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The	  boon	  of	  computaKonal	  science	  
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The	  scourge	  of	  computaKonal	  science	  

•  Inputs	  to	  computaKonal	  science	  are	  not	  linked	  with	  its	  
outputs.	  
–  Inputs:	  Large	  quanKKes	  of	  data,	  complex	  data	  manipulaKon	  and/or	  

numerical	  simulaKon	  use	  of	  large	  and	  oEen	  distributed	  soEware	  stacks,	  
etc.	  (soEware,	  data,	  computaKon)	  

–  Outputs:	  Research	  papers	  (text-‐based,	  non-‐interacKve)	  

•  Authors	  and	  Readers	  	  
approach	  computaKonal	  	  
science	  from	  opposite	  direcKons.	  	  
•  Post	  hoc	  associaKon	  of	  	  
computaKonal	  science	  inputs	  to	  outputs.	  	  	  
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Example	  1:	  ComputaKonal	  Paper	  

•  The	  paper	  is	  about	  weather	  forecast	  
model	  validaKon:	  

–  2	  input	  datasets	  
–  Different	  model	  setup	  
–  Post-‐processed	  output	  as	  overlay	  images	  

•  Science	  Object	  deployment	  plan:	  

–  Datasets	  are	  from	  GFS	  
–  A	  dataset	  could	  be	  related	  to	  its	  

iniKalizaKon	  date	  
–  Table	  1	  describes	  the	  experiments	  
–  The	  model	  has	  to	  run	  on	  a	  HPC	  resource	  
–  Figure	  1	  describes	  the	  results	  
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Example	  2:	  Policy	  Paper	  
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Example	  3:	  Data	  Mining	  Paper	  

•  Dataset	  descrip,on:	  The	  Burnham	  Center	  for	  Chemical	  Genomics	  (BCCG)	  has	  launched	  a	  screen-‐	  
ing	  campaign	  for	  aqueous	  solubility	  against	  the	  NIH	  Molecular	  Libraries	  Small	  Molecule	  
Repository	  (MLSMR),	  which	  contains	  more	  than	  350000	  compounds.	  The	  resultant	  bioassay	  
(PubChem	  AID:	  1996)	  was	  deposited	  publicly	  in	  the	  PubChem	  BioAssay	  database.(31)	  As	  of	  June	  
18,	  2010,	  this	  bioassay	  stored	  experimental	  solubility	  data	  for	  47567	  compounds.	  The	  solubility	  
data	  can	  be	  downloaded	  from	  the	  PubChem	  FTP	  site	  (Ep://Ep.ncbi.nlm.nih.gov/pubchem/
Bioassay/).	  All	  compounds	  were	  measured	  using	  a	  standard	  protocol	  under	  the	  same	  condiKons.
(32)	  We	  consider	  that	  data	  set	  compiled	  from	  a	  single	  source,	  e.g.,	  those	  used	  in	  this	  work,	  is	  
more	  advantageous	  for	  staKsKcal	  studies	  than	  those	  compiled	  from	  various	  sources	  (SupporKng	  
InformaKon,	  Table	  S1).	  

•  Dataset	  descrip,on:	  The	  NCI-‐60	  data	  set	  contains	  anKcancer	  screening	  results	  for	  more	  than	  
40,000	  compounds.	  It	  is	  publicly	  available	  in	  the	  PubChem	  BioAssay	  database(38)	  as	  73	  bioassays	  
with	  the	  name	  of	  NCI	  human	  tumor	  cell	  line	  growth	  inhibiKon	  assay	  under	  the	  DTP/NCI	  data	  
source.	  In	  this	  work,	  only	  the	  top	  60	  bioassays	  (referred	  hereaEer	  as	  NCI-‐60)	  with	  the	  largest	  
number	  of	  tested	  compounds	  were	  selected	  (SupporKng	  InformaKon,	  Table	  S1).	  Relevant	  
bioacKvity	  data	  were	  downloaded	  at	  the	  PubChem	  FTP	  site	  (Ep://Ep.ncbi.nlm.nih.gov/pubchem/
Bioassay,	  accessed	  on	  December	  9,	  2010).	  A	  total	  of	  5083	  compounds	  were	  found	  commonly	  
tested	  in	  all	  of	  the	  60	  bioassays.	  AddiKonal	  data	  set	  characterisKcs	  are	  summarized	  in	  SupporKng	  
InformaKon.	  
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Current	  state-‐of-‐the-‐art	  

