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Abstract

Grid workflow management systems coordinate multiple job
submissions over heterogeneous Grid resources.

They feature visual programming environments to give scientist
a high-level view over distributed computations composed of
Grid services.

This brief introduction to the field of scientific and Grid
workflows includes a survey of selected workflow management
tools and outlines current research trends.

. SWISS NATIONAL GRID ASSOCIATION

f y

Swiss Grid School SGS'09 @ GPC’09, Geneva, Switzerland

8.5.2009 Scientific and Grid Workflow (Cesare Pautasso) 2



Swi NGe

L SWISS NATIONAL GRID ASSOCIATION

GR I ASSOCIATION

Universita Facolta
della di scienze
Ces ar e P au taS S O Svizzera informatiche

italiana

Ph.D. at ETH Ziirich (2004)

Post-Doc at ETH Zurich in the Systems (IKS) Group
» Software: JOpera: Process Support for more than Web services
http://www.jopera.orqg/

Researcher at IBM Zurich Research Lab (2007)

Assistant Professor at the new Faculty of Informatics,
University of Lugano (USI), Switzerland (since September 2007)

* USI Representative in the SWING Assembly (since 2007)
» Grid Workflow Working Group Lead (since 2007)

More Information: http://www.pautasso.info/
Follow me on: http://twitter.com/pautasso/

8.5.2009

Scientific and Grid Workflow (Cesare Pautasso) 3


http://www.ethz.ch/index_EN
http://www.iks.inf.ethz.ch/
http://www.jopera.org/
http://www.jopera.org/
http://www.zurich.ibm.com/
http://www.inf.unisi.ch/
http://www.unisi.ch/
http://www.pautasso.info/
http://twitter.com/pautasso/

Bl
SW'NGe SWISS NATIONAL GRID ASSOCIATION

GRID ASSOCIATION

Acknowledgements

Some material contained in this tutorial was adapted from slides
originally published by:

Gustavo Alonso
Win Bausch
Ewa Deelman
lan Foster
Yolanda Gil
Carole Goble
Roy Grgnmo
Thomas Heinis
Rajesh Kalyanam
Francesco Lelli
Omer F. Rana
Heiko Schuldt
Frank Terpstra

8.5.2009 Scientific and Grid Workflow (Cesare Pautasso) 4



SWiNGW

SWISS NATIONAL
GRID ASSOCIATION

Outline

. SWISS NATIONAL GRID ASSOCIATION

Why Workflow Management on the Grid?

Discussion: Scientific vs. Grid vs. Business Workflows
* Some Application Examples

Workflow Modeling Languages and Tools Overview
« Grid Workflow Language Patterns

Running Workflows on the Grid
» JOpera: Scientific Workflow for Eclipse
 Workflows and Provenance
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Kinds of Grid Computation

One Job Submission Parameter Sweep

PEPBRE
PEPBT &
ppT e
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.
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Vision for Scientific and Grid Workflows
Make it easy to build Grid applications composed of multiple jobs

1 Provide the scientist
with a platform that
takes care of all data
handling and record
keeping chores so
that the user can
concentrate on the
science and not

computer science
1)
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Some (Scientific) Workflow Management Systems

Askalon GWFE Pegasus Triana
Bigbross Bossa GWES Pipeline Pilot Trident
BioPipe ICENI P-GRADE Twister
BPMN Inforsense PowerFolder Ultimus
Breeze JIGSA Ptolemy I Versata
Carnot JOpera Savvion Viztrails
Con:cern Kepler Seebeyond witk
DAGMan Karajan SCIRun XFlow
DiscoveryNet Oakgrove's ScyFLOW YAWL
Dralasoft reactor SDSC Matrix  Wildfire
GEL OSIRIS SHOP2 WFEE
GridAnt OSWorkflow  Tayerna WS-BPEL

Grid Job Handler OpenWFE Teuta (UML) ZBuilder
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Scientific vs. Grid vs. Business
Workflows
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The Origins: Business Process Management

WhO has to do what, when
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The Origins: Business Process Management
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* A business process describes key procedures within an organization.
They involve:

* multiple steps
e numerous people
« large amounts of resources

e In large business organizations there are many factors that increase
the complexity of the business processes:

» processes are not well documented

« conformance to rules not guaranteed

* people lack information about context

o company lacks monitoring tools

« steps, people and resources are not properly coordinated
 Workflow Management Systems try to address these problems by

automating the coordination aspects of a business process:
who has to do what, when, and with which software tools.

