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8:00 am to 8:30 am Continental Breakfast 

8:30 am to 8:45 am      Ptolemy Miniconferences, Edward Lee (Berkeley)

8:45 am to 9:10 am 
Distributed Execution Architectures in Kepler 
Jianwu Wang, Daniel Crawl, Ilkay Altintas, Chad Berkley, & 
Matthew B. Jones (San Diego Supercomputer Center and UC Santa Barbara)

9:10 am to 9:35 am Modeling Distributed Real-Time Systems with Ptolemy II,
Patricia Derler, Jia Zou, Slobodan Matic, John Eidson (Berkeley)

9:35 am to 9:55 am Semantics of Modal Models in Ptolemy,
Stavros Tripakis & Edward A. Lee (Berkeley)

9:55 am to 10:15 am Break

10:15 am to 11:10 am Static Analysis using the Ptolemy II Ontologies Package,
Charles Shelton, Elizabeth Latronico, & Ben Lickly (Bosch & Berkeley)

11:10 am to 11:35 am 
To Meet or Not to Meet the Deadline,
Jan Reineke, Isaac Liu, Gage Eads, Stephen Edwards, Sungjun Kim, Hiren Patel 
(Berkeley, Columbia, Waterloo)

11:35 am to 12:15 pm Poster Tweets

12:15 pm to 2:30 pm     Working Lunch and Poster Session 

2:30 pm to 2:55 pm 
The Dataflow Interchange Format: Towards Co-Design of DSP-oriented Dataflow Models and
Transformations,
Shuvra S. Bhattacharyya (Univ. of Maryland)

2:55 pm to 3:20 pm Workflow Recovery for Different Models of Computation and Models of Provenance,
Sven Koehler, Bertram Ludaescher, Timothy McPhillips, Anandarup Sarkar (UC Davis)

3:20 pm to 3:45 pm Design, Analysis, and Implementation of Static Dataflow Models for Hardware Targets,
Kaushik Ravindran, Murali Parthasarathy et. al, (National Instruments)

3:45 pm to 4:00 pm Break

4:00 pm to 4:25 pm Kepler/G-Pack: A Kepler Package Using the Google Cloud for Interactive Scientific Workflows,
Gongjing Cao, Lei Dou, Quinn Hart, Bertram Ludaescher, (UC Davis)

4:25 pm to 4:50 pm Context Aware Actors,
Anne H.H. Ngu & George Chin Jr. (Texas State Univ. & Pacific NW National Lab)

4:50 pm to 5:15 pm Modular Code Generation,
Dai Bui & Stavros Tripakis (Berkeley)

5:15 pm to 5:30 pm The Ptolemy Project: Advancing System Design,
Edward A. Lee (Berkeley)

6:00 pm to 8:00 pm Reception and Dinner, The Faculty Club 



Posters
Gage Eads Berkeley Deadline Instructions in a PRET Architecture
Shanna-Shaye Forbes Berkeley Error Handling in Model-Based design for Real-Time Systems 
Soheil Ghiasi, Matin 
Hashemi

UC Davis Malleable Dataflow Specification: An Essential Ingredient for Resource-
Scalable Implementations 

Isaac Liu,  
Jan Reineke

Berkeley A PRET Architecture Supporting Concurrent Programs with Composable 
Timing Properties 

Slobodan Matic,  
Ilge Akkaya, and
John Eidson

Berkeley The Distributed Power System Test Case for Distributed Real-Time 
Systems

Christian Motika, 
Hauke Fuhrmann,
Miro Spönemann 
Reinhard von
Hanxleden

Kiel University KIELER Actor Oriented Modeling 

Deepak Shankar Mirabilis Using Ptolemy/VisualSim for Internet-based model Sharing and 
Communication.

Chris Shaver Berkeley Alternative Syntactic Representations of Graph-Based Models 
Chris Shaver, Dai Bui,
Stavros Tripakis 

Berkeley Multidimensional Dataflow Models 

Elizabeth Latronico,
Charles Shelton,
Ben Lickly

Bosch & Berkeley Lattice Composition for Ontology Analysis 

Ben Lickly, 
Charles Shelton,
Elizabeth Latronico

Bosch & Berkeley Practical Ontologies with Infinite Lattices 

Andreas Thuy University of 
Paderborn

Towards flexible and robust cyber-physical-systems through self 
organization

Stavros Tripakis,
Marc Geilen,  
Maarten Wiggers

Berkeley, TU 
Eindhoven

The Earlier the Better: A Theory of Timed Actor Interfaces 

Mike Wirthlin Brigham Young 
University 

Automated Bit-Width Analysis Using Ptolemy 

Michael Zimmer Berkeley IEEE 1588 Time Synchronization for Real-Time Distributed Systems 
Jia Zou, Jeff Jensen, 
Slobodan Matic

