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Figure 5: CDF of per-minute GPU utilization for passed, killed, unsuccessful jobs in different sizes.

use 2 or more GPUs. Table 2 shows the frequencies for the
two types of delay. For jobs with 5-8 GPU, fragmentation de-
lay is responsible for 74.2% of occurrences, and it dominates
for larger jobs. In contrast, for smaller jobs, we see that the
two causes are more balanced. Further, we also observe that
across all jobs fragmentation delay is responsible for around
80% of the delay in terms of waiting time. This is because
fair-share delays are easy to mitigate with preemption, but
fragmentation delays are much harder to overcome in our
current design.

Finally, we note that the queuing delay fractions vary across
virtual clusters. Among the five largest virtual clusters, VC5
often over-subscribes its quota and thus the proportion of
fair-share delay is overall higher at 37%.

Does out-of-order scheduling exacerbate job queueing?

Given the resource fragmentation and the fact that the YARN
scheduler is work-conserving, larger jobs could be addition-
ally negatively affected by out-of-order scheduling. To see
how, consider a job that requires 24 GPUs spread across three
machines. While this job is waiting for such configuration, if
a smaller job requests 2 GPUs, it is scheduled on machines
where two GPUs become available. This could cause fur-
ther fragmentation and lead to the 24-GPU job needing to
retry after a backoff. In our workload, out-of-order scheduling
is quite common, with 38.1% of scheduling decisions, and
occurs 100% for jobs with 5-8 GPU or >8 GPU. However,
we find that most out-of-order scheduling decisions do not
greatly affect the waiting time for resource-intensive jobs. For
example, for out-of-order scheduling occurrences of jobs with
5-8 GPU or >8 GPU, as much as 85.0% corresponds to cases
where idle GPUs are effectively utilized without prolonging
the scheduling time of those waiting jobs.

In summary, our analysis shows why it makes sense to relax
locality over time to mitigate queuing delays for distributed
training. We also find that in addition to fair-share queuing
delay, the need for gang scheduling and locality introduces
fragmentation delay for machine learning jobs.

Job size Passed Killed Unsuccessful All
1 GPU 53.51 37.02 62.82 52.38
4 GPU 51.13 34.39 50.95 45.18
8 GPU 51.09 60.63 64.34 58.99
16 GPU 44.88 36.98 39.02 40.39

All 52.43 42.98 60.43 52.32

Table 3: Mean GPU utilization for different job sizes.

3.2 GPU utilization

GPUs are the most expensive resources in our cluster and this
makes their efficiency an important factor in assessing the
cost-effectiveness across the entire cluster. For each individual
GPU, Ganglia [33] reports aggregate performance counters
every minute, including utilization of processing cycles and
memory, temperature, power usage, etc [3]. We next present
how efficiently training jobs use processing cycles in their
(exclusively) allocated GPUs. Note that our current generation
of GPUs only report coarse-grained utilization for processing
cycles that can only be used to detect if any of the streaming
multiprocessors (SMs) are being utilized [3]. They do not
report what fraction of the SMs are being actually used within
a single GPU. Therefore, our analysis presents an “upper
bound” of actual effective SM utilization.

Overall, deep learning training jobs underutilize GPU pro-
cessing cycles regardless of their job sizes. Figure 5 shows
CDFs of per-minute GPU utilization of passed, killed, and
unsuccessful jobs for different sizes. Table 3 reports averages
for each job size, including averages for different job status;
we use these job sizes as representative of small, medium and
large jobs based on the GPU request distribution in our clus-
ter. Surprisingly we find that around 47.7% of in-use GPUs’
cycles are wasted across all jobs, with jobs using 16 GPUs
exhibiting the lowest utilization at 40.39%. Moreover, across
job status in Figure 5, the median utilization for 16 GPU
jobs is 45.00%, 34.24%, 39.54% for Passed, Killed, and
Unsuccessful, respectively. These are 6.46%, 40.25%, and
42.63% lower than the 8 GPU jobs in the corresponding job
status. We study the efficiency of such jobs in the next section
in detail.
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Metric SameServer DiffServer IntraServer InterServer
GPU util. 57.7 49.6 37.5 36.5
Images/s 114.8 98.0 75.6 74.1

Table 4: Mean GPU utilization and training performance of
ResNet-50 over different locality/colocation configurations.