8.5.2009 Scientific and Grid Workflow (Cesare Pautasso) 17
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Business Workflows

tt The automation of a
business process where
documents, information to be
processed or tasks to be carried
out are passed from one
participant to another following a
set of procedural rules”

Worfklow Management Coalition (WfMC, 1993)
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Scientific Workflows

tt are networks of analytical
steps that may involve, e.g.,
database access and querying,
data analysis and mining, and
many other steps including
computationally intensive jobs
submitted to high performance

clusters and Grids ’y

Bertram Ludascher
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Control Flow
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Similarities:
Are scientists doing e-Business?

Capturing knowledge/best practices
Capture business processes within a company
Capture scientific experiments

Executable Models for Repeated Execution
Run a well defined procedure many times
Ensure that an experiment can be reproduced

Incorporate human decision in the process
Can we always do straight-through processing?
Hard to achieve full automation

23
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Differences:
Do scientists need business transactions?

Rate of change

Changing business procedures requires management approval
Exploratory scientific processes require high flexibility

Which kind of data?

Travel reservations, Loan applications
Large protein sequence databases, Astronomy image catalogs

What is the ultimate goal?

Making profit
Making science
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Scientific vs. Grid Workflows

Scientific workflows
emphasize the design of
virtual experiments:

Data flow models

Reusable “scientific computing”
component library

Interactive debugging,
monitoring and steering

Data provenance and lineage
tracking for reproducibility

Model versioning for
exploratory customization

Grid workflows focus on the
large-scale execution of
scientific workflows:

Mapping and adaptation to a
dynamic run-time environment

Provide access to shared
workflows as a Grid service

Parameterized Execution

Centralized vs. Distributed
Execution Architectures

Fault Tolerance
Optimization

25
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Scientific Workflows on the Grid

e How can Scientific WF benefit from the Grid?

1. Leverage underlying Grid middleware:
Resource Management
Job Scheduling
Large Data Transfers (GridFTP) between Activities

2. Improved QoS based on the workflow model
Grid resource reservation
Data replication
Data placement
Fault Tolerance

26
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Example

PURDUE 7F ﬁbc:_—’

Information Technology at Purdue TeraGrid
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A Web Service-Enabled Workflow
System for Climate Modeling Data
Processing in TeraGrid

Rajesh Kalyanam

Lan Zhao
Taezoon Park
Sebastien Goasguen
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Information Techneology at Purdue

28



SWiNGW

SWISS NATIONAL
GRID ASSOCIATION

Architecture

r N r————————7 N
Desk I
Aporeatn | | Webroral |
) Ca— g
< . N
Workflow Engine JOpera
k {} /
@orkflow Components h
Data Components Computation Components
_____ |
Metadata Data Data Data rGIobus : Condor Job Models/
Query Discovery | | Transfer | | Transformation : Job Tools
______ -

(&

=

Computation Middleware
Condor-G Globus

i

Purdue Data Management System
OPeNDAP THREDDS || SRB/MCAT

Remote
Datasets

LARS PTO NWS Cllmgte Local Clusters TeraGrid
Modeling

From Rajesh Kalyanam

N
©



SWING

SWISS NATIONAL
GRID ASSOCIATION

$S NATIONAL GRID ASSOCIATION

Portal

& JPurdue RCAC Portlet - Microsoft Internet Explorer = =]
File Edit Wiew Favorites Tools  Help ﬁ.'
& Back - o3 %] & @& ) search % Favorites £3 BRI | J B B

: Address ii;é_:] https:,l',l'gridsphere.rcac.purdue.edu:8443,!'gridsphere,l'grid5phere?cid=88&gs_action=5howlist&(:10_iternum=I&C1O_shadowdir&c1O_hu:umedir=°.-".=2Fdemu:nzu:nne°.-’o2Fhome'§Vj LeTa]

|
PURDUE  7F i
: - - . Logout
Information Technology at Purdue WE|COFI’IEI. zhao
Pl

welcome PTO e

Mational weather Service Climatic Modeling

This is a collection of multispectral and hyperspectral images, that are used for educational and research
purposes at Purdue University, They are processed at the Laboratory for Applications of Remote Sensing.

