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Cutting to the chase: What are Scientific Workflows?

 Probably the single-most important concept you hear about @DILS’06
e Attempto-Plain-English Definition:
— SWFs := System designs and/or executable programs/scripts

— ... aiming to solve complex scientific data integration, analysis,
management, visualization tasks

* in plainer English: doing hard and/or messy stuff ...
— ... While doing it in a scientist-friendly way
e that is: making it look easy
— ... with the ultimate goal to
— ... do new, more, and better (e-)Science,
— ... faster!
e In short: SWFs are nothing less than MIRACLE-IT® to make scientists
(biologists, physicists, ... ) happy.
Bio to CS/IT guy: “Please MIRACLE-IT®!” and “MIRACLE-IT®-Happen-NOW!!”
e Attempto-DL Definition:

_________________________________________________________________________________________________________________________
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Ex: A Happy Fusion Simulation Workflow
Subspecies/Variety: “Plumbing WF” (flux-laboris plumbiensis)

 Implements concurrent analysis pipeline (@2"dary cluster):
Tasks: convert, analyze; copy-to-Web-portal (makes scientists really happy!)
+ easy configuration, reuse, ...
+ pipeline parallelism!

Reusable
Specialized
Actor
“Instances”

Pipelined
Execution
Model

QLI P> 0N

ProcessFile

..

CopylmageToweb

GetMawfiles ArrayToSequence Last image copied

“PHILZ_1.jpg” |

.....

Inline
Documentation

last sim Ffile

PHILEO_O.ned® Last anakbyzed file

“PHILZ_0.jpg" |
Machine? [user@]host : @ Target ewok(0] . cos.ornl gov
Directary where simulation files arrive: & DirToWatch: fscratch/demoaprd & /gtc g
N . Inline
Filemask for rebevant files: @ FilesToWarch: PHI_*.ncd
Conmvert command @ ConvertCmd: h5convert INFILE OUTFILE Dlsplay

Output directon: & ConwertOutDir: [scratch/demodpr2 &/ gte/hdfs
Checkpointing for
(semi-smart) restart

Cwtput file extension & ComertExe: hS

Analyz - & AnalyzeCmd: chent alacran 7655 INFILE OUTFILE
_ Tlony § AnalyzeOuiDir: fscratchidemotpr2 B/ gic/jpg

Easy-to-edit . !
Ouwtput file extension & AnalyzeExt jpg
Parameter _ _
. Image copy cammand: & CopyCmd: scp INFILE $ImgTarget: OUTFILE
Setti ngs Image target maching & ImgTarger: precbe mEpcl o5, uedavis edu
Image cwtput directory (remaote) & ImgOutDir: public_heml/ fusion /gt

Checkpoint file (local)

Overall architecture/simulation (physicist): Scott Klasky (ORNL) |~
« Workflow design & development: Norbert Podhorszki (UC Davis) _l'

executing
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Ex: Pipelined workflow for inferring phylogenetic trees

'3 file:/c:/workflows/TreelnferenceWF .xml

File Edit View Workflow Tools ‘Window Help
[ . A
Q@R QPO = )mpcdooc e
Componerts | Data : 5
Search PN Director
[ Search ][ Reset ]
U P D'fﬁdﬂr A Align sequences Refine alignment Infer trees Compute consensus
€ =CF Directar input o0 PRPEPS . output
=4 wiorkflow Component L A1 e A3 Ad —p
— -
=4 Actar PO P1 I P4 P5 IF’S P P8 P9
B hewsinewave -7 2 AN
B! TypedCompositeActor _-" | AN
= 9 CPRes - 1 N
- N
Cl} Inttizlizer _- - : So b
[ nexusFileReader < - 1 > 3
Phe 1 <
e 1 e A
A - ML Tree
_" (o o) .dnaml_a.TokenDisplay3 | o o
File Help 1
1
'BEGIN DATA; : " CAUL
DIMENSIONS NTAX=10 NCHAR=880;
FORMAT DATATYPE=DNA MISSING=? GAP=— ; v mbll
'MATRIX [
[ 10 20 30 40 50 60 70 BO 0 ) FEZI

A3
Lle

cgacgcategetgecacagetgecaggectacacggtggacecttoectggetgecaaacgatggegeegttgeagattgeogatecacacetggee