Berkeley The Tunneling Ball Device (TBD) Test Case for Real-Time Systems 

Jia Zou,  
Slobodan Matic,
John Eidson

Berkeley From PTIDES to PtidyOS: Programming Distributed Real-Time 
Embedded Systems 
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The 1st Biennial Ptolemy

Miniconference: 1995 
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The 1st Biennial Ptolemy

Miniconference: 1995 
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The 1st Biennial Ptolemy

Miniconference: 1995 
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The 1st Biennial Ptolemy

Miniconference: 1995 
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The 1st Biennial Ptolemy

Miniconference: 1995 
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The 2nd Biennial Ptolemy 

Miniconference: 1997 
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The 2nd Biennial Ptolemy Miniconference: 

1997

High-Performance Scalable 

Computing (HPSC) modeling 

by Sanders, a Lockheed-

Martin Company. 
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The 2nd Biennial Ptolemy Miniconference: 

1997
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The 2nd Biennial Ptolemy

Miniconference: 1997 
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The 2nd Biennial Ptolemy

Miniconference: 1997 
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3rd Biennial 

PtConf 1999 

The switch to 

Ptolemy II 
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3rd Biennial 

PtConf 1999 
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3rd Biennial 

PtConf 1999 

Ptolemy Project, Berkeley 16 

4th

2001
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4th 2001 
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Heterogeneous, 
problem-level 
description  

Heterogeneous, 
implementation 
-level description  

Relating the problem level with the 
implementation level 

Ptolemy Miniconference, May 9, 2003  20 

Foundations 

Our contributions: 

•� Behavioral Types 

•� Domain Polymorphism 

•� Responsible Frameworks 

•� Hybrid Systems Semantics 

•� Dataflow Semantics 

•� Tagged Signal Model 

•� Starcharts and Modal Model Semantics 

•� Discrete-Event Semantics 

•� Continuous-Time Semantics 

 Giving structure to the notion of 
“models of computation” 
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HyVisual – Hybrid System Modeling Tool 
Based on Ptolemy II, Released Jan. 2003 

HyVisual is a 
targeted tool, 
designed for 
hybrid system 
modeling. 

Ptolemy Project, Berkeley 22 

6th 2005 
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6th 2005 

Growth of the Cal 

actor language 
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7th 2007 
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8th 2009 

Parallel Virtual 
Machines in Kepler 

Daniel Zinn
Xuan Li
Bertram Ludaescher 

UC Davis
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9th 2011 

Let the show begin!
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Jianwu Wang1, Daniel Crawl1,
Ilkay Altintas1, Chad Berkley2, Matthew B. Jones2

1 San Diego Supercomputer Center, UCSD 
2 National Center for Ecological Analysis and Synthesis, UCSB 
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Outline�

•� Distributed Execution Architectures in 
Kepler�

•� Master-Slave Distributed Execution 
Architecture in Kepler�

•� MapReduce Distributed Execution 
Architecture in Kepler�

•� Comparison between the Above Two 
Architectures�
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Part I�

•� Distributed Execution Architectures in 
Kepler�

•� Master-Slave Distributed Execution 
Architecture in Kepler�

•� MapReduce Distributed Execution 
Architecture in Kepler�

•� Comparison between Master-Slave and 
MapReduce Distributed Execution 
Architectures�
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Distributed Execution Requirements in 
Kepler�

•� Various requirements on distributed 
execution in different environments, 
examples: �
–�Ad-hoc network resources�

–�Web service resources�
–�Cluster resources�
–�Grid resources�
–�Cloud resources�

–�…�
2/16/2011� 4���������	���
����
�	��������
��	�	��	�



Distributed Execution Supports in 
Kepler�

•� Kepler integrated frameworks and libraries 
to support the requirements�
–�Remote method invocation (RMI) for ad-hoc 

network resources�

–�Axis Web service libraries for Web Service 
invocation�

–�Ssh session libraries (JSch) for remote 
execution and job submission on clusters�

–�Globus libraries for Grid computing�
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Three Distributed Execution Levels in 
Kepler�

•� Work�ow level: the whole work�ow can be 
executed in distributed environments�
–� Example: Web service for Kepler work�ow 

execution�

•� Actor level: distributed computing and data 
resources can be utilized in an actor�
–� Example: Web service actor in Kepler�

•� Sub-work�ow level: sub-work�ows can be 
executed in distributed environments�
–� Example: Master-Slave and MapReduce 

Distributed Execution�
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Advantages of Using Work�ow System �
for Distributed Execution�

•� Reuse existing work�ows�
–� Easily transform work�ow from centralized 

execution to distributed execution�
•� Transparent implementation�

–� Hide diverse distributed techniques from users, 
such as different job schedulers�

–� Just drag-and-drop, no coding is needed�
•� Optimal execution�

–� (Semi-)automatically get the best execution plan�
•� Provenance support �
•� Fault tolerance�
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Part II�

•� Distributed Execution Architectures in 
Kepler�

•� Master-Slave Distributed Execution 
Architecture in Kepler�

•� MapReduce Distributed Execution 
Architecture in Kepler�

•� Comparison between Master-Slave and 
MapReduce Distributed Execution 
Architectures�
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Distributed Composite Actor�

•� As the role of Master, each token received by Distributed 
Composite Actor is distributed to a Slave node, executed, 
and the results returned.�
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Distributed Composite Actor Behaviors 
with Different Computation Models�
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Demo Work�ow�
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Usability�

•� Users use the DistributedCompositeActor just like the 
common composite actor�

•� Interaction for execution environment transition�

2/16/2011� 12���������	���
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Performance Experiment�
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Part III�

•� Distributed Execution Architectures in 
Kepler�

•� Master-Slave Distributed Execution 
Architecture in Kepler�

•� MapReduce Distributed Execution 
Architecture in Kepler�

•� Comparison between Master-Slave and 
MapReduce Distributed Execution 
Architectures�
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MapReduce Actor in Kepler�

2/16/2011� 15�

(a) MapReduce actor. (b) Map sub-work�ow in MapReduce actor. 
(c) Reduce sub-work�ow in MapReduce actor.�
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MapReduce Actor Execution in Hadoop�
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Using MapReduce Actor for Word Count�

2/16/2011� 17�

Word count work�ow in Kepler�

Map sub-work�ow� Reduce sub-work�ow�

Sub-work�ow in 
IterateOverArray actor�
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Performance Experiment for Word Count�
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Part IV�

•� Distributed Execution Architectures in 
Kepler�

•� Master-Slave Distributed Execution 
Architecture in Kepler�

•� MapReduce Distributed Execution 
Architecture in Kepler�

•� Comparison between Master-Slave and 
MapReduce Distributed Execution 
Architectures�
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Commonalities�

•� Both have distributed data + distributed 
programs�

•� Both have master and slaves�
•� Both have execution engines on slaves�

2/16/2011� 20���������	���
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Main Differences�

•� MapReduce�
–� Usually, all input data needs to be staged in 

beforehand and outputs is only accessible when 
the whole execution is �nished�

–� More suitable for large data sets, and has good 
scalability on clusters with numerous nodes�

•� Master-Slave�
–� Inputs can be provided dynamically and get its 

result gradually once it is generated�
–� More suitable for dynamic data distribution cases�

2/16/2011� 21���������	���
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Thanks!�

•� Papers for the Above Work�
–� J. Wang, D. Crawl, I. Altintas. Kepler + Hadoop – A General 

Architecture Facilitating Data-Intensive Applications in Scienti�c 
Work�ow Systems. In Proc. of the 4th Workshop on Work�ows in 
Support of Large-Scale Science (WORKS09) at Supercomputing 
2009 (SC2009) Conf..  �

–� J. Wang, I. Altintas, P. R. Hosseini, D. Barseghian, D. Crawl, C. 
Berkley, M. B. Jones. Accelerating Parameter Sweep Work�ows 
by Utilizing Ad-hoc Network Computing Resources: an 
Ecological Example. In Proceedings of IEEE 2009 Third 
International Workshop on Scienti�c Work�ows (SWF 2009), 
2009 Congress on Services (Services 2009).�

•� More Information:�
–� Distributed Execution Interest Group of Kepler: https://

dev.kepler-project.org/developers/interest-groups/distributed�
–� Contact: jianwu@sdsc.edu�
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MODELING DISTRIBUTED 
REAL-TIME SYSTEMS WITH 

PTOLEMY II
Patricia Derler, Jia Zou, Slobodan Matic, John Eidson, 

Edward A. Lee

University of California, Berkeley

1

Patricia Derler - Ptolemy Miniconference 2011

DISTRIBUTED REAL-TIME SYSTEMS

2

Multiple computers, comprising of sensors and actuators, 
connected on a network that act and react on events to meet 
timing constraints.