3.2.1 Impact of Distributed Learning

Given that the 8 GPUs mounted in each server can commu-
nicate more efficiently without using the network, our job
scheduling strategy is to favor intra-server locality when as-
signing each job to available GPUs. At the same time, the
scheduler attempts to pack small jobs into fewer servers to
avoid fragmentation. This leads to job colocation on the same
server and consequently could lead to interference in shared
system resources (e.g., RDMA and PCIe) [52]. This creates
an interesting utilization spectrum for multi-GPU jobs. In par-
ticular, jobs using more than 8 GPUs must distribute training
instances across multiple servers and may be dynamically
colocated with other jobs. This scenario also involves com-
munication overheads since each server has to periodically
wait for model aggregation to happen over the network.

To confirm that such distribution and colocation factors in-
deed relate to the efficiency of GPUs in use, we first character-
ize utilization of processing cycles for various job placement
scenarios using a popular image recognition model, ResNet-
50 [23]. Specifically we train ResNet-50 with 2 GPUs using
TensorFlow and perform offline experiments with placements
that exercise shared resources differently. Then using our
telemetry data, we attempt to infer correlations between those
factors and the observed efficiency in our cluster.
Analysis using ResNet-50. Table 4 shows the impact of
distribution only, by comparing a ResNet-50 job placed in a
single server (SameServer) with the job placed in two servers
connected with RDMA network (DiffServer). Each server
has four NVIDIA Tesla P100 GPUs attached to a CPU socket.
The table reports GPU utilization when processing a batch
size of 32 images during training. First we observe that the
training does not fully utilize GPUs even for single machine
execution. In particular, SameServer achieves utilization of
57.7% for GPUs in use. It increases to 71.1% for twice the
batch size but only increases marginally for larger batches.
Also the table shows that using distributed training achieves
lower utilization of 49.6% in DiffServer. This shows that
even for 2-GPU jobs, there is a cost to not achieving locality.

Given a distributed training setup, contention for shared
resources like RDMA and PCIe further lowers the efficiency
of utilized GPUs. To show this we set DiffServer as our
baseline and measure changes in the efficiency while popu-
lating additional ResNet-50 jobs in the same servers. First,
we measure GPU utilization when the colocated jobs do not
use RDMA network at all: we place two SameServer jobs,
one on each server in the same CPU socket as the job under

Figure 6: GPU utilization when running 8 and 16 GPU jobs
on dedicated servers.

study. Thus, these jobs interfere with the job under study in
the use of PCIe buses while reading training inputs, aggre-
gating model updates, and so on. The observed efficiency
is shown as IntraServer in Table 4, and we see that hav-
ing such intra-server interference lowers the utilization by as
much as 12.1%. We also study if such interference matters
for the RDMA network in InterServer. For this setup we
use two DiffServer jobs instead of two SameServer jobs as
background traffic, so that all the jobs are distributed across
two servers and share the RDMA network. In this case, we
see a 13.1% decrease in utilization compared to the baseline.

Our experimental study reveals that efficiency of allocated
GPUs varies according to locality and colocation scenarios
that could occur in the cluster. Further, any placement that
causes lowered GPU utilization also results in slowdown in
training performance (i.e., images processed per second) as
shown in Table 4. Next, we analyze utilization for our aggre-
gate workload. We note that unlike the controlled experiment,
the type of model trained and the batch sizes used vary across
jobs in our aggregate workload making it harder to establish
a baseline utilization without distribution or inference.