GOB1 cttgaatgctcaggtagtaaaagaacctgaaaatatgeccaaagaatggaaccaggettatgaaccattecagaattgoaggtaatttatatte THINB
THINB ggcgeccaagecggataccectgtegattgegacageotgeaaggegtggaacggggaagtcacaccattcaacgtatttggecaatacctggte

d L1
FEZ1 ccattcaagettegeatatecaatgecaaat ctttteccccattecgtattgetggaaacttgtacte o
mbll gttggctetggectoggoggoccacgecgacgacatgocggecaactggaccaagecgaccaageecctaccgtgtggtecggeaacatetatte e Lid
mb1l511 —gaggcaccgctgecacaactgegggectatacegtggatgegtectggeotgeagecgatggegecgetgeaggttgecgaccacacctggee
Ccaul gttggctetggecteggeggoccacgeocgacgacatgecggecaactggaccaagecgaccaagecctacegtgtggteggeaacatetatts Lle
Llec cgaggcaccgctgecacaactgegggectataccgtggatgegtectggetgeagecgatggegecgetgeaggttgecgaccacacctgge:
Lld cgagacaccactgecegeagetgegggectacacegtggacgectegtggetgeageegatggeacegetgeagattgeogaccacacctggee mhbl511
Ll cgaagtaccactgecgeagetgegggectacaccgtggacgecteogtggeotgeagecgatggecaccgetgeagategecgaccacacctggee
H Lle
END; .
< ( B [

Aligned sequences “token Phylogenetic tree “token”
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What about scripts instead of SWFs?

* Why not just use ...
— MIRACLE-Perl®
— or MIRACLE-Python®
— or MIRACLE-BPEL4WS® ?7??

* Perl/Python in the hand of a gifted (and in the case of Perl: masochistic)
programmer are hard to beat ...

e ... but (MIRACLE-) Scientific Workflows offer some new features:
— parameter configuration, parameter studies
— actor (component)-oriented workflow design [Bowers-Ludaescher-ER’05]
e component and workflow reuse & repurposing
— semantic extensions (smart search/link/...) [Bowers-Ludaescher-QLQP’06]
— data (and workflow) provenance support ([Altintas-et-all, [McPhillips-et-al]) @ IPAW 06
e explain data dependencies/lineage, debug “strange” results, smart rerun,...
— data-, task-, pipeline-parallelism
— comprehensibility, documentation
* e.d. check out demos by Kepler, Taverna, ...
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Kepler SWF using remote datasets, 3"9-party software

filezfhomefjones/development/kepler/w. . .ws/Rfeml-simple-linearRegression-R.xml o]
File  Edit  Miew Workflow Tools  Window  Help
.
EEE .||->H|- Il
Components ' Dat | =
P \\ ata \'u p
Search
|Craph| | SDF Director
| Search ” Reset |
S Output Actor |~ Image)
- Graphical Display
----- Mext Diagram
----- Polygon Diagrams Datas Datos
----- Palygon Diagrams Trans| &

----- B REoxPlIot

B[ External Graphical Dizp
> Browser Dizplay

: .ErmmserLll

& IEr Crapher

Bar Craph

[j [Er Flatter

>. Array Plotter

__1123624862853,jpg

n
Jhis is an example of how on® can carry out a simple
'Imear regression analysis usmg R and add the regressio

;"mgram;'m” * line to a scatter plot. 5
[ >equence Floner Dan Higgins - March 2005 .'
n
n
Remote data source :
n
H | ]
[ Tlmed scope ]
n
[ar]
4] g &
4 results found. 4] g
execution finizhed. |:
6 o
e

R processing script

res < Im(BARO ~ T_AIR)
res

plot(T_AIR, BARO)
abline(res)

931

950

10 15 20 25

T_AIR
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Managing complexity: Actor-oriented Modeling & Design

X

. pecies_BestRuleSet.xml |;||E|
- Mephitis_mephitis_MergedResult.asc g@@

i TR E[“
-E..'\u'l.‘:li:.p = °
P Scientific workflows use

hierarchy to hide
complexity:

e fractionTestPoints: 0.5 e cellSize: 0.5
Pl

rkflows can be a
yresentation of

1 into sub-
2als increasing

development of re-usable
components that can be shared
with other scientists

EnviLayerSet

2 &

DataPoints

GarpPrediction

omission

DataPoints
trayninglocations

Estinglocations commission

E|> fractionTestPoints

Expression
DataDirectory+"/"+5SpeciesName +"/RuleSet"+cnt+".xml" +

ruleset
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Retrieving gene sequences via web services

E file:/C:/kepler-1.0.0betalf/demosfgett. . .6-WebServicesAndDatalransformation.xml E]E|E|
File Edit ‘iew ‘Workflow Tools ‘Window  Help

Q|| |E3(>> |10 @|mp || o> |5 [ch]| @
Componerftsl Data ] \ . ﬂ
Search el USiI"Ig Web Services an

() Gene sequence returned

‘ [ ]
Search | Reszet | “.0 I n X M L fo rm at
Search Results Gene Accession Number *

*
&) Kepler Actor Ortology " XML EntryDisplay
E| . Wiorkflaw Compaonent
= . Actor
E| . Domain Specific Actor
EI . GenBank
Y Blastore
59 BlastTwo
Creste Expression Fro
> Creste Reqguest From

*

Extracted sequence
- can be returned for
further processing

Extract Sequence Using XPath

XML Entry of Gene
. .

