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• Me: Spark contributor, previous on virtualization, storage, OS etc.

• Intel Spark team, working on Spark upstream development and 
x86 optimization, including: core, Spark SQL, Spark R, GraphX, 
machine learning etc. 

• Top 3 contribution in 2015, 3 committers.

• Two publication:

About me/us
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• General software tuning

• Bring up 3x performance with NVMe SSD

• NVMe SSD Overview

• Use NVMe SSD to accelerate computing

• Why SSD is important to Spark

Agenda
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• Resource allocation

• Serialization

• Partition

• IO

• MISC

General software tuning
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• spark.executor.cores – recommend 5 cores per executor*

- Less core number (like single-core per executor) introduces JVM overhead. 
e.g., multiple broadcast copies

- More cores number may hard to apply big resource

- To achieve full write throughput onto HDFS

• Number of executors per node – cores per node / 5 * (1 ~ 0.9)

Resource Allocation - CPU

4/23/2016Intel Confidential 5

* http://blog.cloudera.com/blog/2015/03/how-to-tune-your-apache-spark-jobs-part-2/

http://blog.cloudera.com/blog/2015/03/how-to-tune-your-apache-spark-jobs-part-2/


• spark.executor.memory – memory size per executor

- Leave 10-15% total memory for OS cache: dcache, page cache etc.

- memory per node * (85-90)% / executors per node

- 2-5 GB per core: 2-5GB * spark.executor.cores

• spark.yarn.executor.memoryOverhead – indicate for offheap memory 
size, increasing that to avoid killing by yarn NM

- Sometimes default value is too small as max(384, .07 * spark.executor.memory), 
netty may use these heavily

- yarn.nodemanager.resource.memory-mb = 
spark.yarn.executor.memoryOverhead + spark.executor.memory

4/23/2016
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Storage 
Memory

Execution 
Memory

Resource Allocation - Memory



• spark.serializer – Class to use for serializing objects

- using kryo when speed is necessary, it brings 15-20% improvement
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JavaSer occupies lots of time 

Software Tuning - Serialization



• spark.kryo.referenceTracking – Disabling to avoid java performance bug.

- Kryo serializer has a mechanism for reducing repeated information in records by 
keeping a cache of previously seen objects. That cache can be surprisingly 
expensive because JDK’s identityHashCode has bad performance issue. 

http://bugs.java.com/view_bug.do?bug_id=6378256

- People see the same issue also: https://www.factual.com/blog/profiling-
hadoop-jobs-with-riemann
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Software Tuning - Serialization

* It is a JDK bug actually, not related to complier 

*

http://bugs.java.com/view_bug.do?bug_id=6378256
https://www.factual.com/blog/profiling-hadoop-jobs-with-riemann
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Software Tuning – Partition

• Tasks number are decided by RDD’s partition number.

• How to choose proper partition number? 

- If there are fewer partition than available cores, the tasks won’t be taking 
advantage of all CPU.

- Fewer partition, bigger data size, it means that more memory pressure 
especially in join, cogroup, *ByKey etc. 

- If the number is too large, more tasks, more iterative, more time.

- Too large also puts more pressure in disk. When shuffle read, it leads to more 
small segment to fetch, especially worse in HDDs.

- Set a big number to make application run success, decrease it gradually to 
reach best performance point, pay attention to the GC.

- Sometimes, changing partition number to avoid data incline, checking this info 
from WebUI.



• Storage Level

- MEMORY_ONLY get the best performance most of time

- MEMORY_ONLY_SER reduces the memory consumption by serialize 
objects but need use CPU

- MEMORY_AND_DISK, DISK_ONLY: if data is large, you need use those two 
options

• Compression

- spark.rdd.compress, spark.shuffle.compress, spark.shuffle.spill.compress: 
trade off between CPU and disk

- spark.io.compression.codec: lz4, lzf, and snappy

4/23/2016Intel Confidential
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Software Tuning – IO



• spark.dynamicAllocation.enabled – To scale up or down executor 
number on-demand

- Must turn on spark.shuffle.service.enabled, otherwise some shuffle data will 
be lost 

- To free or occupy executor resources timely, e.g., spark-shell, SQL

• GC – GC easily leads to straggler issue

- Measuring the impact of GC

- WebUI (4040/18080), stage page -> “GC Time”

- Ease GC pressure

- Reduce parallelism number

- Increase partition number

- Lower spark.memory.storageFraction

- Increase memory 
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Software Tuning - MISC



• General software tuning

• Bring up 3x performance with NVMe SSD

• NVMe SSD Overview

• Use PCIe SSD to accelerate computing

• Why SSD is important to Spark

Agenda
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NVMe SSD Overview
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• Bring up 3x performance with NVMe SSD