•  Online	  digital	  repositories	  
–  PubMed	  has	  over	  21.78	  million	  abstract	  records	  
–  Open-‐access	  journals,	  such	  as	  PLoS	  One,	  BMC	  
Central	  

•  Authors	  provide	  email	  addresses	  
•  Authors	  create	  science	  objects	  

–  Share	  code	  and	  data	  through	  a	  website	  
– Make	  soEware	  packages	  available	  
–  Create	  and	  share	  virtual	  images	  

• 	   Loosely-‐connected:	  Disconnected	  with	  the	  
claims	  and	  findings	  in	  the	  paper	  
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Readability	  desired	  by	  readers	  and	  reviewers	  

•  Tightly-‐integrated	  
–  Link	  a	  concept	  in	  paper	  to	  its	  implementaKon	  in	  
source	  code;	  	  

–  Link	  a	  dataset	  descripKon	  to	  its	  metadata	  and	  digital	  
object	  idenKfiers	  (DOIs);	  	  

–  Link	  a	  figure	  in	  the	  paper	  to	  its	  derivaKon	  and	  
workflow,	  and	  	  

–  Link	  data	  values	  referenced	  from	  another	  paper	  
sources	  to	  the	  exact	  locaKon	  in	  that	  other	  paper’s	  
PDF	  source.	  
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Well-‐Connected	  
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Author	  Burden	  
•  Transform	  	  

–  Each	  science	  object	  into	  a	  form	  amenable	  to	  linkage	  with	  a	  paper	  
–  Associate	  classes	  and	  funcKons	  in	  source	  code	  with	  URLs,	  
–  Record	  datasets	  in	  registries	  with	  locaKons	  and	  access	  methods	  
–  Cast	  data	  analysis	  pipelines	  as	  workflows	  with	  appropriate	  
wrappers	  and	  web	  services	  that	  specify	  inputs	  and	  funcKonal	  
forms,	  	  

–  Associate	  with	  soEware	  on	  a	  adequately	  provisioned	  virtual	  image.	  	  
•  Manage	  

–  The	  manner	  in	  which	  linkages	  are	  represented	  in	  papers.	  
–  Unwieldy	  URL	  usage,	  especially	  when	  an	  object	  is	  referenced	  
mulKple	  Kmes.	  	  

•  Present	  
–  Clicking	  on	  a	  science	  object	  link	  should	  lead	  to	  adequate	  
presentaKon	  to	  the	  user.	  
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Relieving	  Author	  Burden	  and	  Improving	  
Readability	  
•  AutomaKon:	  

–  Simplify	  associaKons	  of	  data,	  source	  code,	  execuKons,	  complex	  flows,	  and	  provenance	  to	  the	  research	  
paper.	  

–  An	  adequate	  representaKon	  of	  the	  associated	  	  

–  Curate	  the	  associaKons	  in	  a	  bibliography-‐like	  specificaKon,	  	  
–  Provide	  mulKple	  views	  of	  datasets	  and	  analyses.	  	  

–  	  In	  effect	  provide	  publica(on-‐as-‐a-‐service.	  

•  InteracKve	  Performance:	  
–  Must	  work	  just	  as	  effecKvely	  with	  remote	  operaKons,	  scheduling	  of	  resources	  and	  provide	  real-‐Kme	  

access	  to	  distant	  instruments	  and	  data	  resources.	  

•  Usability:	  
–  A	  usable	  interface	  to	  explore	  and	  analyze	  data	  in	  publicaKons.	  	  

–  Maintain	  the	  document	  metaphor	  that	  has	  governed	  readership	  for	  centuries.	  	  

•  Sharing	  model:	  
–  A	  supporKng	  framework	  that	  provides	  effecKve	  means	  for	  data,	  model	  sharing	  and	  collaboraKon	  for	  

diverse	  and	  distant	  groups	  of	  researchers	  and	  students	  to	  coordinate	  their	  work.	  	  

•  AiribuKon	  Model:	  
–  The	  supporKng	  framework	  must	  include	  usage	  staKsKcs	  	  
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SOLE:	  Science	  Object	  and	  Linking	  

•  hip://www.ci.uchicago.edu/SOLE	  
•  Introduces	  the	  publica(on-‐as-‐a-‐service,	  by	  
providing	  tools	  to	  authors	  to	  associate	  science	  
objects	  with	  publicaKons.	  