LocalBlastOne
= @ Promoter Idertificatior
Triggered Enum fte

HTML Generator Using XSLT HTML Display

XML Input HTML Cutput

Web service executes
remOte|y (e . g =y In Japan) natrates the use of the remote genomics data service to retrieve a
J

Kl [ ICTTeUT STUUTTTCE: The sequence is then displayed in three different wavs, first in its native
2 results found. format (XML), second as a sequence element that h

and third as an HTML document that might be used ThlS entlre WorkﬂOW Can be

latter two operations are performed using a composi

f:omplexity of lee underlying operaliop. These comp Wrapped aS a re-usable Component
sub-workflows' that execute a potentially complex sg . .

Author: llkay Altintas, May 2006, SDSC SO that the detalls Of eXtraCtlng

K sequence data are hidden unless

needed.
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Kepler/SEEK Semantic Extensions

o Employ semantic extensions (ontologles) for ..

@ data = [ actor (data binding) .
@ data = @ data (data integration / merging / mterlmkmg)
-aotor = B actor (actor / workflow composition) '

— Smart Search (= Resource Discovery)
— Smart Attach (=» Data Binding)

— Smart Integration (= Merge Actor)

— Smart Links (= Actor Composition)

Search-Attach-Integrate-Link
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“Hybrid” Types ... Semantic + Structural Typing

O O Oout
] O- -O
S S S

out

O : Observation [
VvobsProperty.SpeciesOccurrence

S : SpeciesData(site, day, spp, occ)

Structural Types: Given a structural type language S
— Datasets, inputs, and outputs can be assigned structural types S € S
Semantic Types: Given an ontology language O (e.g., OWL-DL)
— Datasets, inputs, and outputs can be assigned ontology types O € O

Owt < O
O A O >
Sout ﬁ Sin

0 Semantically compatible

but structurally incompatible

Semantic & structural types can be combined using logic constraints

a = (Vsite,day,sp,occ) SpeciesData(site, day, sp, occ) —
(3y) Observation(y), obsProp(y, occ), SpeciesOccurrence(occ)
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Semantic Type Annotation in Kepler

eoe file:/Users/sbowers/tmp/diversity.xml
File Edit View Workflow Tools Window Help

@@Ll @m0

! Components Data

SDF Director

Search

Search Reset
Mollusc population monitoring 2000

¥ © Component Ontology
@ Darta Input
@ Data Operation
@ Data Output
@ Director
@ File System
@ General Purpose
® workflow
v £ Project Ontology
b N rlﬂﬂqe

YyYYyyYyyYyYyYTYY

24

e Component input and
output port annotation

— Each port can be
annotated with multiple
classes from multiple
ontologies

— Annotations are stored
within the component
metadata

DILS06 Collection-Oriented Scientific Workflows, Bowers, McPhillips, Ludéascher

enee Semantic Type Annotation I
ene Semantic Type Annotation
Select p Component Input  Output |

» Select port for annotation:

: ; W Site (array)

. W Zone (array)
: I W Plot (array)
: B Species (array)
B> Mollusc_Presence (array)

Sho

A1l Cate __ Show Port Bundles
v fi!'.ll Categories;
> & ObservableEntity
v @ ObservableProperty
P @ ClimaticProperty
v @ EcologicProperty
v @ BioticProperty
* & Biodiversity U
> @ BioticAbundance
* @ BioticOccurrence
> @ CarbonAndEnergyPi

== > @ NutrientAnd\WaterPr®

- O CenlnnirProne v Y
[ A 4|k

( Search |

Categol

Fategow Description:

{ i?!.un:ﬂe Ports )

Selected Categories:
BioticOccurrence

-2

Help Cancel | : QK

UNIVERSITY OF CALIFORNIA




Component Annotation and Indexing

8ene

File Edit View Workflow Tools Window Help

Unnamed

Q@RI Il @ == >0

! Components Data

Search

Search Reset

P e
> @ File System
¥ @ General Purpose
B CompositeActor
B Expression
E3 matlabExpression
Bl RExpression
» @ Grid Function

- -

RExpression

ngre Actor &=

Customize Name
Configure Ports
Configure Units

Open Actor L
Documentation

Semantic Type Annotation...
Save in Library...

Upload to Repository
Convert to Class

Bring to Front ~F
Send to Back ~B

enr

R function or script:

Edit parameters for RExpression

' H<=0
. P <- Abundance/sum(Abundance)
for (i in L:length(Species) {
if (Plil > O) [
H <- H + P[i] = log(P[i])
}
}
H<--H
print(H)
R working directory: JUsers fmadin
Save or not: -=no-save
Graphics Output v
Number of X pixels in image: 480
MNumber of ¥ pixels in image: 480
class: org.ecoinformatics.seek.R.RExpression
eeeeee e TunaNN wencleididaralhact anta- 1 1 8MathMnaratinnArtar
(5] Save in Library