• NVMe SSD Overview
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• Why SSD is important to Spark
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Motivation
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• 使用NVMe SSD和服务器上已有的机械硬盘搭建一个层次化外存系统：用
SSD来优先缓存需要放到外存上的数据，这主要包括Shuffle相关的数据以
及从内存中evict出来的RDD等，当SSD的容量不够时，再使用机械硬盘的空
间。

• 期望SSD的高带宽和高IOPS可以为Spark 应用带来性能上的提升。



Motivation

4/23/2016Intel Confidential 17

• 使用NVMe SSD和服务器上已有的机械硬盘搭建一个层次化外存系统：用
SSD来优先缓存需要放到外存上的数据，这主要包括Shuffle相关的数据以
及从内存中evict出来的RDD等，当SSD的容量不够时，再使用机械硬盘的空
间。

• 期望SSD的高带宽和高IOPS可以为Spark 应用带来性能上的提升。

• 业界也早已有层次化存储的探索，比如Tachyon（现在已更名为Alluxio），
但它只能缓存RDD型的数据，不能缓存Shuffle 的数据。
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• Spark和外存交互的接口是文件。也就是说当一个内存数据块需要放到
外存去的时候，Spark Core就是在外存上生成一个文件，然后把这个
数据块写到这个文件里面去。所以，我们只要修改Spark Core的文件
分配算法，让它优先从SSD上分配，就很简单地就实现外存的层次化存
储。

• Yarn dynamical allocation is supported also.

Implementation



Usage
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1. Set the priority and threshold in spark-default.xml.

2. Configure “ssd” location: just put the keyword like "ssd“ in 
local dir. For example, in yarn-site.xml:



Real world Spark adoptions
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Workload Category Description Rationale Customer

NWeight Machine 
Learning

To compute 
associations between 
two vertices that are n-
hop away

Iterative graph-parallel 
algorithm, implemented 
with Bagel, GraphX.

Youku

SparkSQL SQL Real analysis queries 
from Baidu NuoMi.

Left Outer Join, Group 
BY, UNION etc.

Baidu

Benchmarking Workloads



To compute associations between two vertices that are n-hop away.

e.g., friend –to-friend, or similarities between videos for recommendation

NWeight Introduction
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Hierarchy store performance report
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• No extra overhead: best case the same with pure SSD (PCIe/SATA SSD), worst 
case the same with pure HDDs.

• Compared with 11 HDDs, x1.82 improvement at least (CPU limitation).

• Compared with Tachyon, still shows x1.3 performance advantage: cache both 
RDD and shuffle, no inter-process communication.
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An Analysis SQL from Baidu NuoMi
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Run 8 instance simultaneously

Stage Id Tasks Input Shuffle ReadShuffle Write
2242685 61.1 KB 4.8 KB
2026/26 3.1 GB 1982.7 MB
1962/62 30.3 MB 15.2 MB
1642685 61.1 KB 4.8 KB
1426/26 3.1 GB 1982.7 MB
12497/497 56.9 GB 36.0 GB
11100/100 178.2 MB 77.6 MB

842685 61.1 KB 4.8 KB
626/26 3.1 GB 1982.7 MB
5273/273 203.6 MB 145.7 MB

Stage Id Tasks Input Shuffle ReadShuffle Write
24320/320 15.8 MB
23960/960 88.2 MB 15.8 MB
18320/320 32.5 MB 45.1 MB
21320/320 1997.9 MB 3.5 MB
17320/320 16.9 MB 32.5 MB
15320/320 2.1 GB 16.9 MB
13320/320 36.0 GB 206.3 MB
10320/320 26.7 MB 39.9 MB

9320/320 16.6 MB 26.7 MB
7320/320 2.1 GB 16.6 MB



SSD v.s. HDDs: x1.7 end-to-end improvement
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x6 Disk BW x4 network BW

x1.7 end-to-end improvement (7 mins v.s. 12 mins)
x5 shuffle improvement (1 min v.s. 5 mins)

Significant IO bottleneck 

#C
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• NVMe SSD Overview

• Use PCIe SSD to accelerate computing

• Why SSD is important to Spark
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Deep dive into a real customer case

4/23/2016
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11 HDDsPCIe SSD

Stage Id Description Input Output
Shuffle 
Read

Shuffle 
Write Duration Duration

23
saveAsTextFile at 
BagelNWeight.scala:102+details 50.1 GB 27.6 GB 27 s 20 s

17foreach at Bagel.scala:256+details 732.0 GB 490.4 GB 23 min 7.5 min
16flatMap at Bagel.scala:96+details 732.0 GB 490.4 GB 15 min 13 min
11foreach at Bagel.scala:256+details 590.2 GB 379.5 GB 25 min 11 min
10flatMap at Bagel.scala:96+details 590.2 GB 379.6 GB 12 min 10 min

6foreach at Bagel.scala:256+details 56.1 GB 19.1 GB 4.9 min 3.7 min
5flatMap at Bagel.scala:96+details 56.1 GB 19.1 GB 1.5 min 1.5 min
2foreach at Bagel.scala:256+details 15.3 GB 38 s 39 s
1parallelize at BagelNWeight.scala:97+details 38 s 38 s
0flatMap at BagelNWeight.scala:72+details 22.6 GB 15.3 GB 46 s 46 s

NWeight x2-3 improvement!!!