•  PublicaKon	  infrastructure	  for	  hosKng	  interacKve	  
scienKfic	  papers	  

•  Improves:	  
–  Transparency	  
–  Reproducibility	  
–  Repeatability	  



www.ci.anl.gov	  
www.ci.uchicago.edu	  

13	  

SOLE	  Framework	  

science objects is essential to store a document and enable interactions. Provenance and execution 
frameworks are integral to the framework for revealing and repeating science objects.  
Figure 2: The SOLE Framework 

.  
Another aspect is the ability to extend SOLE to reduce author burden in terms of creating science objects 
and linking them (Section 2.2). The fundamental issue here is mixing natural languages (text content) and 
computational methods. Two basic approaches have been proposed: a literate programming approach [56, 
57], and a reproducible research approach [1, 58]. 

Knuth’s literate programing approach [59] allows authors to intermingle in one file the documentation 
and the code. Internally the system tangles to generate source files and weaves to present the document. 
Web, CWeb [57], and NoWeb [60] enable the authoring of both prose and code but do not provide 
facilities for execution of code from within the documents. Sweave [61, 62] follows the literate 
programming concept but only allows for executions of R code embedded in Latex documents. 
Documents must be accompanied with all datasets and computational products to repeat and reproduce. 

Reproducible research (RR) approaches the problem of mixing natural and computational languages from 
a different direction than literate programming. Rather than adding prose to the computational products 
and then extracting code, RR seeks to augment publications of scientific research with compute code and 
executions used to carry out the research. The intended code is executed as part of document readership 
process. The SOLE framework adopts the RR approach and encourages authors to first use tags to 
generate science objects from computational products (syntax and examples described in Section 5.1) and 
then gives the user the ability to augment the prose with these science objects using tags.   

! "#$%&'()*&
Our work plan section describes the current SOLE system (http://www.ci.uchicago.edu/SOLE) that 
creates a limited set of science objects and demonstrates repeat interactivity for two publications from 
RDCEP [12] (Section 5.1), and, our proposed work to achieve the SOLE vision (Section 5.2).  

!+, -.$$/*0&"#$%&
Our current work establishes basic components of the framework. Currently, an HTML display and 
authoring environment is available which leverages the wealth of material available about writing HTML 
and HTML editing tools. The execution environment is currently local and single author. The author 
creates and places science objects within the local environment.  Science objects are created by 
identifying them with human readable tags and associated metadata. Currently, the system supports the 
syntax (Figure 3), in which begin and end are delimiters of the tag, type defines the kind of science object 
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InteracKons	  

Table 1: Purposes of Interaction 

Purpose Types of Interactions 

Reuse Reuse and share data, method and processes or any constituent part of it. 

Repeat Execute the processes in the same execution order as the original publications. 

Reproduce Repeat but with a different data, method, hardware, etc. 

Reference Be able to reference data, methods, and processes at various granularities. 

Reveal Be able to audit, review, and validate results. 

 

There is much current interest in the representation of science objects and the use of semantic web 
techniques to represent internal structures of science objects (e.g., see [18]). Ontologies such as EXPO 
[19], OBI [20], MGED [21], and SWAN/SIOC [22] provide vocabularies that allow the description of 
experiments and the resources that are used within them.  

Several proof-of concept systems target one or more of the purposes. Last year many of the systems 
competed in The Elsevier Executable Paper Grand Challenge to demonstrate how one or more purposes 
can be achieved [23]. The Author-Review-Execute Environment shows how to achieve repeatability 
through a notion of linked results, but it locates the results archive on authors' own machines [24]. This 
requires that each author maintains a server and installs the service to expose the data and the execution 
resources, which raises issues of security and adoption. The SHARE environment shows more progress 
by creating a virtual image providing the execution services directly on its server [25]. By referencing 
computational results via a URL and also establishing public repository services to archive all published 
results, Gavish and Donoho laid out best practices for sharing computational results [26]. Towards 
enabling the repeat purpose, we also developed a proof-of-concept system for climate scientists that allow 
them to access source codes, datasets and workflows from within a publication (Section 5.1) [27]. Similar 
examples are VisTrails [28, 29], Collage [30] and Deep [31]. 

Open Data [32], Open Source [33], and Open Access [34] are important initiatives for meaningful 
interactions to take place within the publication framework. The Panton Principles lay out the principles 
for Open Data sharing, permitting any user to download, copy, analyze, reprocess, pass them to software 
or use them for any other purpose without financial, legal, or technical barriers [35]. Open Source 
promotes free redistribution and access to an end product's design and implementation details. It also has 
a strong foothold in the Open Source Software movement to discuss issues of copyright and licensing, 
and domain [36]. Open Access is an effort to eliminate middlemen from establishing effective 
interactions and is targeted toward publishing houses and improves the practice of providing unrestricted 
access via the Internet to peer-reviewed scholarly journal articles. 