__ Display Name: Shannon-Wiener Diversity

" Replace Previous Version in Library

All Categories:
¥ L Discipline Uniology

Selected Categories:

e Component Annotations

— New components can be
annotated and indexed into the
component library (e.g.,
specializing generic actors)

— Existing components can also be
revised, annotated, and indexed
(hiding previous versions)

- ki BEAM
¥ & Statistics Ontology Ecology
> @ Sampling Distribution lierative Operation
v @ statistical Analysis Gnivariate ARalEE
> @ Bivariate Analysis '
- i i >>
> ) Graphical Analysis
> @ Multivariate Analysis
<<

) Spatial Analysis

> @ Temporal Analysis

B ) Univariate Analysis

univariate

Category Description:

13

4

Search

Cancel 0K
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Smart Search

ene Unnamed
File Edit View Workflow Tools Window Help

jeleeri>ile: lb[!-‘#l¢>lt£:']¢:

000D Unnamed
File Edit View Workflow Tools Window Help

/@l@EetI>lle Ib[i-]ll'llt}’l‘;“-l]ttt

ene6 Unnamed
File Edit View Workflow Tools Window Help

/@i Il@=mmsrory e

,FCnmpunents o lCumpunents |  Data
Search 5
- a2arch
=
Search Reset -~ o
earc set
Moll - - fr—
¥ © Component Ontology 'ﬂ v @ search Results
> @ Data Input [
v o]
v @ Darta Operation ": g’rg‘:::'!gt ::::tt?;:gw
> @ Data Structure Operation P

|
|
|
» @ Image Operation |
v @ Mathematical Operation |
> @ Arithmetic Operation ||
* @ Calculus Operation '
> @ CeomerricOperation I
¥ @ Iterative Operation :
B Accumulator
[E] Array Accumulator 'b
E Boolean Accumulator
£A Counter
E3 Limiter
P Ramp
E1) string Accumulator
&2 Token Cot

“ag Duplicator
/ oken
s

hannon-Wiener Dive , J) .

v @ Mathematical Gperavnn

Bl shannon-Wiener Diversii
v & Discipline Ontology
¥ @ Ecology
BB shannon-Wiener Diversity
¥ ) Statistics Ontology
¥ @ Statistical Analysis
¥ @ univariate Analysis
Bl shannon-Wiener Diversii

Browse for Components

o =

[ Components = Data

Search Reset

Mollusc

¥ &5 Statistics Ontology
v @ Statistical Analysis
¥ @ univariate Analysis

v @ Search Results m
| [ =
|
|

Shannon-Wiener Dive
Analysis Of\l’ari :

|
v @ Cenval Tendency ||
[0)) Array Average :
ﬂ Average
B9 RMedian u
@ Comparison Of Mean
@ Comparison Of Mult
@ cComparison Of Varia
v @ Data Transformation
v @ Rank
[&] Array Sort
¥ ® S5caling
[ complex To C.

O

Ep ulation monitoring

¥ 4w

Search for Component Name - Search for Category / Keyword
Find a component (here: an actor) in different locations (“categories”)
e ... based on the semantic annotation of the component (or its ports)
» ... registered to one or more ontologies (controlled vocabularies)
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Smart Linking (Workflow Design)

806 file:/Users/sbowers/tmp/diversity.xml
File Edit View Workflow Tools Window Help

jeQiFQEID>II@=» =m0y ¢

! Components Data ~
SDF Director Configure Workflow ~E .
Search Documentation
- Semantic Search
Suggest Channels
Open Base Class
Search Reset UnitConstraints Solver \
Mollusc population monitoring 2000 Configure Ports
i i Configure Units
¥ & Component Ontology

@ Data Input e Shannon-Wiener Diversity \

@ Data Operation

@ Data Output

@ Director

@ File System

@ General Purpose
> @ Workflow

v & Project Ontology

» @ CIPRes

Display

> >
>
>
b >
)
>
>

e N

Channels
—

v

Type Errors:
Output Port

‘Mollusc population monitoring 2... [Shannon-Wiener D...

Navigate errors and
warnings within the
workflow

Structural Types
channel status output
{int}

safe

Search for and insert
“adapters” to fix
(structural and
semantic) errors ...

Ontology
SEEK Field Observatio

Statically perform semantic
and structural type checking

S
a

Structural and Semantic Type Checker

Type Warnings:

Output Port Input Port
'Mollusc population monit... 'Shannon-Wiener Diversity...
'‘Shannon-Wiener Diversity... Display.input

Input Port

_ input
{int)

_ Input
Class
BioticAbundance

Class
BioticOccurrence

Ontology
SEEK Field Observatio...

