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The Cooperative Computing Lab

* We collaborate with people who have large
scale computing problems in science,
engineering, and other fields.

* We operate computer systems on the O
(10,000) cores: clusters, clouds, grids.

* We conduct computer science research in the
context of real people and problems.

* We develop open source software for large
scale distributed computing.

http://www.nd.edu/~ccl



Science Depends on ComputlngI

P— ‘Theovetiea] Biophysies Group
= Beckrron Tnstine

Unfuststty of Dinais 3t Uzbas -Charpaign,

- BIOMETRICS RESEARCH GRID ‘e

State (help)  Constraint (hel Limit  Detail Images  Mode idate Against Dataset
any v 10 v|[imited v|[small ] [validat
Showing 1 to 10 of 93 results. Download all resuits as TXT or CSV or XHL or TAR.

) (e 10 (i






Condor World Map bz e PR ,‘? ,' oo o A
http://www.cs.wisc.edu/condor/map e i ' )
Sun Mar 1 18:50:15 CST 2009

—, Eucalyptus
L ' SYS"G}I;ES amazon

cPU Utilization for the Last Month Web SerVICeST__

~—

e

.
oty

s

3

Windows Azure

ZOJXSE

Extreme Science and Engineering —
36568¢ Discovery Environmaent

466637
68086  (7%)
900411 (100%) CPU-Hours Total



Big clusters are cheap!
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| have a standard, debugged, trusted
application that runs on my laptop.

A toy problem completes in one hour.
A real problem will take a month (I think.)

Can | get a single result faster?
Can | get more results in the same time?

——— —="—=" last year,
- | heard about
this grid thing.
This year,
| heard about
this cloud thing.

What do | do next?



What they want. What they get

.f.f' / /ff/ﬁ/
_.r :1.!11:;11,.«,,—, % #

@ ml %tll




| can get as many machines
on the cloud as | want!

How do | organize my application
to run on those machines?



Our Philosophy:

Harness all the resources that are available:
desktops, clusters, clouds, and grids.

Make it easy to scale up from one desktop to
national scale infrastructure.

Provide familiar interfaces that make it easy to
connect existing apps together.

Allow portability across operating systems,
storage systems, middleware...

Make simple things easy, and complex things
possible.

No special privileges required.



A Quick Tour of the CCTools

Open source, GNU General Public License.
Compiles in 1-2 minutes, installs in SHOME.

Runs on Linux, Solaris, MacQOS, Cygwin, FreeBSD, ...
Interoperates with many distributed computing

systems.
— Condor, SGE, Torque, Globus, iRODS, Hadoop...

Components:

— Makeflow — A portable workflow manager.

— Work Queue — A lightweight distributed execution system.
— All-Pairs / Wavefront / SAND — Specialized execution engines.
— Parrot — A personal user-level virtual file system.
— Chirp — A user-level distributed filesystem.

http://ccl.cse.nd.edu/software



Install in Your Home Directory

cd SHOME

wget http://ccl.cse.nd.edu/software/files/
cctools-4.2.2-source.tar.gz

tar xvzf cctools-4.2.2-source.tar.gz

cd cctools-4.2.2-source

./configure

NELG

make install
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When makeflow 1s ran without arguments. it will attempt to execute the werkflow specified by the Makeflow dagfile using the local execution engine.
Commands

-cy --clean Clean up: remove logfile and all targets.
-f,--summary-log <file>
Write summary of workflow to file.
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Makeflow:
A Portable Workflow System



An Old Idea: Makefiles

T o) T

partl part2 part3: input.data split.

Py
JIsplit.py input.data

outl: partl mysim.exe
Imysim.exe partl >outl

out2: part2 mysim.exe
Jmysim.exe part2 >out2

out3: part3 mysim.exe
Jmysim.exe part3 >out3

result: outl out2 out3 join.py
Jjoin.py outl out2 out3 > result

15



Makeflow = Make + Workflow

* Provides portability across batch systems.
* Enable parallelism (but not too much!)

* Trickle out work to batch system.

* Fault tolerance at multiple scales.

* Data and resource management.

Makeflow

Work

Local Condor  Torque Queue

http://ccl.cse.nd.edu/software/makeflow
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Makeflow Syntax

[output files] : [input files]

[command to run] One Rule

calib.dat
> sim.exe — out.txt
in.dat
sim.exe in.dat —p 50 > out.txt

out.txt : in.dat

sim.exe —p 50 in.data > out.txt




Y Xk
* I «

* all the files *
needed by the command.




sims.mf

out. . in.dat calib.dat sim.exe
sim.exe—p in.data > out.

out. . in.dat calib.dat sim.exe
sim.exe—p in.data > out.

out. . in.dat calib.dat sim.exe
sim.exe—p in.data > out.



How to run a Makeflow

Run a workflow locally (multicore?)
— makeflow -T local sims.mf

Clean up the workflow outputs:
— makeflow —c sims.mf

Run the workflow on Torque:
— makeflow —T torque sims.mf

Run the workflow on Condor:

— makeflow =T condor sims.mf




Job States

0: WAITING
* Means given to the batch
1: RUNNING system, which decides

when to run it.