Distributed training with dedicated servers. First, to study
the effects of distribution, we restrict our study to look at 8
GPU and 16 GPU jobs that are packed on one or two servers.
In this case, the 8 GPU jobs uses all 8 GPUs in a single server
while the 16 GPU jobs uses all the GPUs in two servers.
The network over which the servers for these jobs are con-
nected to each other is shared. Figure 6 shows the results of
our comparison. Compared to the 8 GPU jobs, we see that
16 GPU jobs, which have the additional model aggregation
step in distributed mode, have significantly lower utilization.
Specifically, for 8 GPU jobs, GPU cycles are utilized 56.9%
of time on average while this is only 34.3% for 16 GPU jobs.
Furthermore, the median is 73.12% for 8 GPU jobs, which is
1.67x the median in the 16 GPU case.

Distributed training with shared servers. When locality
constraints are relaxed, a job may have to be distributed over
many servers while sharing them with other jobs. Distributing
a job over many shared servers can further lower utilization
of GPUs. This drop in utilization occurs not only due to a
higher network overhead but also because of interference from
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Figure 7: Host resource utilization.

Degree Mean 50%ile 90%ile 95%ile
2 servers 43.66 43.69 91.77 97.06
4 servers 40.94 39.85 83.28 91.97
8 servers 28.56 25.71 65.68 78.85

Table 5: GPU utilization for 16-GPU jobs that are spread over
2, 4, and 8 servers.

unrelated but co-located jobs. To study this, we see how the
GPU utilization of 16-GPU jobs varies as as we move from
dedicated GPUs to a larger number of shared servers. Table 5
shows the average and percentiles for GPU utilization across
the different allocation scenarios.

When running on 2 8-GPU servers, a 16-GPU job has
dedicated servers. When running on 4 servers, the 16-GPU
job may occupy 4 GPUs on each server, and will be colocated
with other jobs on those servers. We find that the degree of
interference is larger if the job is distributed on more servers.
Table 5 shows that in addition to the inefficiency caused by
distribution (Figure 6) there is additional underutilization
caused by colocation. We see that for 16-GPU jobs distributed
across 8 servers, the average utilization is as low as 28.26%
and more than 90% of jobs have less than 66% utilization.

Among host resources, our scheduler dedicates CPU and
memory along with GPU to each job. In deep learning clusters,
these host resources are used for many useful tasks includ-
ing caching training inputs, model aggregation, and periodic
model validation and progress report. By default, we allo-
cate CPU and memory capacity proportional to the number
of requested GPUs. Figure 7 shows CDFs of utilization of
these host resources observed in our servers. In general, many
servers underutilize CPU cycles yet highly utilize memory.
This indicates that a useful feature in the scheduler would be
to observe if a particular job requires disproportionate amount
of host memory and isolate memory used by jobs colocated
on the same server.

In summary, our data analysis shows how GPUs are un-
derutilized in shared clusters. We presented correlations of
how distribution and interference affect utilization and vali-
dated this using a controlled experiment to break down the
importance of locality and interference. We discuss some
implications for scheduler design in Section 5.

Status Count(%) GPU times used (%)
Passed 66696 (69.3%) 44.53%
Killed 12996 (13.5%) 37.69%

Unsuccessful 16568 (17.2%) 17.76%
Total 96260 (100.0%) 100.0%

Table 6: Distribution of jobs by their final status.

4 Training Progress and Completion

Jobs in our system finish with one of three statuses: passed,
killed or unsuccessful. Similar to iterative online computa-
tions [6, 16], our machine learning job utilizes cluster re-
sources to improve the model over time. However as opposed
to prior study on big data traces [30], we see a significant frac-
tion of jobs (30.7% as shown in Table 6) are either terminated
unsuccessfully or killed by users. They constitute around 55%
of the total GPU time used during our trace collection period.
Thus it is important to understand the reason behind these
failures as fewer unsuccessful jobs would mean that more of
the cluster resources can be used for successful jobs.