Home Directory @ fdemozone //home flars.itap /LARSDATA/CDR_189
Move Lp One Level

Current directory contents File Details : /demozone/fhomeflars. itap/LARSDATA/CDR_189/.7010904 022
L7010904 022 032.3rG _032. lan

L7010904_022_032.LaMN Download this file , =
L7010904_022_ 032.LAN.XML rasLLyle Hlxel ] G
L7010904 022 032.PrRO Although these data have been processed successfully on a S
L7010904 022 032 computer systerm at Purdue University, no warranty >
_ THERMAL.LAN distliab expressed or implied is made by Purdue University regarding ©
L7010904 022 032 the use of the data on any other system, nor does the act of X
_ THERMAL.LAN. XML distribution constitute any such warranty, S
L7010904 022 032 cntvoice TE5-494-3529 -%-
EEH;DRK';I'E'—-E'_}?: mettc local time 04
WS FTP.LDG gridsysn Universal Transverse Mercator g
README.TXT cloud 0 ™ L

w
o



SWING

SWISS NATIONAL
GRID ASSOCIATION

!'JOpera Nawvigator 52 :

e e —

I loan.oml

X msg_example_asynch.oml
] msg_example_cs.oml

K MyService.oml

X patterns.oml
E]TemperatureService.oml

| 2w

¥ ws_eliza.oml

X ws_quiz.oml =
- . ——
o= Outline 2 ™ ]

s

b = Processes (7)

b = Programs (11)

)

& & [0% |

TemperatureService.oml

@ Overview E@N"x‘_ Sl = EI

||DataQueryPrncess”
-

i
‘¢
H
i

[QueryurLProcess|
*

||NCLjanrncess||
ord

||Pub|ishDataPrncess||
w

i
i
4

4
H
ﬁ

|| Overview | Process: WorkflowProcess | ControlFlow| DataFlow

From Rajesh Kalyanam

w
ey



SWiNGW

SWISS NATIONAL
GRID ASSOCIATION

G-l 2 |30~ Q-
Q] @ w|n @

[9 jopera Mavig.., 2

b R
" le | aw |

= O | M TemperatureService .oml m

P % o @

& (Majcpera Mo... »

-_—

L
B hello.oml (=]
K loan.oml
X msg_example_asyn
) msg_example_cs.or
B MyService.om|
X patterns.oml
M TemperatureService

M ws_eliza.oml

[ »
5= outline 52 |
b i=Processes (7]

b = Programs (11)

& overview 2 = m

F -1

[qryl = Name LIKE [...]Hquew = Name LIKE [---ﬁ"ﬂrkflowprﬂce%{

) /

email = rajesh.kal [...]

h § Wnrkflanrncess}

i
status =

[ sendMailReturn ]

[filename = /TGzone/ho [...]]

h 4
[path = [TGzone/ho [...]l

QueryURLProcess

[”r' = Hname = b052.01]—>[name = bos2-6t|bProcess ,m

ControlFlow | DataFlow

i
| emalluser,

||Pub|ishDataPrncess||
L

From Rajesh Kalyanam

w
N



ofs
SwWiNGW

GRID ASSOCIATION

SWISS NATIONAL GRID ASSOCIATION

Workflow Results
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Workflow Lifecycle
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Workflow Lifecycle

Modeling

Workflow Execution
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Workflow
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Workflow Modeling Methodologies

[LIM
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Bottom up Composition

4. Share and Publish it as Web Service

3. Run, Test, and Debug the execution
within the same modeling environment

2. Build a workflow using a drag, drop
and connect modeling environment

1. Select components from a library
a. Lookup services in a public registry
b. Import from external Web service (WSDL)
c. Search the standard library

SWISS NATIONAL GRID ASSOCIATION
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Top down Decomposition

1. Define a goal and Draw a skeleton of the
workflow that satisfies it
2. Refine it and Bind services into It:
e Search for existing matching services
* Build missing services (if necessary)
 Add required data transformations

3. Run, Test, and Debug the execution
within the same modeling environment

4. Share and Publish it as Web Service

8.5.2009 Scientific and Grid Workflow (Cesare Pautasso)
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lterative Composition

Change, Rediscover
Build New services, N\G66 Refactor

Model
Service

Manage .
omposition

Deploy
Run, Test
Check
Compile
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Workflow Modeling Languages
and Tools Overview
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O Start(k) Staﬂ(k)

O Stop(k)

_a.:|_a.