. N

2: 3: 4:
COMPLETE FAILED ABORTED



Transaction Log

# TIME, TASKID, STATE, JOBID, STATE[O], STATE[1], ...

1347281321284638 519206510006
13472813213484885 29206501006
13472813213487604 19207411006
1347281321348958 319208321006
13472813216298024 29207312006
13472813216300052 19211222006



Visualization with DOT

* makeflow viz —D example.mf > example.dot

e dot —T gif < example.dot > example.gif

—
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DOT and related tools:
http://www.graphviz.org



BioCompute
TOSC{ |z ]

pute al

athrash1 - Home| Home Data

My Data

View Others' Pubic Fies: | athr

Upload File

ur File:

Private Files:

[T _1.assembled.unigen |

O _Lref

[ L.TCA.dean 1.fasta

[ _2.assembled.unigenes.!
[C] _aaegypti.EST-CLIPPED:
[ _aaeqyptiTRANSCRIPT:

[C] _agambiae.EST-CLIPPED.S..
£ alfa

Oal 1fa

O AT q.sorted.bam
[ fasta.sorghum_bicolor...

ceralic_icot, ok <fx

Example: Biocompute Portal

Action

Queue

Admin » More »

Selact Action: | submita BLAST Job

Step 1 - Select Input File

Select Folder.

Select Fil

[ None

Step 2 - Title, Algorithm, and Privacy

JobTide: [ hed

PaCY: | Make this job public. [<] |
Algorithm: |BLASTp E”

Step 3 - Choose BLAST Databases

E] Fiter by: \ All Modules

Status

Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete

Fiter by Submitter: [ atrasm

Progress
Bar

BLAST
SSAHA
SHRIMP
EST
MAKER

Transaction
Log

Update

Condor
Status Pool

Run
Workflow

VW ELEG
flow

Submit
IENS



Makeflow Applications
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Makeflow + Batch System




Makeflow + Work Queue

torque_submit_workers

W

Thousands of

Workers in a
Personal
T \ Cloud
Local Files and ﬂ
Programs T

condor_submit_workers ssh



Advantages of Work Queue

* Harness multiple resources simultaneously.

* Hold on to cluster nodes to execute multiple
tasks rapidly. (ms/task instead of min/task)

 Scale resources up and down as needed.

* Better management of data, with local
caching for data intensive tasks.

* Matching of tasks to nodes with data.



Makeflow and Work Queue

To start the Makeflow
% makeflow =T wg sims.mf
Could not create work queue on port 9123.

% makeflow =T wg —p 0 sims.mf
Listening for workers on port 8374...

To start one worker:
% work_queue_worker studentXX.cse.nd.edu 8374



Start Workers Everywhere

Submit workers to Condor:
condor_submit_workers studentXX.cse.nd.edu 8374 25

Submit workers to SGE:
sge _submit_workers studentXX.cse.nd.edu 8374 25

Submit workers to Torque:
torque_submit_workers studentXX.cse.nd.edu 8374 25



Keeping track of port numbers
gets old fast...



Project Names

makeflow ... work queue_worker
—N myproject —N myproject
connect to
Makeflo studentXX:4057
" <€ Worker
(port
4057)

advertise\ /query

work_queue_status ———>  Catalog
query

“myproject”
is at studentXX:4057



Project Names

Start Makeflow with a project name:
% makeflow —T wg —N myproject sims.mf
Listening for workers on port XYZ...

Start one worker:
% work queue_worker -N myproject

Start many workers:
% torque_submit_workers —N myproject 5



% ./work queue status

PROJECT

hfeng-gromacs-10ps
Jhfeng2-alab
forcebalance
forcebalance
fg-tutorial

s

NAME
fahnd04.crc.nd.edu
leclsstorOl.cre.nd.edu
lclsstorOl.cre.nd.edu
leeping.Stanford.EDU
leeping.Stanford.EDU
loginl. futuregrid. tacc

PORT
1024
1024
1025
Ly i
9230
1024

WAITING
719
4980
2404
1082

0

3

BUSY COMPLETE WORKERS

1882
0
140
26

3

0

1206967
1280240
1234514
822

147

0

1882
111
140

26
3
0




Resilience and Fault Tolerance

* MF +WQ is fault tolerant in many different ways:

— If Makeflow crashes (or is killed) at any point, it will recover

by reading the transaction log and continue where it left
off.

— Makeflow keeps statistics on both network and task
performance, so that excessively bad workers are avoided.

— |f a worker crashes, the master will detect the failure and
restart the task elsewhere.

— Workers can be added and removed at any time during the
execution of the workflow.

— Multiple masters with the same project name can be
added and removed while the workers remain.

— If the worker sits idle for too long (default 15m) it will exit,
so as not to hold resources idle.



Elastic Application Stack

Custom

All-Pairs Wavefront Makeflow
Apps

Work Queue Library

Thousands of Workers in a

Personal Cloud @
@a _ Public Shared
o Private Cloud Slel=
@ol @Iuste@ @ovider @Iust@



Makeflow is an example of the
Directed Acyclic Graph

(or Workflow)
model of programming.



Work Queue is an example of the
Submit-Wait
model of programming.

(more on that next time)



The Directed Acyclic Graph model
can be implemented using

the Submit-Wait model