Courtesy of Doug Schmidt�

Instrumentation 
(Soleil Synchrotron) 

Military systems: 
Daimler-Chrysler 

E-Corner, Siemens 

Automotive 

Transportation 
(Air traffic 
control at 
SFO) 

Telecommunications 

Building Systems 

D l P l Mi i f 2011
Courtesy of Kuka Robotics Corp.�

Factory automation 
Power 
generation and 
distribution 

Courtesy of  
General Electric 

2
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MODELING DISTRIBUTED REAL-TIME SYSTEMS

3
3

Patricia Derler - Ptolemy Miniconference 2011

OVERVIEW

• Challenges: How to model

• Time

• Network 

• Execution time

• Execution semantics

• Address modeling challenges in PTIDES

4
4
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THE TIME CHALLENGE

5

Platform 3
time

Platform 2
time

Platform1 
time

Distributed platforms have different notions of time

t0

t0

t0

t1

t1

t1

Platform clocks drift

t2

t2

t2

Platform clocks drift at varying rates

5

Patricia Derler - Ptolemy Miniconference 2011

MODELING DISTRIBUTED SYSTEMS

6

Director mediates between actors
Difficult to maintain different notions of time 

One hierarchy level is not enough

6
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MODELING DISTRIBUTED SYSTEMS

7

Hierarchies:
• Opaque composite 

actors
• Embedded directors 

maintain time

Director

Director

Director

7
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MODELING DISTRIBUTED SYSTEMS

8

Top level: Oracle time

Every platform time is 
defined with respect to 
oracle time

Platform1 time 
= f1(t0)

Platform2 time 
= f2(t0)

Platform3 time 
= f3(t0)

Oracle time = t0

Oracle time

Platform 1

Platform 2

Platform 3

oracle time

fx(Oracle time)

Director

8
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CLOCK SYNCHRONIZATION

9

Master
Slave Master

Slave
adjust 
clock 
rate:

adjust 
clock
value:

9
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MODELING NETWORKS

10

Distributed platforms 
communicate via 
networks

Networks have latencies

e.g. CAN Bus, TTEthernet

10
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MODELING NETWORKS

11

Physical connections vs. 
Logical connections

Text

Logical connections are lost

11
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MODELING NETWORKS

12

Aspect-oriented 
modeling

Quantity managers 
[Balarin03] and 
schedulers to simulate 
network latency

[Balarin03] F. Balarin, H. Hsieh, L. Lavagno, C. 
Passerone, A. L. Sangiovanni-Vincentelli, and Y. 
Watanabe. Metropolis: an integrated electronic 
system design environment. Computer, 36(4), 2003.

12
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MODELING EXECUTION TIME

13

execution time

execution time
execution time execution time

13
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MODELING EXECUTION TIME

14

How is execution time computed?

Which time line to use for 
specifying execution time?

Director

Parameter

WCET = 0.4

Aspect-oriented 
programming

Platform time

Oracle time
t

f(t)

14
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DISTRIBUTED DISCRETE-EVENT MODELS

15

Discrete-Event (DE) for 
simulation

DE as a application 
specification language
which serves as a semantic 
basis for obtaining
determinism in distributed 
real-time systems. 

We need another time line

15
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DISTRIBUTED DISCRETE-EVENT MODELS

16

• Platform1 time 
• Logical time

Oracle time

• Platform2 time
• Logical time

• Platform3 time
• Logical time

Logical time describe the 
execution semantics

New time line: logical time

Logical time

Platform time

Oracle time
t

f(t)

t

16
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PTIDES: AN APPLICATION 

17

Programming temporally integrated distributed event systems 
[Zhao07]

• Discrete event model for execution

• Relates logical time to platform time 

whenever necessary

• Requires bounded error between platform 

clocks: Relies on clock synchronization

• Events are processed in time-stamped 

order

Platform 2
time

Platform1 
time

t0

t0

error bound

Logical 
time

Platform 
time

Oracle 
time

t

f(t)

f(t)

[Zhao07] Y. Zhao, J. Liu, and E. A. Lee. A programming model for time-synchronized distributed real-time systems. In 
Proceedings of the 13th IEEE Real-Time and Embedded Technology and Applications Symposium (RTAS 07), pages 259–
268, Bellevue, WA, USA, Apr 2007.

17
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A PTIDES MODEL

18

time stamp ≥ platform time

increase time stamp

platform time progresses

send time stamp and value 
and over network

time stamp ≤ platform time

execution time ≤ logical time delay

18
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SUMMARY

• Distributed embedded systems

• Each distributed platform has its own notion of time

• Modeling distributed systems with different notions of time and 
clock drifts

• Clock synchronization

• Modeling networks

• Modeling distributed discrete event systems

• PTIDES

19
19



Semantics of Modal 

Models in Ptolemy II 
Edward A. Lee 
Stavros Tripakis 
UC Berkeley 

Ninth Biennial Ptolemy Miniconference 

February 16, 2011

2

What are modal models? 

