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Reproducibility

One main principle of the scientific
method:

>> Result Verification

>> Research Extension

Text and proofs in a publication
(historically)

NORMAL

PERSON SCIENTIST

Nowadays: Computational Science

T GUESS T
SHOULDNT DO THAT

I WONDER IF
THAT HAFPENS EVERY

The execution environment, where the
experiment results were generated,
must also be preserved.

https://xkcd.com/242/



Creating Minimal Execution Environment
Package: Parrot Packaging Tool

Original Machine namelist
rl./.I"'
A flename1 --- stat
flename2 --- read
One Successful Parrot ‘ Copy
Execution l ) l )| Package
frap : each file
\ system calls | filenameN --- access
parrot_run --name-list namelistl --env-1list envlistl ./tauroast_analysis.sh
parrot_package_create --name-list namelistl --env-1list envlistl --package-path /tmp/
tauroast_package
parrot_package_run --package-path /tmp/tauroast_package ./tauroast_analysis.sh

Listing 3.1: Usage Example of Parrot Packaging Tool



TauRoast: search for cases where the Higgs boson
decays to two tau Leptons (on a Notre Dame server).

Author: Matthias Wolf (PhD student at Notre Dame)

Dependency Location Size Used
CMSSW code CVS 88.1 GB 6.3 MB
Tau source Git 73.7 MB 6.7 MB
PyYAML binaries HTTP 52 MB 0 KB
.h file HTTP 41 KB 0 KB
Ntuples data HDFS 11.6 TB 20 GB
Configuration CVMFS 7.4 GB 103 MB
Linux Commands LocalFS 110 GB 68.4 MB
HOME dir AFS 12 GB 32 MB
Misc commands PanFS 155 TB 1.6 MB
Total 166.8 TB 21 GB




Easy to use
Does not change the current working model

The preserved packages are complicated
-- structure and context of the packages
-- difficult to extend the original work
Shared Dependencies are preserved repeatedly
Fails on huge software stacks

The users configure the execution environments;
Tune, Tune, Tune,

When the work is done, preserve the environment.
-- undo, redo, irrelevant data,




Goal 1: Archive the preserved artifacts effectively
Goal 2: Easy to understand the preserved artifacts
Goal 3: Easy to extend the original work

More Organized Preservation Approach

® Preserves deps in the basic units of OS image,
software and data

e Specifies the execution environment from hardware,
kernel and 0S all the way up to software, data and
environment variables in an organized way

e Combines all the deps together into a unified sandbox
at runtime using mounting mechanisms



A Framework for Conducting Reproducible Research
with Execution Environment Specs

Tracking execution environments
allows the user to specify all the details about
a comprehensive execution environment

Creating execution environments
sandbox techniques like VMs, Linux Containers
(Docker) and user-space tracers (Parrot)

Preserving execution environments
archives dependencies 1n the first place into
persistent storage services (Amazon S3)
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Tracking Execution Environments:

Umbrella Specification

"description": "A ray-tracing application which creates video frames.

"hardware":
"arch": "x86_64",

"cores":
"memory":

{

NlH’
HlGBH’

"disk": "3GB"

}!
"kernel": {
"name": "linux",
"versiont: *>=2.6, 18"
}!
“ga s 4
"name": "redhat",
"version": "6.5",
"mountpoint ": "/",
"source": ["http://ccl.cse.nd.edu/.../redhat-6.5-x86_64.tar.gz"],
"format": "tgz",
"action": "unpack",
"checksum": "669ab5ef94af84d273£f8£92a86b7907a",
"size": "633848940",
"uncompressed_size": "1743656960",
"ec2%: A
"ami": "ami-2c¢f8901c",
"region": "us-west-2",
"user": "ec2-user"
¥
}3

n

10



Tracking Execution Environments:
Umbrella Specification

29 "software": {

30 "povray-3.6.1-redhat6-x86_64": {

31 "mountpoint": "/software/povray-3.6.1-redhat6-x86_64",
32 "source": ["http://ccl.cse.nd.edu/.../povray-3.6.1-redhat6-x86_64.tar.gz"],
33 "format": "tgz",

34 "action": "unpack",

35 "checksum": "b02ba86dd3081a703b4b01dc463e0499",

36 "size": "1471452",

37 "uncompressed_size": "3010560"

38 }

39 },

40 rdata™s A

41 "4 _cubes.pov": {

42 "mountpoint": "/tmp/4_cubes.pov",

43 "source": ["http://ccl.cse.nd.edu/.../4_cubes.pov"],
44 "format": "plain",

45 "action": "none'",

46 "checksum": "c65266cd2b672854b821ed93028a877a",

47 tEize: PITHTT

48 i

49 T

50 },

51 "environ": {

52 CEWDY: Y Stmpt

53 ¥,

54 "cmd": "povray +I/tmp/4_cubes.pov +0/tmp/frame000.png +K.0 -H50 -W50",
55 "output": {