Bik)

|
O Alk)

i; (i<2)

O Start(k)

i

O Start(k)

A. Beguelin, J. J. Dongarra, G. A. Geist, R. Manchek, V. S. Sunderam, Graphical Development Tools for Network-Based Concurrent
Supercomputing, in: Proc. of the 1991 ACM/IEEE conference on Supercomputing, Albuquerque, New Mexico, 1991, pp. 435-444.
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<<transformation>>
symbol = Symbol;

symbol : getQuoteRequest1

request : Inbox %

<<transformation>>
countryl :='USA;
country2 = Currency;,

rateRequest : getRateRequest

<<WebSeniceCall>>
getQuote

{senice=netxmethods.senices.stockquote.StockQuoteSenvice,

operation=getQuote,

wsdl=http://senices .xmethods.net/soap/urn:xmethods-delayed-quotes.wsdl,
portType=net.xmethods.senices.stockquote.StockQuotePortType}

<<WebSeniiceCall>>
getRate

{wsdl=http:/Mww.xmethods.net/sd/2001/CurrencyExchangeSenvice.wsdl,

senice=CurrencyExchangeSenice,
portType=CurrencyExchangePortType,
operation=getRate}

> <

| originalPrice : getQuoteResponsel

<<transformation>>
a =Result;

conversionRate : getRateResponse |

<<transformation>>
b =Result;

twoNumbers : Multiplylnbox

A

<<ImmediateStep>>

Multiply

>/] product : MultiplyOutbox

<<transformation>>

OriginalPrice = Result;

AN

<<transformation>>
ConwertedPrice =c;

>|| response : Outbox ||<

Extended UML
Activity Diagrams

From Roy Gronmo
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Texture with Shading
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Workflow Pattern Variants

. _ Implicit
1. Simple Parallelism <
Explicit

Static

2. Data Parallelism <
Dynamic

ABest Effort
Blocking
. Hybrid
3. Pipelining |—s Buffered > Y
Synchronized
> Superscalar<
: Out of Order
Streaming
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Modeling Simple Parallelism

Data Flow, Graph Based

!
-
[
- % M/
[V I
8 SCIRun
Kepler
Triana .
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Modeling Simple Parallelism

Control Flow, Graph Based

JOpera
GEL UML J
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Modeling Simple Parallelism

Control Flow, Block Based

Sequence

BPMN | WS-BPEL;J
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Modeling Data Parallelism

Data Flow, Graph Rewriting

BN -
g Split
|| Rewrite:
v T
(1111 .
% Merge
Static or Dynamic ]

Triana J Taverna

JOpera
4
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Modeling Data Parallelism

Control Flow, Block Based, Dynamic

Sequence

L ____

'ParallelForEach

|

| :

| T |

' |

S | WS-BPEL
AGWL
Karajan

GEL
/4
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Pipelining Semantics

Finished Ready Eé Busy Ready

Finished Bl Om( AEH Busy Ready
Finished [g} Busy ﬁj Ready [j Ready
L

o0 0 2@ 00
Busy . . Busy Busy Busy
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Best Effort Pipelined Execution

Finished Ready EE Busy Ready

Drop data elements on pipeline collisions
Advantages:

Simplified implementation

« Some applications may tolerate data loss

Problem:
« Downsampling is non deterministic
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Blocking Pipelined Execution

Finished Bl Om( _ee Busy Ready

Tasks are blocked if successors are busy

Advantages:
 Avoid data loss in the pipeline

Problem:
 Pipeline speed limited by slowest task
« Data may be lost before it enters the pipeline
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Buffered Pipelined Execution

Finishe%ﬁﬁj Busy q]_'u’_’# Ready q]_D’_’dH Ready

Tasks are decoupled by buffers

Advantages:

« Collisions are prevented

« Best applied to tasks having variable speed
Problem:

«  Buffer capacity is limited
(Blocking still needed — Hybrid semantics)
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Streaming Pipelined Execution