�� Modal models = hierarchical models mixing FSMs 

(Finite State Machines) and other models 

State refinement 



3

Example:

Hybrid System Finite State Machine 

Continuous-time model Continuous-time model 

4

Influences for this work 

�� Statecharts [Harel 87] 

�� Argos [Maraninchi 91] 

�� Esterel [Berry & Gonthier 92] 

�� Abstract state machines [Gurevich 93] 

�� Hybrid systems [Puri & Varaiya 94, Henzinger 99] 

�� Timed automata [Alur & Dill 94] 

�� SyncCharts [Andre 96] 

�� I/O Automata [Lynch 96] 

�� *Charts [Girault, Lee, & Lee 99] 

�� UML State machines 
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Arbitrary combinations 

of FSMs with other 

domains

Ptolemy II goes one step further 

6

How to give meaning to modal models? 

�� Not always trivial: 

What happens to the 
events produced by the
discrete clock while system 
is at mode “irregular”?
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How to give meaning to modal models? 

�� Approach 1: 

�� Give a meaning to every possible combination of models: 

•� Hierarchical state machines (Statecharts, UML, …) 

•� Timed automata (timed models within state machines) 

•� Hybrid automata (continuous models within state machines) 

•� Mode automata (synchronous/reactive within state machines) 

•� …

�� Scalable?

8

How to give meaning to modal models? 

�� Approach 2 [Ptolemy]: 

�� Modular semantics 

•� semantics of composite blocks = function of semantics of sub-

blocks

�� Compositionality

�� Heterogeneity
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This talk 

�� A formal semantics for Ptolemy 

�� operational semantics 

•� close enough to the Java implementation to be faithful 

•� but not too close (fits in a few pages) 

�� A formal semantics for modal models 

10

A FORMAL SEMANTICS FOR 
PTOLEMY
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Abstract semantics 

�� Actor = State Machine 

�� Actor = Inputs + Outputs + States + Initial state   

  + Fire + Postfire 

�� Fire = output function: produces outputs given current 

inputs + state 

�� Postfire = transition function: updates state given 

current inputs + state 

12

Implemented as Java interfaces 

Interface “Executable” 

Interface “Initializable” 
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Examples

Single state (“stateless”). 
P : trivial (state never changes). 
F : out := in*1.5 

State: the current value 
F : out := state 
P: state := input 

14

Behaviors – untimed

�� Set of untimed traces: 

�� such that for all i : 
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What about “timed” actors? 

timet0 t1 t2 t3 t4 

v0 v1 v2 v3 v4 

�� States include special timer variables: 

�� Set to some positive value, “expire” when they reach 0, can be 
“frozen” and “resumed”, … 

16

Behaviors – timed

�� Set of timed traces: 

�� such that for all i : 

Decrement timers by di

Delays
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What about hierarchy? 

How to give semantics to a hierarchical model? 

i.e.,

How to give semantics to a composite actor? 

18

Directors = composition operators 

�� Given a composite actor with a set of subactors 

A1, A2, …, with fire & postfire functions  

F1/P1, F2/P2, … 

�� … its director defines a new pair of fire & postfire 

functions F and P.

�� F and P define a new, composite actor A.

�� A can be used like an atomic actor (black-box). 

Modular, compositional semantics 
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Example: Synchronous/Reactive (SR) 

•� To compute the composite F, director solves a fixpoint:
•� Keep on evaluating Fi’s until the values of all signals stabilize 
(this includes output signals in particular) 
•� State remains unchanged during computation of the fixpoint! 

•� To compute the composite P, just execute all Pi’s 
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c.f. separation of fire and postfire 

20

Example: Synchronous Data Flow (SDF) 

In each firing, actors consume a fixed 

number of tokens from the input 

streams, and produce a fixed number 
of tokens on the output streams. 

�����
�����
������

A B
1 3 2 1 

•� SDF Director computes 
periodic schedule, e.g., 
A,A,A,B,B
•� Composite fire() fires all 
internal actors according to 
schedule

����� ��������!����"#$��
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MODAL MODEL SEMANTICS 

22

Giving semantics to modal models 
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Rough description of semantics 

�� Given current controller state si :

�� If no outgoing transitions from si are enabled: 

�� Use Fi and Pi to compute F and P

�� If preemptive outgoing transitions from si are enabled: 

�� Use the actions of these transitions to compute F and P

�� If only non-preemptive outgoing transitions from si are enabled: 

�� First fire refinement, then transition, i.e.: 

•� F is the composition of Fi and the output action of a transition 

•� P is the composition of Pi and the state update action of a transition 

�� Timers of refinements suspended and resumed when exiting/entering 

states

�� Details in paper “Modal Models in Ptolemy” [EOOLT 2010] 

preemptive transition 

non-preemptive transition 

24

Timed modal model example 

Mode transitions triggered at 
times 0, 2.5, 5, 7.5, etc. 