Ixi-nsert Adapters | | _Cinse-_-
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Some KEPLER Actors ... (oh, the good old days ... )

WebSendce
program XSLThActor SR xmlOutput

=t =eparchSi filaCrURL narm
ﬂai?qﬂaﬂﬁrl; Blast searchSimple '_RHE.IH. amlin XSLT htrm St e + BRDWSER E\"dlu:
’}:Path
»
: (I
»

WebSendce

WebSandce :
FileFetcher
cardificata
sccessony|  DDBJ_getXMLEnty b Reslt SRBConnect s - fetchadFiles
SRBFileSysem filaeT oGat
B sreS CONNECT FETCHER
SProxy
SRBFileSysem [ exilCode
c pathyl SRB§ list directory pistedFiles
ommandLine
arguments outfileHandle i
& > B output SGet SPut FileStager
inﬁleHandIe. exitCode cartificate

v
v

| < > - dagedFiles
= I : filesToPut

STAGER

SRBGetMD
e DatabaseQuery

db SHBFiIBSydﬂl‘n'
LAl metadata
memgeaudy@ Bﬂ&mll stFilePathyl SRBS Get MetaData | &
quary
RunJabGridClient_
carificata outputFilas
SDF Director

ExtrCoords GamessOut Cu lpu tExracter Results

Iil OrbWaveformSource OrbWaveformSink

0 e

k]

GlobusProsy

FileFetcher

FiIeEtagerl RunJobGridClient

GlobusJob Results
Iil OrbPacketObjectSource

SEER o

Files TaPut

Lyl
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So ...

e ... aquestion: If scientific workflows are so great, why
haven’t they taken over the world??
— A1:just wait ...
— A2: they already have ...

— A3: The problem of creating flexible, reusable, comprehensible,
efficient, ... workflows

— ... Is akin to the problem of creating modular, reusable, maintainable,
... software!

— ... I's complex systems engineering (as in: difficult)

e ... and using UML, XML, WS-foo, SOA-bar, and BPEL-baz are no
substitute for solving your design problem!
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Complexity in Scientific Workflow Design

The use of “control-flow” primitives

— Managing complex, nested data structures (select/filter/transform)
— Fault-tolerance and exception handling

PN Diregtor

I:I T4 file: /C: iworkflows/TSl-s-transfer.xml

Fie Wew Edt Graoh Debug Heb

La@aZDPNOPR P

ACN: | Dot

R ClustalW_Remote ClustalW Results Display
StringConst

Enumltem Triggered
Mol
Ot W . Quick s2arch

'T: m input
»

[Fltest [ concept

Syurc

~
== Crprane
e ___ = o Drecter
_ - =
— =—— CE Drector
= = - == e Director Sheok Size
Gene Accession Number and Sequence Display B I8 Artoes e
Access Number ¥
= I Matheratical Operations . Siring Recalvad !
’ = el T ) cartra ousz Sﬂli{fj- e \ List Command String "‘L‘—:
inner Loop : scm b
Sequence Finished v J:}ngg:l:;pulahm wemd_ls:™ I e
H 1 Grid Funchioes . -~
Genbank '- ol L] .::E:g f-'.':'ff . 1= =
F | Datamici Ch 1 -
---" ~ S wdabug o file:™ ~_
______ SO * | Daman Speciic wdebug_ls_file: ™ \ =~
_____ ~ F | Extarma Exscition Envire wcmd_xr user.™ 1 =~
< > N # ips semadrpost” ) Log S~
® 1 Fikers wssh_identiy. ™ ’ S~
Innar.oap Finished Trigger ® ) Constants wcmd_ls_host ™ L -
Blast Result +
+
%

flow “wired-in”, =
e.g. via Boolean switches, | ..cocousmsmmommmons

1o wrap arcund an aclor wilh ane input and one outoul
Transfac Results Display

E] com p lex branchin g and This acor etas 2 subworkow HiundionPass fs Blss up

= 1 Comerters wemd_ls_user ™
| Compex Struciures Author dagwen
| File System 4 gt RecordAssambler 5id: Ratry.amid,y 1.3 20050120 01:25:36 xiaowen Exp §

i functianl nput Conditional Loog

Fasta Format  LineWriter out
GlSaquancePromateRegion 'i H}O H - NIRRT
— = Fault-tolerance control-
(RAT abordfssan big

BoolaanSwich2 pass
T,

G e
Ffun(Ii:anC'ull:l.,lB:'o‘fa“S'M;‘:‘-‘;Ul
s, EXprESSiON ‘ m

=
] count <=0 pass

r

funclionOutpul and functionPass

e e
Custom actors, hand-crafted control flow PIng

limited to sequential execution
(SSDBM’03)
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Modeling Control-Flow Constructs in Dataflow

 Dataflow in Kepler
— Based on dataflow process networks (Kahn et al, Lee et al
— Supports pipeline parallelism (streaming data)
— Natural paradigm for data-driven workflows
— Efficient analysis and scheduling
— Intuitive model for workflow designers
e Control-Flow in Kepler
— Branching via if-then-else and switch-case statements
— lteration with multiple entry and exit points
— Low-level actors for manipulating structure (e.g., record-to-array)
 Problems modeling Control-Flow directly using Dataflow