0 00 0000
Busy ol 0 Busy Busy Busy

Tasks exchange data while running

Advantages:
e  Suitable for a distributed (P2P) engine

Problems:
e  Shifts complexity from the workflow engine to the tasks
« Tasks exchange data while running
Workflow/Task interface more complex
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GRID ASSOCIATION =

- Workflow Model Basic Architecture
(Aot Act )

& @ e

_ wml@®

Workflow Management System

Adapters T
Grid
Schedulers
Grid
Resources
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/ K| del Workflow Workflow
Workflow Mode Users Participants

@ .
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/ Workflow Management System
% Workflow
Modelers | | | |
Adapters ’\%
Grid ' 3
Schedulers Wrapper

Scientific : Developers

Grid

Software g
Resources

Developers

=:
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Standard APIs Process
| Definition Tools

L SWISS NATIONAL GRID ASSOCIATION

Interface 1
Workflow API and Interchange formats Interface 4
Interface 5
Workflow Enactment Service Other Workflow

Administration Enactment Service(s)

& Monitoring | <P . <>
Tools Workflow Workflow
Engine(s) Engine(s)

Interface 2 # # Interface 3 z
>

Applications Applications % é

g2
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Wrappers and Grid Applications

Worklist

Workflow Management System | Handler
Applicatio
X
Applicatio
X
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Wrappers and Legacy Applications

« The workflow engine is also in charge of connecting the different
scientific applications.

 These applications do not have to talk directly to each other, they do it
through the workflow engine.

 Most engines target a service oriented applications for which they
provide very good connectivity through standardized protocols.
Otherwise, the interface adapters must be developed on a case by case
basis (as a last resort manual integration may be required!)

* For legacy application, a wrapper must be built so that the workflow
engine can communicate with the application. The wrapper can be a
simple relay of commands and data, or a complete translation program
Implementing functionality not present in the legacy application.

« For most Grid applications, the interaction takes place through a Grid
scheduler, which is responsible for managing the distributed execution of
the applications.
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A Q ;
- .fh—xﬂfs oy
User Request |
Abstract Workflow - — \—
Service Candidates A —- e —

;I T m N E \
Grid Resources = — ] —= lﬁ —_—
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Run-time Abstraction Levels

« A design-time workflow model needs to be mapped across different
abstraction levels in order to be executed at run time.

« User request the execution of a new workflow instance.

 The abstract workflow is mapped to an executable instance by:
* Finding suitable service implementations and binding them to the tasks
» Rewriting the workflow graph based on a set of refinement rules

« Planning required data staging, registration, placement, replication and
transfer operations

 Each task of the resulting executable workflow is then submitted to a
Grid resource manager so that it can be scheduled on suitable resources

 The mapping can be done:
« when the workflow is started at instantiation time (statically)

* incrementally as the workflow runs (adaptive execution with dynamic late
binding)
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set of services

o fime
OS\t\On m
comp (BPEL partner link type)

deployment time

service
end point

. ort
INVOocation time \Port)
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- Library Registration time (classification)

Modeling time (static early binding)

Compilation time (blacklisting)

Deployment time (customization)
Startup time (testing)

Task Execution time (dynamic late binding)

v
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Failed invocation time (rebind on retry)
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Scientific Workflow for Eclipse



http://www.jopera.org/

Universita Facolta
di scien

della i scienze
Svizzera in

italiana | Process Support for Web Servicas

. High Level Workflow Language

Data and Control Aspects (Visual Representation)
Recursion, Iteration, Parallelism and Pipelining

. Open and Extensible Component Model

Run existing code without changes

Synchronous, Asynchronous, and Streaming interaction
Web services support (Axis, WSIF)

Secure access to remote file systems and hosts (SSH)
Easy to integrate with existing schedulers (e.g. Condor)
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Universita
della
Svizzera

italiana | Process Support for Web Sernvices

Strong Eclipse Foundation

Platform Independent (Eclipse/Java)
Flexible, Extensible, Modular and Embeddable
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JOpera Visual Composition Language

Workflows are modeled using multiple viewpoints:

1. Data Flow Graph 2. Control Flow Graph 3. Service Bindings
QueryBookPrice QueryB?ookPrlce QueryBookPrice
' Amazon.com
V
CurrenczConvert CurrencyConvert

CurrencyConvert 4>’ amount N

Exception Handler
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JOpera Example: Doodle Map Mashup

Setup a Doodle with Yahoo! Local search and visualize

the results of the poll on Google Maps

Doodle’

GetYahoolocal i !