Events with value 1 produced at 
(local times) 0, 1, 2, 3, etc. 

First regular event generated at (global 
time) 0, then transition is immediately 
taken.
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Conclusions, ongoing work and future challenges 

�� Modular formal semantics for Ptolemy II 

�� Directors = composition operators over state machines 

�� Semantics worked out for modal models [EOOLT 2010] 

�� Currently extending it to other domains: Synchronous-

Reactive, SDF, Discrete-Event, Continuous-Time, … 

�� Meta-model to describe semantics? 

26

Thank you 

�� Questions?
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Motivation

�� Cars are networked software systems 
�� Up to 70 Electronic Control Units 

�� Software crucial for many features 

�� Electronic stability control 

�� Parking assist 

�� Emissions control 

�� Engine Start/Stop 

�� Active and passive safety 

�� Bosch makes all of these systems for auto manufacturers

�� How can we manage increasing complexity and interconnectedness 

of software models? 

�� Analysis approaches promising, but hand-annotation has drawbacks 
�� Time intensive to develop and maintain 

�� People are inconsistent, make errors 

�� Repeat for every composition 
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Examples of Model Construction Errors 

Transposition error Transposition error 

Transposition error Units error 

Transposition error Semantics error 
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Static Analysis Using Ontologies 

�� An Ontology consists of: 

�� A set of Concepts
�� Relationships between those concepts 

�� Ontologies are used for representation of semantic information 

�� General ontology frameworks (eg. OWL) focus on expressiveness 

�� Arbitrary ontologies represent complex relationships as a graph 

�� Restrict Ptolemy ontologies to lattice graph structure 

�� Lattice elements form a complete partial order 

�� Existing scalable analysis algorithms 

�� Existing work from compiler static analysis 
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Ontology Example: Ptolemy Type System 

�� Ptolemy type system implementation 

�� Types organized in a lattice 

�� Edges represent “can be converted to” relationships 

�� Automatic type inference and propagation 

�� Rehof-Mogensen constraint solving algorithm 

�� Users define type constraints in their actors 

�� eg. An actor’s output port type must be 

“greater than or equal to” 
(higher in the lattice)
the input port type 

�� Connections between actors imply that 

the sink type � the source type 
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Ptolemy Ontologies Framework 

�� Ontologies package generalizes the Ptolemy type system framework 

�� Users can define their own ontology 

�� Must also define the rules that determine ontology concept 

resolution

�� Constraints between model elements 

�� Constraints between actor input and output ports 

�� Reuses existing Ptolemy code 

�� Constraints are specified as inequalities between concepts assigned 

to each model element 

�� coutput � cinput
�� coutput � f(cinput) where f is a monotonic function in the ontology 

domain ( ca � cb implies f(ca) � f(cb) ) 
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Demo: Dimensional Analysis 

�� Use the Ontology static analysis to infer dimensional properties 

�� Position, Velocity, Acceleration, Time 

�� Ptolemy Model Example: Simple Car Dynamics Model 

�� There is an error in this model that leads to incorrect results 
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Step 1: Drag in a Lattice Ontology Solver 
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Step 1: Drag in a Lattice Ontology Solver 
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Step 2: Open the Solver Model 
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Step 2: Open the Solver Model 
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Step 3: Drag an Ontology into the Solver Model 
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Step 3: Drag an Ontology into the Solver Model 
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Step 4: Create the Dimensional Analysis Ontology 
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Step 4: Create the Dimensional Analysis Ontology 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 

CR/RTC3-NA Shelton, Latronico | 2/16/2011 | © 2011 Robert Bosch LLC and affiliates. All rights reserved. 

Static Analysis Using the Ptolemy II Ontologies  

Research and Technology Center 

20

Defining Actor-Specific Constraints 

Actor Elements Constraints 

Integrator input port derivative (x), 

output port state (y) 

cx � fI(cy)

cy � fO(cx)

Unknown If cy = Unknown

Velocity If cy = Position

Acceleration If cy = Velocity 

Dimensionless If cy = Time 

Conflict Otherwise

fI(cy) = 

Unknown If cx = Unknown

Position If cx = Velocity 

Velocity If cx = Acceleration

Time If cx = Dimensionless

Conflict Otherwise

fO(cx) = 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 
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Step 5: Add Actor Constraints to the Solver Model 
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Execute the Lattice Ontology Analysis 
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Step 6: Add Initial Constraints to the Model 

Charles Shelton, Elizabeth Latronico (Bosch), Ben Lickly, Edward Lee (UC Berkeley) | 2/16/2011 | © 2011 Robert Bosch LLC and affiliates.

All rights reserved. 