— Overly complicated workflows; hard to understand (low-level programming),
maintain, debug, extend = limited reusability; complex re-configuration

,,,,,,,,

Vv V¥ Note to self: Check out the new Taverna

“:_\h T i = control-flow layered architecture !
> - F’E

2 > [Bowers-et-al, SciFlow’06]

ST New Design Primitives (e.g., templates & frames)
D||.506 Collection-Oriented Scientific Workflows, Bowers, McPhillips, Ludascher UNIVERSITY OF CALIFORNIA




Scientific Workflow Design: Challenges

=

GoFF

"And that's why our scientific workflows are
much easier to develop, understand and maintain!”
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A Simple Motivating Example

(a) DNA List of similar Sequence TF List of transcription
sequence BLAST DNA sequences motif lookup factors that bind to motif

List of recognized List of functions

DNA Motif e Transcription Function : :
— —= sequence motifs in . — associated with
sequence search promoters factor ID lookup transcription factor
(b) DNA Motif _ TF Function
sequence BLAST search | lookup lookup

 Take the services (actors, components) in (a)
e ... and chain them together in a scientist friendly form a la (b)

e ... considering the following signatures (cf. Haskell, ML, ...)
— (c) BLAST :: DNA-> [DNA]
— (d) MotifSearch :: DNA - [Motif]
— (e) BLAST o MotifSearch = \x. BLAST(MotifSearch)(x)
... oops: (e) is not type correct: note the signatures of (c) and (d)!
e a neat solution: implicit or explicit iteration / map(f)[x1,...,xn]
— cf. Kepler and Taverna, Kepler solutions
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Extended Example: Workflow Evolution

Conventional workflows

(a) (c)

---;azs 0'.1= A vy Bz: Bl . B -"=Y2=Y1 - “"[0‘]2![0‘]1_ :[[B]]z:[[B]Il - ’[[Y]]Z’[[Y]Jl=

CF "| CF
[B] o [v] [B]

(b) . o o [Bls [B]y s YD Y] 3

iy Oy, O Al bt CF " A - CF

Y B Y B
B B
ey 52, 51

d
@ e B l::‘l.; An — (5’5]2= (5’5]1.; CF ) BE’ B1 - B v Y Yy - CF [ - (5=Y)2’ (E’Y]l - C ey €, €y

e (a)=> (b): replace A::a->b with A’::a-=>[b]
— need to call B iteratively i.e. wrap B inside a component or add control-flow
e (b) =>(c): upstream produces [a], [a], ... instead of a, a, ...
e (d): need to “bypass” data components since B can’t handle ds
* This gets messy quickly ...

DILS06 Collection-Oriented Scientific Workflows, Bowers, McPhillips, Ludascher UNIVERSITY OF CALIFORNIA



ealistic Example (ChIP-chip workflow

(1-37 arrays) x ~400,000
probes per expariment

Display MA plot:
(-G} vs (R +G)2

[
ChIP-chip experiments Rand G L“:r‘:b':gz Mulup:u!Ism of
values for andichriant bini:: ;:as Merged list of
ﬁ:‘g TF Av m Cac B values I;?A binding sites
T Tiled genomic - ot 4 mmpl:ze Binding site forA A
Chromatin __—¥ microgrray chip L S IE:f:‘B determination -~ 2
from ceil 7
e 1 Sample A 4
Rnplicata af sampin A p L4 ot
] Gialitloa histogram of List of pmt!e
Sample from cell type 2 log? values anriched/
Digitize: sach I.II'IE;:BH Find statistically
enrichment significant runs
valueto Bor 1 ot 1s
— Method of M. Bieda, [Bleda 2005]
— =
g';"n:f“‘fe | Method of J. Lish (CriPGTIe) [Buck 2005]
DAVID (GO 3 ;
hm'l"fe’ annatations l Wietiod of B Fen i L2 W
annotations and statistics) l Meathod of 5. Liu (HMM) [Wed 2005]
I Method of K. Struhl (Chipper: variance stabilization) [Gibbons 2005]
List of genes [ Mathod of V. Jin (GART mathod) [Jin 2004]
g by A Other methods as devel
rld:?:gd Map ganes 1o Misplay ranked list of | l SEEE R
&g 5 o, I'Engctlons - functions (with p values) for
gen ena classes regulated by A
Diisolay motil
Merged list of pravalence statistcs
binding sites =
for A
Conserved .
- binding g / / Merged list of
Phylogenetic sites for A | metts
conservation filtering > Look up sequence Motif Form merged - 3
{multiple seneing fior marh hinding =it discavary Multiple lists ligt of motifs
- approaches) _ of motifs
Phylegenetic - =
conservation filtering T
is optional Dmlﬁ rr:;alrj‘rjssd
Calculate Derive composite
SlbsagUence mott models and
frequencies probabilities
YMF/findexplanators (enumeration) [Sinha 2002]