I{L:_J.‘/" ‘-“"-\_Hﬁl
ConvertY2D ConvertY2G
PostDoodleCreatePollText
ParsePollID
i Ty
GetPoll[= ShowGMapDoodle
Waitt—

Google
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Doodle Map Mashup Architecture

Web Browser

Workflow
Engine

Doodle’

RESTful|API

GetYahoolocal

ConvertY2D| ConvertY2G

| PostDoodleCreatePollText |
+

I
ParsePolliD

Njopera

Powered by |

I.S}::.;‘\.MGMZpDoodle|

GET

RESTful
Web Services
APls

POST

Y7

GET

-Doodle’
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Extensible JOpera Component Model

Combine in the same workflow jobs implemented using an open
and extensible set of technologies

~
JOpera Workflow

¢ , ,
WSDUY Java |Human| XML| SQL| SSH|Condor

*Snippets oXSLT
*Methods o XPath
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Sharing Workflows as a Service

JOpera processes are automatically published to clients using a
variety of access protocols

Eclipse RCP

Web Clients WS Clients Clients

REST WSDL Java
) )

JOpera Workflow

¢ () ,
WSDUY Java |Human| XML| SQL| SSH|Condor
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Lineage in Scientific Workflows

Scientists consider the “capture and
generation of provenance
iInformation as a critical part of the
workflow-generated data”

“Sharing workflows Is an essential
element of education, and
acceleration of knowledge
dissemination.”

Ewa Deelman et al.
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Where does this plcture come from?
METADATA

This photo was taken
July 21, 1981,

when the Voyager 2
spacecraft

was 33.9 million km
from the Saturn planet
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Dlmensmn. 640x480
Colors: 32bits

Size: 1.2MB

' Format: JPEG
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-
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Would you buy a horse without this?

( Httpeeriare /7/@459? e (O /@u/f

REGISTRATION CERTIFICATE

THE MORGAN HORSE
The pride and product of America

This Certifies that the Morgan ®are

Named arr-o-wy rusy NO. no1450s1  Foaled May 18,1398

"gualified By Blood Testing!

Color  ppy Marked  copyeeren STAR, STRIF, SNIP. BLACK EYES.

Bred I'J_'F DON BOSMAN, CHEYENNE WY
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Lineage in Spreadsheets

E Microsoft Excel - Book?2

& File

Edit

NEHR SQIVE $ER-F I9--1@ 5 -4] %] il 10r ,.@! Arial .

Wi

d 4o M

Inzert

Farmak

Tools

Data

Window

Help

i~ ] Er-lj [[j=l | ¥ Reply with Changes... End Review... !

F19 - A =SUM(E14:G15)
A | B | ¢ | D | E F | ¢ | H | o+ | J | kK | L |

1

2 2005 2006 2007 2005 2006 2007

3 01-Jan 10 10 11 01-Jan 10 10 11

4 | 01-Feb 20 -&0 20 01-Fab -83 B0 20

£ | 01-Mar 20 20 B0 01-Mar 30 30 B0

5 01-Apr 40 77 a0 01-Apr 40 77 40

7 i 1007 rid 11 178 i 8" T 11 B0

8 "1200994" 52652057 43.55361 36.36135 "8 674247 56911487 43 55351 53.04644

g

10 214.3613 113.0464

11 141 5387 5.953557

12 2005 2006 2007

13 727227 g5 a9 111 106.0929

14 152773 262773 38.2773

15 -18.0929 -7.09289 4907114

15

17

18

19 £0.55324

20

21

22
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Lineage in Spreadsheets

E Microsoft Excel - Book2

E14:615)