Static Analysis Using Ptolemy II Ontologies 

Research and Technology Center 

30

Step 6: Add Initial Constraints to the Model 
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Step 6: Add Initial Constraints to the Model 
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Step 6: Add Initial Constraints to the Model 
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Step 6: Add Initial Constraints to the Model 
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Reexecute the Lattice Ontology Analysis 
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Fix the Model Error and Reanalyze 

This erroneously 
connects Acceleration 
output data to an input 
expecting Velocity data 
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Fix the Model Error and Reanalyze 
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Done!
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Potential Uses for Ontology-Based Analyses 

�� Type/Semantics Checking 

�� Signal Data type Propagation 

�� Signal Physical Dimension Propagation 

�� Signal Physical/Logical Propagation 

�� Signal Data/Control Propagation 

�� Constant/Non-Constant Propagation 

�� Reachability

�� Observability

�� Identify and Propagate Diagnostic/Functional Model Elements 
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Ongoing Work 

�� Combining multiple ontology frameworks for integrated analyses 

�� POSTER: Elizabeth Latronico 

�� Ontologies with Infinite Lattice Elements 

�� Constant value propagation 

�� Representing and propagating records of lattice elements 

�� POSTER: Ben Lickly 

�� Concept function monotonicity analysis 

�� Automatically determine whether or not a function is monotonic 

�� Enable easier development of ontology frameworks 

�� Ontology Error Analysis 

�� Identify errors in the model by finding specific constraint conflicts 
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Conclusions

�� Lattice-based ontologies enable automatic static analysis 

�� Models can be verified for structural and semantic properties 

�� Guaranteed sound analysis given: 

�� The ontology is a lattice 

�� All constraint functions are monotonic 

�� Analysis algorithm scales with the number of constraints 

�� # constraints scales with # model elements 

�� Ontologies Package Demos in the Ptolemy Repository 
�� /ptolemy/data/ontologies/demo
�� /ptolemy/data/ontologies/demo/DimensionSystemExample
�� /ptolemy/data/ontologies/demo/CarTracking

�� Thanks!

�� Charles.Shelton@us.bosch.com
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Abstractions are Great 

Higher-level Model of Computation 

C-level programming language 

Instruction Set Architecture (ISA) 

Hardware Realizations 

Code
Generation

  Compilation 

 Execution 

Abstracts from 
execution time 

… if they abstract the right thing 
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Current Timing Verification Process 

C 
Program

Binary ArchitectureCompiler

WCET 
Analysis
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WCET 
Analysis

WCET 
Analysis

WCET 
Analysis

ArchitectureArchitectureArchitecture
C 

Program
Binary ArchitectureCompiler

WCET 
Analysis

� �

Current Timing Verification Process 

�� New Architecture �

Recertification

�� Extremely time-consuming 

and costly 

Airbus:
40 years 
supply of 
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Agenda of PRET 

Higher-level Model of Computation 

C-level programming language 

Instruction Set Architecture (ISA) 

Hardware Realizations 

Code
Generation

  Compilation 

 Execution 

Endow with 
control over timing

Predictable
Execution Platform 
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PRET Machines
Make Timing a Semantic Property of Computers

Precision-Timed (PRET) Machines 

Timing precision with performance: Challenges: 

�� Memory hierarchy (scratchpads?) 

�� Deep pipelines (interleaving?) 

�� ISAs with timing (deadline instructions?) 

�� Predictable memory management (Metronome?) 

�� Languages with timing (discrete events? Giotto?) 

�� Predictable concurrency (synchronous languages?) 

�� Composable timed components (actor-oriented?) 

�� Precision networks (TTA? Time synchronization?) 

See our posters! 
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Agenda of this Talk 

Higher-level Model of Computation 

C-level programming language 

Instruction Set Architecture (ISA) 

Hardware Realizations 

Code
Generation

  Compilation 

 Execution 

Endow with 
control over timing

Corresponding
timing constructs 
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Adding Control over Timing to the ISA 
Variant 1: “delay until”

Some possible capabilities in an ISA: 

�� [V1] Execute a block of code taking at least a 

specified time [Ip & Edwards, 2006]

time1 second

Code block
delay_

until

time1 second

Code block

Where could this be useful? 

-� Finishing early is not always better:
-� Scheduling Anomalies (Graham’s anomalies) 

-� Communication protocols may expect periodic behavior 
-� …
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Adding Control over Timing to the ISA 
Variants 2+3: “late” and “immediate miss detection”

�� [V2] Do [V1], and then conditionally branch if the 

specified time was exceeded. 

