notably with higher values of G.
Goodput and pesr stay relatively constant. The variance of variables changes with G.

small jobs), and we perturb all runtimes, causing some short jobs to be given lower priority than longer jobs.
This effect is potentially even worse for very small jobs, since a small error can lead to a large percentage
change in the job runtime. Goodput and pefr are relatively unaffected (i.e., goodput correlation is close to
0 and ps=0.79 + 0.02) by the induced errors, because any work done by the cluster contributes equally to
goodput. The only factor that can improve goodput is packing density, and the induced error may lead to
more fragmented use of resources by causing suboptimal packing decisions to be made. Although predicting
the effect of error on end-to-end performance may be difficult, there are some situations where error has no
effect. One example of this is when utilization is close to 0, which is when no packing decision must be
made. To illustrate this effect, we pick a segment of the trace that has two jobs allowed to finish in five
hours. We observe that goodput and latency is constant (variance is zero) for all settings of . Since this
results in a utilization of 0.0675, there is little room for queuing to occur, and therefore prediction error does
not matter. Therefore, there is a strong connection between the expected utilization of the cluster and the
utility of a prediction system. There is little incentive to have a predictor for a poorly utilized cluster, which
is often the case if the cluster is sized for peak utilization.

However, the latency trends are not universal — especially for intermediate values of pesr. When we
re-run this experiment on a segment of the trace with only sixty-nine jobs being allowed to finish, we see
that latency is lowest with ¢ = 50. This is due to two runs having latencies that were nearly 100 points lower
than the average, thus leading to both high variance and lower than average latency. These results agree
with prior work that inaccuracy can both hurt and help cluster efficiency. We reached the same counter-
intuitive results when we downscaled the cluster to 256 nodes and used the same portion of the trace —
utilization was boosted from 0.65 to 0.68, but it was not enough to result in sensible latency trends. Our
conclusion is that it is not just the magnitude of errors that matter: both the time in the trace and magnitude
of the errors matter. At the very least, low utilization periods are not impacted by model predictions. Some
clusters may see massive benefits from high accuracy (such as virtual clusters that can manipulate their own
utilization [3], or clusters that benefit from backfilling), while others may not see much of a benefit at all.
Many clusters, such as those found in HPC contexts, aim to maximize the goodput of the cluster rather
than latency; we do not see a benefit of ML-driven scheduling in these contexts. One improvement that
can be made to metrics is to explicitly account for utilization effects in accuracy results (e.g., discounting
accuracy numbers obtained from trace segments corresponding to low system utilization). Doing so could
help account for cluster-level utilization variations, as well as temporal accuracy variations, such as those
discussed in Section 3, when predicting end-to-end performance from accuracy alone.



5 Conclusion

The continuing rise of machine learning in both research and practice invites its use in real systems. How-
ever, unlike image and text datasets that have been continously enabling more sophisticated machine learn-
ing models by growing in both size and diversity, scheduling datasets of today are few in number and look
shockingly close to those of two decades ago. The state of publicly available data has created challenges
with both data diversity and the length of traces, and it is impacting the design and evaluation of current
models. In this paper, we explored model performance on current datasets under a microscope, and we un-
covered sources of concern with limited features, data skew, non-stationarity, and the impact of a predictor
on scheduling performance. The next steps in making ML-driven schedulers practical are to address the
problems commonly found in datasets while also formulating concrete measures of goodness for predictors
so that progress can be measured and improved.

Note. This manuscript has been approved for unlimited release and has been assigned LA-UR-19-25043.
This work has been authored by an employee of Triad National Security, LLC which operates Los Alamos
National Laboratory under Contract No. 89233218CNA000001 with the U.S. Department of Energy/National
Nuclear Security Administration.
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