4.1 Effectiveness of Training Iterations

Most deep learning jobs optimize a non-convex loss function
and the optimization algorithms do not necessarily guarantee
that the loss always decreases with more training. Thus, sim-
ilar to [22], users in our system submit model training jobs
using a larger number of epochs than necessary to get the op-
timal model. To analyze the magnitude of this effect we study
how the training loss for a job varies across epochs and mea-
sure the epoch at which we achieve the best training loss. As
this information is not printed in the log by every user/frame-
work, we are only able to obtain convergence information for
around 2502 jobs.

First, Figure 8(a) shows the fractions of epochs required to
reach the lowest loss across all passed jobs. From the figure
we see that around 80% of passed jobs require all the epochs
executed to reach the lowest loss. We repeat this study for
killed jobs and see a similar pattern as shown in Figure 8(b).

However we also see that a majority of jobs improve the
loss marginally using a large fraction of epochs. In particular,
Figure 8(a) shows the fraction of epochs required to reach
within 0.1% of the lowest loss across all passed jobs. Around
75% of jobs reach within 0.1% of the lowest loss using only
40% of the epochs. Again, a similar pattern is shown for killed
jobs in Figure 8(b). While we do not present data from user
surveys, this suggests that machine learning practitioners can
early terminate jobs to save use of GPU times considerably
when the loss change is less than a particular threshold in
successive epochs. Essentially, we look into much resources
are used to improve 0.1% of convergence accuracy in terms
of the fraction of GPU times for each job. In our workload,
this accounts for 62% and 56% on average for passed jobs
and killed jobs, respectively.
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(a) Passed jobs (b) Killed jobs

Figure 8: Fraction of epochs necessary to achieve a particular
loss threshold for (a) passed jobs and (b) killed jobs.

4.2 Job Failures

We next present a detailed analysis on job failures, including
why/when/how frequently jobs fail and what their impact
is on effective cluster usage. We remind the reader that in
our cluster scheduler, a job is retried upon failure. If the job
repeatedly fails it is marked as unsuccessful as further retries
are deemed no longer effective. Figure 9 presents a high-level
summary of job retries/failures and shows that jobs using
more than 4 GPUs not only retry execution more often but
also finish unsuccessfully at higher rate. The reasons behind
job retries/failures are diverse, and failures occur at different
times during job execution. We thus investigate failures by
classifying them across layers of our system stack.

4.2.1 Failure Classification

Table 7 presents analysis results of failures based on two clas-
sification factors. First, failures are classified from different
sources (Column 2): the sources include (i) Infrastructure
(IF) which includes YARN, HDFS and all other framework
components, (ii) AI Engine (AE) which includes TensorFlow,
Torch, and any other platforms, and (iii) User (U) which rep-
resents programmers. Column 1 lists a number of reasons for
failures we observe from the workload.

Most failure reasons in the table are self-explanatory, and
we describe six important ones in more detail here.
(1) Incorrect inputs: Model files or input data stored in the
external HDFS storage cannot be read.

(2) Semantic error: Errors that happen due to library version
mismatch or other dependencies of the user training program
not being setup correctly.

(3) Model checkpoint error: The job is not able to success-
fully create a model checkpoint after a certain number of
epochs complete. This is usually due to either transient error
in HDFS or HDFS name node recovery.

(4) MPI runtime failure: This is usually due to either a fail-
ure of network connection to peer MPI process, or possibly

(a) Retries (b) Unsuccessful jobs

Figure 9: (a) Average number of job retries for using different
number of GPUs, and (b) subsequent unsuccessful jobs.

an internal failure of the MPI daemon itself.

(5) Job preempted: YARN reclaims any GPU currently in
use to schedule another job.