56 "files": ["/tmp/frame000.png"],

57 "dirs": ["/tmp/output"]

58 +

L\,..I




Resource URLs Supported by Umbrella

Resource

Example URL

Local Filesystem

/home/hmeng/data/input

HTTP http://www.data.com/data/filel
HTTPS https://1ab01.nd.edu/hep/file2
Amazon S3 s3+https://s3.aws.com/.../cubes

Open Science Framework

osf+https://files.osf.io/.../755

Git Repository

git+https://github.com/.../ccl

CernVM File System

cvmfs://cvmfs/cms.cern.ch

12



Create Execution Environments:
Umbrella Execution Engine
Matching degree between
-- the execution node
-- the specified execution environment

Hardware | Kernel 0S Sandbox Techniques
Yes Yes Yes [Utilize the current OS directly
Yes Yes No |0S-level Virtualization

Docker, Parrot

Yes/No No No |Hardware Virtualization
Local: VirtualBox, VMWare
Remote: Amazon EC2

13



Umbrella Execution Engine - Local

A Lt e e e e S I e i e A st i
3. Umbrella downloads all the missing ! ._: 4. Umbrella creates a sandbox to run |
I dependencies : : the experiment :
........... [-----------. r-----------l------------
2. Umbrella reads and parses : | 5. Umbrella returns the experiment |
povray.umbrella : : results :
1. User starts Umbrella: 6. User checks and analyzes the
$ umbrella run povray.umbrella experiment results
User’s Duty 3 -ljf;t;r;h%’-sb-uf-y- K

14



Umbrel

la Execution Engine - EC2

Local Machine EC2 Instance

A e
: 4. Umbrella sends the ! : 5. Umbrella starts the i
' Umbrella job to the EC2 :—-*: Umbrella job on the EC2 :
: instance via scp : l instance via ssh P _1' ........
| ' 7.Umbrella fetchesthe 1 | ' . @ The ES2
: 3. Umbrella starts an L results from the EC2 1] ' instance runs
' Amazon EC2 instance ' | . . + | ' the Umbrella
: b instance via scp r e )
____________ t_ T ~-___--_---_I_________.._l . job directly
T [ FemT T : ,,,,,,,,,,,,,,,,,
: 2. Umbrella reads and I 1+ 8.Umbrella returns the !
! parses povray.umbrella : experiment results :

1. User starts Umbrella: 9. User checks and analyzes

$ umbrella run povray.umbrella the results

User's Duty | | Umbrella’s Duty -Local ' : Umbrella’s Duty - EC2 '




Umbrella Local Cache

Umbrella Spec - Povray Umbrella Spec - CMS
os: redhat 6.5 os: redhat 6.5
software: povray 3.6.1 software: cmssw 5.2.5
data: 4_cubes.pov data: analysis.sh

Umbrella Local Cache

Sandbox - Povray Sandbox - CMS
N redhat | | L
| --=mmmmmmmm T [ 6.5 T /
— software software —
| _ | povray cmssw | b
povray 3.6.1 -|--°[~ 3.6.1 5.2.5 “17--1- cmsswb5.2.5
—— data data —
L 4 _cubes.pov -t--774_cubes.pov analysis.sh 4---4--  analysis.sh —J

16



Preserving Execution Environments:
Umbrella Archiver

Uploads deps into persistent storage services
Amazon S3 (Simple Storage Service)
OSF (Open Science Framework) storage service

Allows the user to mark unreliable deps
Local dependencies
Some third-party network dependencies

Allows the user to set the access permission of
uploaded resources

17



Prototype

A prototype: umbrella - Python 2.6
Execution mode:

destructive, parrot, docker, ec2
Scientific applications:

Epidemiology - OpenMalaria

Scene Rendering - Povray

High Energy Physics - CMS

18



1. Alice composes and tests
povray local.umbrella
using local dependencies

2. Alice uses Umbrella to
archive local deps to OSF

Y

3. Alice publishes the OSF
URL of
povray osf.umbrella

4. Bob downloads
povray osf.umbrellato
his machine, and reproduces

Alice’s work.

‘:;> povray_local.umbrella

os: /home/alice/redhat_6.5
software: /home/alice/povray_3.6.1

data: /data/4_cubes.pov

\:> OSF Umbrella_Povray_Project

redhat_6.5.tar.gz

povray_3.6.1.tar.gz

4 cubes.pov

P e o e e e e e e e e e e e e e

l:> OSF URL of povray osf.umbrella:
https:/ffiles.osf.io/.../povray_osf.umbrella

povray_osf.umbrella

os: osf+https://files.osf.io/.../redhat_6.5.tar.gz
software: osf+https:/ffiles.osf.io/.../povray_3.6.1.tar.gz

data: osf+https://files.osf.io/.../[4_cubes.pov




http://ccl.cse.nd.edu/software/umbrella/
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Technology Preview:Umbrella