5 Main IO pattern
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Map Stage Reduce Stage

RDD rdd_read_in_map
rdd_read_in_reduce
rdd_write_in_reduce

Shuffle shuffle_write_in_map shuffle_read_in_reduce



How to do IO characterization?

4/23/2016
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• We use blktrace* to monitor each IO to disk. Such as:

Start to write 560 sectors from address 52090704

Finish the previous write command (52090704 + 
560)

Start to read 256 sectors from address 13637888
Finish the previous read command (13637888 + 256)

• We parse those raw info, generating 4 kinds of charts: IO size 
histogram, latency histogram, seek distance histogram and LBA 
timeline, from which we can understand the IO is sequential or 
random.

* blktrace is a kernel block layer IO tracing mechanism which provides detailed information 
about disk request queue operations up to user space.
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Sequential data distribution
Big IO size

Much 0 SD

Low latency

Classic hard disk seek time is 8-9ms, spindle rate is 7200rps, it 
means 1 sector random access needs 13ms at least.

Red is Read
Green is Write

RDD Read in Map: sequential
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Big IO size

Much 0 SD

Low latency

Sequential data 
distribution

Red is Read
Green is Write

RDD Read in Reduce: sequential
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Sequential data 
location

Write IO size is big
but with many 
small 4K read IO

Those 4K read is probably because of 
spilling in cogroup, maybe a spark issue

Red is Read
Green is Write

RDD Write in Reduce: sequential write 
but with frequent 4K read
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Sequential data distribution

Big IO size

Much 0 SD

Red is Read
Green is Write

Shuffle Write in Map: sequential
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Random data distribution

Small IO 
size

Few 0 SD

High 
latency

Red is Read
Green is Write

Shuffle Read in Reduce: random



Conclusion
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• RDD read/write, shuffle write are sequential.

• Shuffle read is very random.
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Per disk BW when shuffle read from 11 HDD BW when shuffle read from 1 NVMe SSD

Only 40MB per disk at max SSD is much better, especially this stage

Shuffle read from HDD leads to High IO Wait
Description Shuffle Read Shuffle Write SSD-RDD + HDD-Shuffle 1 SSD

saveAsTextFile at BagelNWeight.scala 20 s 20 s

foreach at Bagel.scala 490.3 GB 14 min 7.5 min

flatMap at Bagel.scala 490.4 GB 12 min 13 min

foreach at Bagel.scala 379.5 GB 13 min 11 min

flatMap at Bagel.scala 379.6 GB 10 min 10 min

foreach at Bagel.scala 19.1 GB 3.5 min 3.7 min

flatMap at Bagel.scala 19.1 GB 1.5 min 1.5 min

foreach at Bagel.scala 15.3 GB 38 s 39 s

parallelize at BagelNWeight.scala 38 s 38 s

flatMap at BagelNWeight.scala 15.3 GB 46 s 46 s

11 HDDs sum

x2 improvement for “shuffle read in reduce”
x3 improvement in real shuffle
x2 improvement in E2E testing

How bad when “shuffle read” with HDDs



NVMe SSD HS kills IO bottleneck



If CPU is not so bottleneck?
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11 HDDs PCIe SSD HSW

Stage Id Description Input Output Shuffle Read Shuffle Write Duration Duration
Duratio
n

23
saveAsTextFile at 
BagelNWeight.scala:102+details 50.1 GB 27.6 GB 27 s 20 s 26 s

17foreach at Bagel.scala:256+details 732.0 GB 490.4 GB 23 min 7.5 min 4.6 min
16flatMap at Bagel.scala:96+details 732.0 GB 490.4 GB 15 min 13 min 6.3 min
11foreach at Bagel.scala:256+details 590.2 GB 379.5 GB 25 min 11 min 7.1 min
10flatMap at Bagel.scala:96+details 590.2 GB 379.6 GB 12 min 10 min 5.3 min