MEME (Expectation maximization) [Balley 1954]

|

I Gibbs Recursive Sampler, others [Thompson 2003]

] MDSean [Liu 2002]

Other methods as developed

|

e — P —
genome List of predicted
browser partner transeription
. /—\_ factors for A
List of potential
transcription / Lists of genes
Merged list factor pariners regulated by
of motifs B for A Search gename for each pair (A, B For each pair (A,B) display
3 5| Map mois with motifs »| Mapgenesto | 7 ranked listof functions {with
- 10 TFs for both Aand B functions p values) for gene classes
regulated by both A and B
Multiple lists /__L
of motits The remainder of this ] e
workllow s one possibility DAVID (GO l:sal:;e; O|'fu"!\r|§|m‘ ?:e
out of many. Research annotations entire w;ﬂ(l'lnwnu ain
opportunities abound. and statistics) i i &l
using B in place of A,
—

o,
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So how to get from messy to clean & reusable designs?

[N 2N L]

| File Edit View Workflow Tools Window Help

% B> 00 @ wppmimpuic> [0 @
! Components Data - PN Director
rSearch
Beke et Project AddData ReadFile ParseNexus

&Y Kepler Actor Ontology
&Y Component Ontology
£9 Project Ontology

Y Discipline Ontology
&Y statistics Ontology

PhylipConsense ExceptionCatcher

PaupHSearch

YYYYY

-
b e I O I e L B |
TreeR rier m k]
T eeReporte ComposeNexus TextFileWriter
Bie lew Edk Graph el Ll
aa:@a TP MO Rm mo-oe
acters [ pan A
Uik Saarch
input
> .
Pzt [Femnecent e g4
[
= proetor - v
== oy et r B 44 Lg
= teDicer Trans fer Gommand Sting
o e castis ring, eval{cmd_dri]
(8 1 athewsticnl Operations
@ B cortra suse_sider e
[F ) buege Meripulsbon RO -~
(8 G Functoes: scmdbs TN
@ ) Web Servies PebgIT e 1~
= wdebug_ls: false m ~
# i Detamiirg dabug_r_file:™ T~
 Bha i e = -
B ) Basma Exseuton Envira womd_sr_user. ™ s
i Zhpts somd_dr host™ Log S~
® 1 Fikers wssh_identity = by S~ -
@ =] Comstarts scmd_ls_host™ L o=
@ 2] Cormerters wmd_ts_user.
& ] Campisx Stucturss Aumar magwsn
® ) Fle System F3 Input Recordksssmbler i S Retryami,y 1.3 20050126 01,2516 120wen Exp 5
Ed] Canditional Loog:
.

b 3
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BostganSuitch? pass

‘This €omposita acter Is meant o be used in the PN domain

10 wrap arcund an acior with ana input and 0ne outpuL BooleanSuitth
T

o
funciion Sulpul oU

This actor relries & subworkliow if unctionPass is flse up
10 a1 mast eount number of fimes. [aulpuls the Last
funclian Oulpul and funclionPass

] cunt <= 0] pass
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Answer: Collection-Oriented Modeling & Design

e Collection-Oriented Modeling & Design (COMAD)

— starting point: dataflow / actor-oriented modeling & deS|gn
— embrace the assembly line metaphor fully
=» Flow-based Programming (J. Morrison)
— data = tagged nested collections
* e.g. represented as flattened, pipelined
(XML) token streams:

collection b

dy || Cstart || @nd | | Pena || Ma | [ Mz || d3 || do || Pstart [| 1 [ [ M4 || Astart .

N N A A M A
L S —
delimiter f
olototsz metaﬁ-) I\/Iultl Ievel Plpellne Parallellsm'
Actor 1 Actor2  Actor 3 Actor 4 Actor 5
.| da Cend ds ‘ddl Cstart | 8gnd | Beng || Mg | | My |d3‘ dz‘ Dgtart d, My || Agart | — ™
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Multi-level Pipeline Parallelism

Metadata for

_ Actors 4 and 5 are processing
collection b

contents of collection a concurrently

/N

Actor 1 Actor 2  Actor 3 Actor 4 Actor 5
N
d4 dstan Cend d5 d4 Cstan aend bend m3 m2 d3 d2 bstart d1 m1 astart —
- \
Closi Opening Actor 5 processes
0sing delimiter for Actor 4 processes one data token at
delimiter for top-level entire collections 2 time.
top-level collection c (of a particular type)
collection ¢ at one time.

McPhillips,T., Bowers, S., An Approach for Pipelining Nested
Collections in Scientific Workflows. SIGMOD Record, 34(3), 2005.
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How does COMAD work?

e Some COMAD principles:

— data = tagged, flattened, nested collections (token
streams)

collection a

e data tokens Tl EE -
. lm@@nl@-

* metadata tokens i | e

— inherited downwards into (sub)collections . A tz Actm":”” — AH Ats g,

— g)(—z\flne an aptors read scope via an (X)Path-like e ‘ o : B

pression:
» default actor behavior:

— not mine?