Our objective is to enable authors to combine and join the static text content in the documents with 
dynamic components embedded in science objects at various granularities so that readers and reviewers 
can access diverse, complex, and large data; validate results by re-executing the software that generated 
those data; and obtain an interactive document, dynamically updated with the latest results. Consequently 
principles and standards are not enough. Proof-of-concept systems demonstrate feasibility but do not 
address challenges that emerge from realizing science objects within “big data” systems and associating 
them to a dynamic and interactive publication environment that provides multiple views and seamless 
access to data and methods.  

Thanks	  to	  David	  DeRoure	  for	  the	  taxonomy.	  
In:	  	  Bechhofer,	  S.,	  De	  Roure,	  D.,	  Gamble,	  M.,	  Goble,	  C.,	  Buchan,	  I.,	  Research	  objects:	  	  
Towards	  exchange	  and	  reuse	  of	  digital	  knowledge.	  	  
The	  Future	  of	  the	  Web	  for	  CollaboraKve	  Science,	  2010.	  
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Science	  Objects	  

•  Science	  Objects	  are	  	  
created	  by	  authors	  

–  Simple	  tags	  in	  source	  	  
code	  
–  SDKs	  
–  InteracKve	  web	  portals.	   CompuKng	  SO	  

Data	  Source	  SO	  

Data	  Source	  SO	  

Data	  Sink	  SO	  
Name	  
Metadata	  
Inputs	  
Processing	  
Outputs	  

http://…?i=… 

Data	  Types	  

Components	  

IaaS	  
VM	  Instance	  

SO	  
Framework	  
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•  Open	  tag	  
format:	  ###t@	  

•  Close	  tag	  
format:	  
###t@	  

•  Tag	  naming:	  
tag1|tag2|…|
tagn	  
(fluidinfo	  like)	  

•  Element	  
aiributes:	  
Key/Value	  

###t@init|setup|import|working	  directory	  
opKons(	  prompt=	  "	  ",	  conKnue=	  "	  ",	  width=	  60)	  
opKons(error=	  funcKon(){	  
	  	  ##	  recover()	  
	  	  opKons(	  prompt=	  ">	  ",	  conKnue=	  "+	  ",	  width=	  80)	  
})	  
	  
source(	  "~/thesis/code/peel.R")	  
source(	  "~/thesis/code/maps.R∫")	  
###t@dataset	  directory	  
	  	  	  texWd	  <-‐	  path.expand(	  "~/thesis/analysis")	  
rasterWd	  <-‐	  path.expand(	  "~/thesis/data/analysis")	  
dataPath	  <-‐	  path.expand(	  "~/thesis/data")	  
setwd(	  rasterWd)	  
###t@	  
	  
overwriteRasters	  <-‐	  TRUE	  
overwriteFigures	  <-‐	  TRUE	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  #	  studyArea	  used	  to	  work	  out	  RMSE	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  #	  calcs	  and	  tables	  
##studyArea	  <-‐	  "thumb”	  
peelBands	  <-‐	  peelClasses	  +1	  
###t@	  
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Source	  Code	  AssociaKon	  

1.  Authors	  idenKfy	  science	  
objects	  with	  human-‐readable	  	  
tags	  	  

2.	  Run	  SOLE;	  	  
Create	  SO	  

3.	  Search	  SO	  with	  tag	  name	  and	  link	  
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AnnotaKon	  AssociaKon	  
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Workflow	  AssociaKon	  	  
###i:Kff@reclassificaKon	  

primary_namefile	  <-‐	  "thumb_2001_lct1.Kf"	  

secondary_namefile	  <-‐	  "thumb_2001_lct1_sec.Kf"	  

pct_namefile	  <-‐	  "thumb_2001_lct1_pct.Kf"	  

###i@	  

	  

###sw@reclassificaKon	  

thumb	  <-‐	  mlctList(	  primary_namefile,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  secondary_namefile,	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pct_namefile)	  

###sw@	  

###i:Kff@calculate	  

###o:Kff@reclassificaKon	  

primary_reclassified	  <-‐	  filename(thumb$pri)	  

secondary_reclassified	  <-‐	  filename(thumb$sec)	  