6foreach at Bagel.scala:256+details 56.1 GB 19.1 GB 4.9 min 3.7 min 2.8 min
5flatMap at Bagel.scala:96+details 56.1 GB 19.1 GB 1.5 min 1.5 min 47 s
2foreach at Bagel.scala:256+details 15.3 GB 38 s 39 s 36 s
1parallelize at BagelNWeight.scala:97+details 38 s 38 s 35 s
0flatMap at BagelNWeight.scala:72+details 22.6 GB 15.3 GB 46 s 46 s 43 s

NWeight

x3-5 improvement for shuffle
x3 improvement in E2E testing

#A#B



Hierarchy store summary
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• IO是Spark应用的一个常见瓶颈，而Shuffle Read是造成
这个问题的首要原因。由于其与生俱来的随机性，单纯
的加入机械硬盘往往事倍功半。

• 使用NVMe SSD做缓存，彻底解决Spark的IO瓶颈，带
来了显著的性能提升。

• 由于只加入一块NVMe SSD，成本也得好很好的控制。



4/23/2016Intel Confidential 39





Usage
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1. Set the priority and threshold in spark-default.xml.

2. Configure “ssd” location: just put the keyword like "ssd“ in 
local dir. For example, in yarn-site.xml:.



SSD v.s. Memory: similar performance, lower price

128GB Mem

During shuffle, most in memory 
already, few disk access.

Same network BW，
similar shuffle time

192GB Mem

similar end to end performance (<5%)

#C



IVB E5-2680
OS Red Hat 6.2
Kernel 3.16.7-upstream

Spark Spark 1.4.1

Hadoop/HDFS Hadoop-2.5.0-cdh5.3.2
JDK Sun hotspot JDK 1.8.0 (64bits)
Scala scala-2.10.4

SUT #A
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IVB

Master CPU Intel(R) Xeon(R) CPU E5-2680 @ 2.70GHz (16 cores)

Memory 64G

Disk 2 SSD

Network 1 Gigabit Ethernet

Slaves Nodes 4

CPU Intel(R) Xeon(R) CPU E5-2680 v2 @ 2.80GHz (2 CPUs, 10 cores, 40 threads)

Memory 192G DDR3 1600MHz

Disk 11 HDDs/11 SSDs/1 PCI-E SSD(P3600)

Network 10 Gigabit Ethernet



SUT #B
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HSW

Master CPU Intel(R) Xeon(R) CPU X5570 @ 2.93GHz (16 cores)

Memory 48G

Disk 2 SSD

Network 1 Gigabit Ethernet

Slaves Nodes 4

CPU Intel(R) Xeon(R) CPU E5-2699 v3 @ 2.30GHz (2 CPUs, 18 cores, 72 threads)

Memory 256G DDR4 2133MHz

Disk 11 SSD

Network 10 Gigabit Ethernet

HSW E5-2699
OS Ubuntu 14.04.2 LTS
Kernel 3.16.0-30-generic.x86_64

Spark Spark 1.4.1

Hadoop/HDFS Hadoop-2.5.0-cdh5.3.2
JDK Sun hotspot JDK 1.8.0 (64bits)
Scala scala-2.10.4



HasWell E5-2650 Software Specification

OS CentOS release 6.3 (Final)
Kernel Baidu 2.6.32_1-18-0-0

Spark Spark 1.6.0 with SSD hierarch support

Hadoop/HDFS Hadoop-2.5.0-cdh5.3.2
JDK Sun hotspot JDK 1.8.0 (64bits)
Scala scala-2.10.4

SUT #C
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Hardware Specification

Slaves Nodes 4

CPU Intel(R) Xeon(R) CPU E5-2650 v3 @ 2.30GHz (40 cores)

Memory 192GB/128GB DDR4 2133MHz

Disk 7 HDDs + 1 PCIE-SSD (P3700)

Network 10 Gigabit Ethernet

Master CPU Intel(R) Xeon(R) CPU E5-2640 v3 @ 2.60GHz (32 cores)

Memory 64G

Disk 2 SSD

Network 10 Gigabit Ethernet



Analysis SQL from Baidu NuoMi
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executors number: 32

executor memory: 18G 

executor-cores: 5

spark-defaults.conf:

spark.serializer org.apache.spark.serializer.KryoSerializer

spark.kryo.referenceTracking             false

Test Configuration
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#A



executors number: 32

executor memory: 10-14G 

executor-cores: 5

spark-defaults.conf:

spark.yarn.executor.memoryOverhead       4096

spark.sql.shuffle.partitions 320

spark.storage.hierarchyStore ssd 20GB

Test Configuration
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#C



HDD (Seagate ST9500620NS) SPEC
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HDD (Seagate ST9500620NS) SPEC
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PCIe SSD(P3600) SPEC
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PCIe SSD(P3600) SPEC
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PCIE-SSD(P3700) SPEC
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PCIE-SSD(P3700) SPEC
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