=» don’t do anything: just pass the buck!
— stuff within my scope? >
» add-only to it (default) \ Instance PDBCollection ()

» consume scope; write-out result
(but remember the bypass!)

— iteration scope is a query involving group-by and | ~
further refines the granularity/subtrees that constitute

IVIoIe(%ACQJ’Io@;>

ProteinChain A Q ProtelnChaln

the tokens consumed by an actor firing e T P
— has aspects of implicit iteration (a la Taverna) 5 ¢ v Ty

@name:N Atom A @name:C Atom B

» default iteration level to fix signature mismatches  F-------------ormromr

PDBCollection [

- but a|SOZ i Molecule [ i
. . . . ! ProteinChain [ :

* granularity/grouping is definable | Resdue [ @name:N, Atom:4, @name.C, Atom®. ] |

* works on “anything” (assuming scope is D el 5
matched correctly) T iiessssesomosoeonsosonnn oo

* add-only and replace modes
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Read Scoping with Collection Schemas (Types)

Schema Instance PDBCollection

Molecule A Molecule B
PDBCollection
ProteinChain A ProteinChain B
ProteinChain + Header ?
Residue A Residue B
Atom +
@name
@name:N Atom A @name:C Atom B
PDBCollection [
PDBCollection [ Molecule [

Header [] ?, ProteinChain [ ProteinChain [

Atom with @name +] + Residue [ @name:N, Atom:A, @name:C, Atom B, ... ],

] Residue [ ...]],
ProteinChain [...]1],
Molecule [...]]

Collection schema
(defining a query pattern)

... and a sample matching instance
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Iteration Scoping via Queries

The ComposeNexus actor converts an optional character matrix, weight vector, and a list
of zero-or-more trees into a Nexus file. Note here that the actor is invoked exactly once
for each input Nexus collection, unlike the TreeReporter actor, which is invoked once per
tree. This invocation pattern is described by the following iteration scope.

ComposeNexus iteration-scope ($c, $v, collect($t in $n)) =

Nexus{$n}[ CharacterMatrix {$c}, WeightVector {$v}, Tree {5t} |

The collect expression constructs a list of trees, where each tree is contained in the given
Nexus collection. Every collect expression in an iteration scope consists of a data or
metadata variable (in this case $t) combined with a collection variable (in this case $n).

* ingredients / related:
— tree pattern queries / XML selection queries
— ... with group-by (here “group-by $c, $v”)
— see also: list comprehensions as queries (cf. CPL/Biokleisli)
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COMAD: What we gained

Conventional workflows
(a) (c)
...,Otz,Ol1= A ceny Bz, Bl - B e Y20 Y . ...,[0(]2.[(1]1_ [[B]]z[[B]]l _ ---a[[Y]]g,[[Y]]l___
CF "I CF
[B] o [yl [B]
® - [B 12, [B]y o (Y1 [Y] )
L B L il T A ; CF " A . CF
Y B Y B
B |+ B |
wer 85, 8)
a |
( ) Ja0 ] uzl |::‘]L= A" ) {SIB]Zr {SIB]]_ - CF ] le Bl - B P YZ’ Yl - CF Lo ) (SrY)EI (S?Y]l - C Lo § Ez: El o

Equivalent collection-oriented workflows

(a) (b) (c) (d)

—-{A—-{B—* — A '—~ —>{A’—>{B—~ — A"

 from fragile, messy workflow designs

e _..to more reusable actors
— just change the scopes
— sometimes not even that is needed

e ... and cleaner workflow design
 Crux: keep the nesting structure of data (pass through, add-only)
. and let it drive the (semi-)implicit iteration
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Summary: Collection-Oriented WF Modeling & Design

collection a

‘ collection b —’

dy || Cotart | | @end | | Pena || Ma | [Ma || d || da || Dgan || di | [ My ]| 8gan | ™™
A K A ” A n
| opening I opening
opening delimiter for 1 delimiter for
aefitorior i nested metadata for  top-level
caleEtol ¢ tigtadata far callaction.f collection b collection a collection a
Actor 1 Actor2  Actor 3 Actor 4 Actor 5
d4 dstan csand d5 d4 cstart aend bend ma my { da dz bstan d‘l astart

File Edit View Workflow Tools Window Help

! Compaonents Data - PN Director

Search

Search Reset

ReadFile

ParseNexus

» &9 Kepler Actor Ontology
» 9 Component Ontology
» 9 Project Ontology

» &Y Discipline Ontology

» 5 Statistics Ontology

PaupHSearch PhylipConsense

ExceptionCatcher

TreeReporter ComposeNexus

TexFileWriter
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Assembly line metaphor:
Dataflow
+ XML ...
— Streams are nested
collections (~ XML)

— Less “messy” WFs (more
linear, less branching)

— Pipelined parallelism
(stream lists)
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