(6) Invalid memory access: Training job dies because of vi-
olating access on memory address space e.g., using an invalid
pointer value, or having race condition while copying data.
This failure is observed in both CPU memory and memory
allocated for GPU access.
While bridging failure category and failure reason, we observe
that a failure reason can appear in multiple categories, even
in all involved categories, as shown in Column 2 of Table 7.
Building failure classifier. There exists causality among
various failure reasons. For example, traceback from crash is a
consequence of an invalid memory access. Our first mission in
building a classifier is identifying signatures of failure reasons
closer to the root cause. We capture root-cause signatures
from stdout or stderr logs of a failed job. If not explicit from
the logs, we then attempt to capture implicit ones such as
traceback from crash. In consequence, our classifier has in
total more than 230 rules to find both explicit signatures and
implicit signatures. If there is no signature for a failure, we tag
it as no signature, which constitutes 4.2% of the total failures.

4.2.2 Failure Frequency

Column 3 of Table 7 summarizes the occurrence frequency
of the classified failure reason. Trial counts the number
of failure events observed in our workload: failure reasons
are sorted by it. We further group Trial occurrences by job
ID (Job) and user ID (User) to see if failures are localized
according to the same job or user.
Failures repeat for the same job/user. Our analysis shows
that across failure reasons, failures repeat at both job level
and user level. In particular, we measure repetition factors
(i.e., Trial divided by Job or User) for top-8 failure reasons,
which cover 88.9% of the total failures. The measured repe-
tition factors are 2.3 and 38.8 on average for Job and User,
respectively, meaning a single job and a single user on average
cause 2.3 and 38.8 occurrences of failure, respectively, during
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Failure Reason
Category Num Occurrences RTF: Runtime to Failure (mins) GPU Demand

RTF⇥Demand (%)IF AE U Trial Job User 50%ile 90%ile 95%ile Total % 1 2-4 >4
CPU out of memory 3 3 12076 2803 65 13.45 17.73 33.97 6.62 11465 235 376 3982320 (8.05)
Incorrect inputs 3 3 9690 4936 208 1.87 404.83 2095.73 30.43 5844 2638 1208 11979474 (24.21)
Semantic error 3 3 2943 2049 159 2.72 376.00 1436.88 9.22 1603 494 846 8442835 (17.06)
Core dump 3 3 2912 1784 122 0.85 72.75 431.65 3.35 1936 496 480 1493632 (3.02)
Invalid mem access 3 2602 1235 108 1.03 403.50 1357.38 3.82 712 774 1116 2352994 (4.75)
Model ckpt error 3 1995 948 85 181.67 3728.93 8196.02 21.73 743 384 868 8080374 (16.33)
CUDA failure 3 1484 571 70 1.32 19.87 82.17 0.62 133 1153 198 357119 (0.72)
Syntax error 3 3 1132 883 110 0.58 5.02 12.00 0.19 780 184 168 130094 (0.26)
Traceback from crash 3 3 3 777 271 44 1.02 894.33 1394.07 2.34 356 277 144 863130 (1.74)
MPI error 3 634 166 28 1.62 3015.27 5143.98 3.70 456 54 124 613059 (1.24)
GPU out of memory 3 487 261 35 18.53 353.62 2740.28 1.08 237 70 180 1040249 (2.10)
MPI runtime failure 3 478 420 96 1389.48 13778.60 18090.88 14.63 240 141 97 7593398 (15.34)
Permission error 3 299 151 37 1.00 8.15 15.85 0.07 56 202 41 15185 (0.03)
Import error 3 3 148 148 41 0.67 4.58 10.73 0.06 108 30 10 10803 (0.02)
Job preempted 3 147 95 34 559.08 2682.85 5892.23 1.66 25 95 27 2338772 (4.73)
CUDA init failed 3 141 69 20 1.08 2.18 4.63 0.03 16 66 59 64512 (0.13)
Model diverged 3 84 30 5 1.48 44.37 76.53 0.01 78 5 1 2562 (0.01)
CUDA ver. mismatch 3 49 49 19 0.83 1.65 1.67 0.00 1 1 47 421 (0.00)
GPU ECC error 3 10 10 2 26.82 671.92 2035.02 0.03 1 5 4 23575 (0.05)
Output node error 3 3 3 1 0.85 0.95 0.95 0.00 3 0 0 2 (0.00)
Cannot load libs 3 1 1 1 0.12 0.12 0.12 0.00 1 0 0 0.12 (0.00)
No signature 1684 698 94 1.87 28.00 95.17 0.42 1235 294 155 102138.03 (0.21)