@_] File Edit Wiew Insert Format Tools Data  window  Help
D HR VE| %2R - ¢ 9-0-8 -4 % géﬂm-ﬂllﬂn-ﬂ BIE
o [ i R e 5 | B = (= | ¢ Reply with Changes... End Review.. ! i + = | =l -f"' LR AR ER-C R AT
INDIRECT  + X &/ A& =SUM(E14:G15)
A B | [SUM{number1, [rumberz], ...} | F | G | H | J Ko L
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Lineage in Spreadsheets
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@_] File Edit Wiew Insert Format  Tools Data  window  Help
NEHdRI SQRIVEH $R-F 9-6-10 5 -4] % G 100 v@! Arial ~EG
i B T L A | @y ([l | ¥# Reply with Changes... End Review... ! ‘i} tam Sia | =0 =S .;'1{. » @B 'ﬁ &
F19 - A =SUME14:G15)
A |8 | ¢ | pob | E | F | G H | | 0 kKL
1
2 2005 2006 2007 2005 2006 2007
3 01-Jan 10 10 11 01-Jan 10 10 11
4 | 01-Feh 20 A0 20 01-Feh -8 50 20
£ | 01-Mar 20 20 B0 01-Mar a0 a0 50
5 01-Apr A0 77 A0 01-Apr 40 77 40
7 i 100" 57" 11 178 i 8" g7 11 D
8 "1200994 5252057 43.55361 3636135 FeRE74247 55911481 43.55361 53.04644
g
10 2143613 113.0464
11 141 E387 F.953557
12 2005 2006 2007
13 % 83 e+ 99 e 111 F.0929
14 :
15 A g 59 Je07114
15
17
18
19 ERT24
20
21
22

8.5.2009

Scientific and Grid Workflow (Cesare Pautasso)

90



e N
SW'NGQ |ss NATIONAL GRID ASSOCIATION

GRID ASSOCIATION

Lineage in Spreadsheets

E Microsoft Excel - Book2

Eﬂ File Edit Wwiew Insert Format Tools Data  window  Help

NEHR QA VE & E2B-F9-0-10 5 -4 %] |4 100 vu:@! Arial B 1
2 ® RS s S| @ By = | vYReply with Changes... End Review... ! ) f:ﬂ G A DA HBHE
F13 - A =SUM(E14:G15) ,
2000 B | et e ] Trace Precedents RIS I
1
2 2005 2006 2007 2005 2006 2007
3| o01Jan[ ¢ 0] ¢ 0] ¢ 11 O1-Jan[ ¢ 0] ¢ 10[ ¢ 11
4| 01-Feb 20 50 20 01-Feb -85 60 20
5 | 01-Mar 30 01-Mar 0 0 60
B | 01Apr 40 01-Apr 40 77 40
7 TR 178 - 5 tHe G0
g 1E-SEea-—5 Srr=e 35135 I T B A A e = 04644
9 _
10 1
11 3557
12 2005 2006 2007
13 28 ¢ 99 9 111 5.0929
14 :
15 : 5] P097e9 07114
16
17
18
19
20
21
22

8.5.2009 Scientific and Grid Workflow (Cesare Pautasso) 91



L
SW|NGE B SWISS NATIONAL GRID ASSOCIATION

GRID ASSOCIATION

Lineage in Databases

What is the relationship between these tuples?

Problem:

Query

Inversion
L=

8.5.2009 Scientific and Grid Workflow (Cesare Pautasso) 92




o
Sw 'Nce w ISS NATIONAL GRID ASSOCIATION

GRID ASSOCIATION

Lineage in Software Development

What's in a Makefile?

CC = gcc
CFLAGS = -wall -g

program: main.o Input.o output.o logic.o
$(CC) $(CFLAGS) main.o input.o output.o logic.o -0 program

main.o: main.c input.h output.h logic.h

$(CC) $(CFLAGS) -c main.c
input.o: Input.c 1nput.h

$(CC) $(CFLAGS) -c input.c
output.o: output.c output.h

$(CC) $(CFLAGS) -c output.c
logic.o: logic.c logic.h

$(CC) $(CFLAGS) -c logic.c
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Lineage in Software Development

Where does my program come from?

CC = gcc
CFLAGS = -wall -g

program: main.o input.o output.o logic.o
$(CC) $(CFLAGS) main.o input.o output.o logic.o -0 program

main.o: main.c 1nput.h output.h logic.h

$(CC) $(CFLAGS) -c main.c
input.o: 1nput.c Input.h

$(CC) $(CFLAGS) -c input.c
output.o: output.c output.h

$(CC) $(CFLAGS) -c output.c
logic.o: logic.c logic.h

$(CC) $(CFLAGS) -c logic.c
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Lineage in Scientific Workflows
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What to recompute if this input changes?
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e-Science as Workflow?
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