Umbrella is a tool for specifying and
materializing comprehensive execution
environments, from the hardware all the way up
to software and data. A user simply invokes
Umbrella with the desired task, and Umbrella
parses the specification, determines the
minimum mechanism necessary to run the task,
downloads missing dependencies, and executes
the application through the available minimal
mechanism, which may be direct execution, a
system container (Parrot, Docker, chroot), a

Data Repository

[ @ (oo ]
4 LUmbrella recreaties
T Sl B0

2. Umbsralla parsas
specification

local virtual machine (i.e., VMware), or L.;‘:“J |_“°‘.£_J
submission to a cloud environment (i.e., [[roe | [ mowim | | ww |
Amazon EC2) or grid environment (i.e.,
HTCDFIdOF}. e 1. User stans Umbraks ‘ Cipsrating Systam |
Ii B urmBnala mun ryeimounDoela
‘ Hartwars |

An Umbrella specification includes six sections:
hardware, kernel, os , software, data, and
environ. By specifying the dependencies of an application clearly and materializing the execution environment
during runtime automatically, the application becomes portable and reproducible.

Umbrella involves multiple sandboxing and virtualization techniques, however, the key idea of Umbrella is to
construct a sandbox for an application during runtime by mounting all the os, software, and data dependencies
into a virtual root filesystem without copying them. The usage of mounting mechanism allows multiple sandboxes
share the same dependencies concurrently.

More Info

« Download Umbrella
+  Umbrella User's Manual

. Mailing List
Presentations

+ Conducting Reproducible Research with Umbrella: Tracking, Creating, and Preserving Execution
Envircnments [Talk]. The IEEE 12th International Conference on eScience (IEEE eScience 2016), Baltimaore,
Marylanc_i, O;tober, 2016.

Questions?

20



The following slides are backup
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Evaluation

A prototype: umbrella - Python 2.6
Execution mode:

destructive, parrot, docker, ec2
Scientific applications:

Epidemiology - OpenMalaria

Scene Rendering - Povray

High Energy Physics - CMS

22



Umbrella Specification File Sizes:

Application OpenMalaria Povray CMS
Umbrella Spec Size 3.3KB 2.4KB 1.9KB
Dependencies of Evaluated Applications:

Application 0S Deps Software Deps Data Deps
OpenMalaria | Cent0S 6.6 (69MB/218MB) |openMalaria (2.9MB/13MB) | .xml (28KB)
.rpm packages (209MB) .csv (<1KB)

epel.repo (<1KB)

.xsd (196KB)

Povray RHEL 6.5 (605MB/1.8GB) Povray (1.5MB/2.9MB) .pov (1.8KB)
.inc (28KB)
CMS RHEL 6.5 (605MB/1.8GB) |cmssw (1.3GB) .sh (<1KB)

Parrot (23MB/71MB)

23



Overheads of Creating Execution Environments
with Umbrella

Application OpenMalaria Povray CMS
parrot N/A 65min (2.40GB) 79min (2.39GB)
docker 57min (1.53GB) 68min (4.11GB) 82min (4.19GB)

ec2 - m3.medium

113min (225MB)

130min (4.4MB)

211min (94MB)

ec2 - m3.large

58min (225MB)

65min (4.4GB)

108min (94MB)

Machine Configuration:

hardware: x86_64, kernel: Linux 2.6.32, OS: RHEL 6.7

Docker: root

24




Effectiveness of Umbrella Local Cache

Application Cache Size Newly Added Deps Time
CMS 2.39GB 2.39 GB (all deps) 79min
Povray 2.40GB 4.4MB (software & data) | 64min
CMS - rerun 2.40GB 0 78min
Povray - rerun 2.40GB 0 64min
Povray - new software 2.40GB 4.4MB (software) 64min
Povray - new data 2.40GB 28KB (data) 64min

The initial size of Umbrella local cache is 0.

Machine Configuration:

hardware: x86_64, kernel: Linux 2.6.32, OS: RHEL 6.7

25



A Further Step to Enhance Reproducibility

,./ M Inbox (17) - hai» x "V{ M Inbox (29) - hm: x "{; " dissertation -G x \ @ An Invariant Fre x }'ﬂ 2% umbrella_povr: x t‘\,_ﬁx,_‘-. | ¢ Goefiyem |

L (&) | & https://curate.nd.edu/show/3n203x8348g Q 1'?| i T
I Apps A Arch T bash ¥ bash ()sh M gdb [J man & LFS @ Linuxinside & umbrella [¥] go BE tech B googler »
UNIVERSITY of NOTRE DAME HESBURGH LIBRARIES =N 1 @ . 7274/R@3F4MH3

CurateND I : 10.7274/ROBZ63ZT

:10.7274/R0O765CTT

umbrella_povray

Description

Attributes

S Information on this webpage:
\ e ol DOI info

Content License Link to the Umbrella specification file

e . Links to the data deps
ovray-3.6.1-redhat6-x86 6 . . .
el ll Links to the Umbrella installation docs

[:j Link to the Umbrella user manual
Link to the experiment result

@ Download View Details