Table 7: Failures classified into failure reasons (sorted based on the number of occurrences). There are largely three categories
that cause the failures: Infrastructure (IF), AI Engine (AE), and User (U). A failure reason may be observed in multiple categories.

the data collection period. The most critical one is CPU out

of memory, where we see 185.7 as the User repetition factor.
Interestingly, profiling shows that a certain engineer issued a
number of training jobs, all of which suffer from the same out-
of-memory issue, resulting in high concentration of failures.
This motivates the need for runtime detection mechanisms
that can correlate errors from the same user even though her
jobs are independent from job management point of view.
User/programming errors lead to a lot of failures. Fail-
ures incurred by user errors, such as configuration/syntax/se-
mantic errors in program and script, are dominant. These
failures are very prevalent across our top-8 failure reasons.
As explained, CPU out of memory is the most frequent with
its failures significantly concentrated on a few users. Other
frequent failures such as incorrect inputs and semantic error

are more spread out across different users. From our profiling,
the primary factor that causes those failures is a lot of inde-
pendent components involved in a training job. For example,
by definition, incorrect inputs happens when there is a failure
in reading model or input data stored in external HDFS store.
This is due to any error ranging from the data path is not
correct, data format is inconsistent, data itself is corrupted
on HDFS etc. Often, issues in data format affect multiple
engineers in the same team (e.g., speech recognition team) as
they often share the same training data or reference model.

4.2.3 Runtime to Failure

Column 4 of Table 7 presents runtime to failure (RTF) for
each classified failure reason. To capture the summary of RTF

distribution, in addition to the average, we also present the
50th-percentile (or median) and higher percentiles such as
90th-percentile and 95th-percentile.

The runtime to failure (RTF) exhibits high variability,

with mainly short RTFs. Many failures of training jobs
happen quickly, for example within 10 mins. This is mostly
the case for failures driven by users in syntax, semantic, and
configuration errors, which we can also infer from low 50P
RTFs in the corresponding failure reasons. Note that most of
those failures are deterministic and are caught when the run-
time begins to execute the program. One of exceptions that is
noteworthy is failure corresponding to inconsistent/corrupted
input data. We can only detect this at the moment we actually
read the erroneous data and attempt to parse it. This is the
primary reason for having high 95P in incorrect inputs.

Infrastructure failures occur infrequently but have much

longer runtime to failure (RTF). This analysis focuses on
two failure reasons in infrastructure category: model check-

point error and MPI runtime failure. They represent program-
to-storage and program-to-program communication, which
are both critical for reliable distributed deep learning training.
In general, these errors are relatively infrequent compared
to other common errors, constituting only 6.2% of the total
Trials. However, our analysis shows that these errors tend to
appear after a long execution duration, and thus dominate the
time until failure detection. In particular, Table 7 shows that
when the corresponding RTFs are summed up (i.e. Total), the
two failure reasons, model checkpoint error and MPI runtime

error, occupy as much as 21.73% and 14.63%, respectively.
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4.2.4 Impact of GPUs Allocated

For jobs with the same RTF, the impact on the amount of
utilized resources is proportional to the number of allocated
GPUs. The larger the allocation, the bigger the impact.
Large jobs with programming semantic errors tend to

fail a while after execution. Column 5 of Table 7 presents
GPU demand across failure reasons. To simplify the analysis,
we select four most-dominant failure reasons each contribut-
ing around 10% or more of failures. When we correlate RTF
with GPU demand, among the four failure types, semantic

error exhibits a markedly distinct trend, with jobs that have
higher GPU demand having relatively large RTFs, as com-
pared to jobs having lower GPU demand. This results in
disproportional impact on the actual resources utilized by
failed jobs. We show this in Column 6 of Table 7.