###o@	  

###i@	  

	  

###sw@calculate	  

thumb	  <-‐	  mlctList(	  primary_reclassified,secondary_reclassified)	  

###sw@	  

	  

###i:float@calculate	  

Amin	  <-‐	  0.5	  

###i@	  

	  

•  Workflow	  input	  

	  	  

•  SoEware	  unit	  
tag	  
	  

	  
•  Inputs	  and	  

Outputs	  
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Workflow	  AssociaKon	  

•  The	  defined	  SOs	  for	  the	  paper	  	  
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Aiach	  the	  SO	  to	  a	  	  word	  in	  the	  paper	  

•  Aiach	  the	  SO	  to	  a	  word	  in	  the	  paper	  
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Workflow	  AsociaKon	  

•  Aiach	  the	  SO	  to	  a	  word	  in	  the	  paper	  
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Workflow	  Run	  
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Workflow	  Run	  
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Digital	  Repository	  AssociaKon	  

•  Capture	  the	  traversal	  of	  links	  on	  the	  website.	  
•  Present	  them	  as	  science	  objects	  

– With	  search	  terms	  
–  Full	  lineage	  
–  Important	  URLs	  in	  the	  step	  	  
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Science	  Object	  
•  Could	  be	  seen	  as	  an	  abstract	  component	  responding	  to	  events	  

•  A	  fully	  described	  SO	  has	  4	  working	  contexts	  
–  Ac,ng	  

Performing	  data	  operaKons	  
(datasets,	  instruments,	  program	  execuKon,	  virtual	  machine	  instancing)	  

–  Visualizing	  
Rendering	  the	  object	  on	  a	  live	  media	  (web	  site)	  

–  Prin,ng	  
Rendering	  the	  object	  on	  a	  immutable	  media	  (printed	  paper)	  

–  Interac,ng	  
The	  SO	  has	  to	  be	  managed	  using	  a	  web	  GUI	  

•  Each	  context	  is	  enforced	  in	  a	  different	  environment	  
•  Different	  contexts	  connect	  using	  distributed	  compuKng	  techniques	  
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Science	  Object	  (Cntd)	  

•  The	  AcKng	  context	  is	  executed	  in	  a	  virtualized	  
environment	  

•  Events:	  
–  onInit:	  fired	  when	  the	  SO	  is	  created	  
–  onStageIn:	  
fired	  when	  data	  have	  to	  be	  moved	  in	  the	  SO	  local	  scratch	  
area	  

–  onRun:	  fired	  when	  the	  SO	  has	  to	  do	  something	  as	  a	  program	  
runs	  

–  onStageOut:	  fired	  when	  data	  have	  to	  be	  pushed	  back	  
–  onFinalize:	  fired	  before	  the	  SO	  has	  to	  be	  destroyed	  

•  The	  VM	  could	  be	  instanced	  under	  the	  reader	  credenKals	  
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Demo	  Kme	  

•  hip://www.ci.uchicago.edu/SOLE	  
•  Two	  examples	  of	  research	  papers	  from	  the	  	  Center	  
for	  Robust	  Decision	  making	  on	  Climate	  and	  Energy	  
Policy	  (RDCEP)	  
1.  The	  author	  must	  associate	  the	  text	  and	  embedded	  

figures	  with	  science	  objects	  that	  include	  datasets,	  
algorithmic	  descripKons,	  computaKonal	  analysis	  
workflows,	  and	  workflow	  execuKons	  

2.  The	  author	  must	  associate	  descripKons	  in	  the	  paper	  
with	  a	  set	  of	  data	  values,	  each	  of	  which	  is	  embedded	  in	  
another	  research	  paper.	  

3.  PubChem	  papers	  with	  data	  descripKons	  and	  the	  
associaKon	  of	  search	  objects	  	  	  
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Conclusions	  

•  The	  next	  generaKon	  of	  scienKsts	  	  
will	  interact	  with	  living,	  	  
reproducible,	  enhance-‐enabled	  	  
publicaKons.	  
{	  avoid	  to	  re-‐invent	  the	  wheel,	  
speed-‐up	  science	  with	  deep	  social	  cooperaKon	  }	  

•  High	  Performance	  Cloud	  CompuKng	  	  
will	  be	  behind	  the	  scene	  
{	  HPCC	  means	  elasKc	  scalability	  }	  

•  SOLE	  is	  an	  applicaKon	  based	  on	  this	  vision	  of	  the	  next	  big	  
thing.	  	  
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