Column 6 presents actual GPU times for failures while mul-
tiplying RTF by GPU demand. As the results show, compared
to the RTF only, the impact of semantic error increases up
to 17.06% from 9.22% while the other three types of failure
are either decreased or unchanged. This corresponds to the
fact that semantic error is relatively frequent in larger-demand
larger-RTF jobs. Looking deeper, we observe that training
program instances sometimes send, receive, and access data in
an inconsistent way during model parameters synchronization.
As a consequence, semantic error ranks the second in terms
of GPU resources used among failures in our workload.

5 Design Implications for Future Schedulers

Based on our experiences and data-driven analysis so far, in
this section we discuss guidelines pertaining to the design of
next-generation schedulers for DNN training workloads.
Prioritizing locality. One of the main results from our anal-
ysis of GPU scheduling was that lack of locality impacts both
utilization and job running time. Our current scheduler adopts
a classic approach where it waits for a limited time to see if
locality can be achieved and if not the job is scheduled with
the resources available at relaxed locality. The main reason
for this approach is to keep queuing time low as longer wait
times affect user experience.

However given that deep learning jobs run for many hours
or even days, incurring a 10% or 20% drop in efficiency could
extend the job running time by multiple hours. Thus in such
scenarios, waiting for locality for a longer time could be more
beneficial. However this requires inferring long-running jobs
and appropriately setting user expectations. An alternate strat-
egy could be to migrate a job to machines with better locality
if resources become available during the execution.
Mitigating interference. Another critical guideline for
schedulers would be to consider job placement policies to
mitigate inter-job interference. Instead of packing different

small jobs on a single server, one option would be place them

on dedicated servers, reducing sharing and thus interference
among such jobs. Such an option would increase fragmenta-
tion and will result in larger jobs having to wait for longer
if we have to prioritize for intra-job locality. Support for job
migration to defragment the cluster [52], especially applied
to smaller jobs, will mitigate interference for small jobs, and
will improve intra-job locality for large jobs.
Improving failure handling. A large number of job failures
we see come from user errors in code or configuration. This
is primarily because programming languages in use are typi-
cally not strongly typed. We have found that simple syntax
checking could prevent many errors (e.g., missing quotes or
parenthesis) and some of the more sophisticated runtime fail-
ures can be captured by running the first iteration of training.
We plan to set up a pool of cheaper VMs to pre-run jobs. Even
running multi-GPU jobs on a single GPU will catch such er-
rors before they run on larger shared clusters and thus prevent
wasted GPU cycles on them. Training failures also happen
due to erroneous data format (e.g., inconsistent columns in
samples). We plan to investigate having a well defined schema
for datasets used in machine learning, and perform a schema
check while accessing data to reduce such errors.

Another useful extension for multi-tenant GPU clusters
would be to develop a system to predictively mitigate failures
by proactively observing related failures. The main goal of
such a system would be to (i) classify error messages in real
time from logs that training jobs generate, and (ii) adapting
scheduling parameters per job (e.g., number of retries) as
well as across jobs (e.g., input data blacklisting) to reduce
failure occurrences. For example, the scheduler could stop
retrying for failure categories like incorrect data/model input
and continue retrying for network timeouts.

6 Related Work

Failure analysis of data analytics jobs in shared clusters.

Prior work has looked at designing large-scale data analyt-
ics platforms assuming that failures are common [10, 17, 50].
They focus on framework support for fault-tolerance and reli-
able job execution. In this paper, we focus instead on under-
standing job failures in deep learning specific platforms.

Kavulya et al. conducted a detailed characterization for job
failures in a production MapReduce cluster [30]. Some of
their findings include: (1) Many jobs fail within a few minutes
while the worst-case job takes up to 4.3 days for its failure to
be detected. These failures occur due to data copy errors and
are similar to HDFS-related failures that we observe taking
much longer to detect; (2) Many failures are related to either
exceptions due to array indexing errors or IO exceptions. We
again see some similarity to our work where coding errors
lead to a number of failure cases.
Scheduler and runtime for efficient machine learning

execution. SLAQ schedules concurrent machine learning
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training jobs based on quality improvement for resource us-
age, allocating cluster resources for average quality improve-
ment [56]. While this may improve the quality across jobs,
each individual job may take longer time to finish. Opti-
mus [38] leverages the convergence curve to predict job re-
maining time for dynamic resource scheduling and reduces av-
erage job completion time. It adopts an online fitting model to
derive a proper number of servers and workers for MxNet [15]
jobs in parameter server architecture. Tiresias [22] reduces
job completion times when many training jobs undergo a trial-

and-error exploration where job remaining time to complete
training cannot be estimated from the convergence curve. In
this work, we found that a large job experiences highly vary-
ing efficiency over placement spectrum (e.g., Table 5), and
that future schedulers may need to consider the trade-off be-
tween reducing queueing time and reducing job running time
more carefully over a wide range of locality choices.

We also note that an earlier technical report of our work [27]
was used to motivate new scheduling primitives in recent
work on scheduling like Gandiva [52]. More importantly, our
paper presents a systematic study of a large-scale production
cluster, covering the whole lifecycle of deep learning jobs
including queuing, execution, and failure. We hope that our
study of large clusters dedicated to deep learning workloads
will continue to motivate novel research in deep learning
platforms and schedulers for these workloads.

GPU resource management for machine learning. There
are recent efforts on GPU sharing for simpler machine learn-
ing tasks. Baymax [14] explores GPU sharing as a way to
mitigate both queuing delay and PCIe contention. Following
that, Prophet [13] proposes an analytical model to predict
performance of GPU workloads. Gandiva [52] proposes GPU
time-sharing in shared GPU clusters through checkpointing at
low GPU memory usage of training job. Future work includes
integrating these prior work to improve cluster utilization and
capacity to run more jobs.

Many training networks are memory bound, especially by
capacity. Ryu et al. analyzed memory allocation for Ima-
geNet [25], with recent VGG-16 model consuming up to
28 GB of memory [40]. Therefore, vDNN [40] proposes vir-
tualized memory manager, and SuperNeurons [51] adopts
fine-grained layer-wise memory control to schedule memory
flexibly between CPU and GPU. Our work shares some simi-
larity with prior findings (i.e., some large networks do not fit
in GPU memory) in real-world data.

Approximate data processing. Approximate data pro-
cessing allows trading off accuracy for earlier completion
times [6, 9, 16, 24, 28, 55]. In databases, online aggregation
has been studied in the context of SQL queries [16, 24, 55].
More recently, approximation has been used in batch pro-
cessing [6, 8, 49]. Machine learning training presents a fertile
ground for exploring trading off accuracy for early completion.
In this paper, for the training workloads run on our clusters,

we quantify how trading off a very small amount of accuracy
(0.1%) can result in significant savings in GPU execution
time.

7 Conclusion

In this paper we analyzed a trace of deep learning jobs run
on a large multi-tenant cluster of GPUs and studied various
factors that affect cluster utilization. Our findings indicated
the importance of locality for distributed training jobs and
also how interference from other colocated jobs could lead to
lower GPU utilization. We also performed a detailed analysis
of various failure causes and showed how errors from various
parts of the stack contribute to failures. Based on our data
analysis and experiences running a large-scale operation, we
also described guidelines that could help future research and
development of machine learning schedulers.

Finally, we have publicly released the scheduler trace con-
taining information about job arrivals, job size, placement and
runtime to the community. As far as we know, this is the only
trace that includes rich information about deep learning train-
ing jobs run in production. By making such a trace available,
we hope to spur future research in this area.
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