�� [V3] Do [V1], but if the specified time is exceeded 

during execution of the block, branch immediately 

to an exception handler. 

time1 second

Code block

branch_expired

time1 second

Code block

exception_on_expire
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Applications of Variants 2+3 
“late” and “immediate miss detection”

�� [V3] “immediate miss detection”: 

�� Runtime detection of missed deadlines to initiate 
error handling mechanisms 

�� Anytime algorithms 

�� However: unknown state after exception is taken 

�� [V2] “late miss detection”: 

�� No problems with unknown state of system 

�� Change parameters of algorithm to meet future 

deadlines
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PRET Assembly Instructions 

Supporting these Four Capabilities

set_time %r, <val>

– loads current time + <val> into %r 

delay_until %r

– stall until current time >= %r 

branch_expired %r, <target>
– branch to target if current time > %r 

exception_on_expire %r, <id>
– arm processor to throw exception <id> when current time > %r 

deactivate_exception <id>
– disarm the processor for exception <id>

Reineke et. al, Berkeley 12

Controlled Timing in

Assembly Code 

��������
���������

[V2] + [V3] could all have a variant that 
does not control the minimum 
execution time of the block of code, but 
only controls the maximum. 

set_time r1, 1s
// Code block 
delay_until r1

������
	��
����
�	��������

set_time r1, 1s
// Code block 
branch_expired r1, <target> 
delay_until r1

set_time r1, 1s 
exception_on_expire r1, 1 
// Code block 
deactivate_exception 1
delay_until r1

������

�
�
	��
����
�	��������
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Application: Timed Loops 

�������������

set_time r1, 1s 
loop:
// Code block 
delay_until r1
r1 = r1 + 1s 
b loop 

	�����
����������
��
�����������

set_time r1, 1s 
loop:
// Code block 
delay_until r1
set_time r1, 1s 
b loop 

���������������
� ���� �����������������
�!�

time1 second 1 second 1 second

loop body loop body delay
_until loop body delay_

until

time1 second 1 second 1 second

loop body loop body delay_until loop body delay_
until
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Timed Loop with Exception Handling 

set_time r1, 1s 
exception_on_expire r1, 0 
loop:
// Code block 
deactivate_exception 0
delay_until r1
r1 = r1 + 1s 
exception_on_expire r1, 0 
b loop 

�����
�������������
��"�#�

��
����������
������
��

��������$����������������������

����������#���
���%���������

�����������������������%�����

�������������
�������������

��
�����������������

�
� ����$�

���
�����
���������
&�����'��(�
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Exporting the Timed Semantics to a

Low-Level Language (like C) 

tryin (500ms) { 
   // Code block 
} expired {
    patchup(); 
}

set_time r1, 500ms 
// Code block 
branch_expired r1, patchup 

�������	
������	��	
������
	���������������
����

����������
������

����������������
���
���

����  ����	����	���������
������	������������������

���
��
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Exporting the Timed Semantics to a

Low-Level Language (like C) 

tryin (500ms) { 
   // Code block 
} catch {
    panic(); 
}

jmp_buf  buf; 

if ( !setjmp(buf) ){ 
set_time r1, 500ms 
exception_on_expire r1, 0

  // Code block 
deactivate_exception 0

} else { 
    panic(); 
}

exception_handler_0 () { 
     longjmp(buf) 
}

�����������!��������
�������"!
���
�


���	�����
#�����������	
��������
	�
�

	
�	�����
#!
���
����
���
�	��
��
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Variant with Exact Execution Times: 

tryfor

tryfor (500ms) { 
   // Code block 
} catch {
    panic(); 
}

jmp_buf  buf; 

if ( !setjmp(buf) ){ 
set_time r1, 500ms 
exception_on_expire r1, 0

  // Code block 
deactivate_exception 0
delay_until r1

} else { 
    panic(); 
}

exception_handler_0 () { 
     longjmp(buf) 
}

��������������	�
�����
�����������

�����������������
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MTFD – Meet the F(inal) Deadline 

�� Variant [V1] ensure that a block of code 

takes at least a given time. 

�� Variants [V2, V3] allow to act upon 

deadline misses. 

�� [V4] “MTFD”: Execute a block of code 

taking at most the specified time.

��)������������	
��
��

set_time r1, 1s
// Code block 
MTFD r1
delay_until r1

����������������������������

����������������������������

�	����������	��������������*�
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Current Timing Verification Process 

C 
Program

Binary ArchitectureCompiler

WCET 
Analysis

� �
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WCET 
Analysis

WCET 
Analysis

WCET 
Analysis

ArchitectureArchitectureArchitecture
C 

Program
Binary ArchitectureCompiler

WCET 
Analysis

� �

Current Timing Verification Process 

�� New Architecture �

Recertification

�� Extremely time-consuming 

and costly 
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ArchitectureArchitectureArchitecture
C 

Program
Binary ArchitectureCompiler

� �

Timing 
Constraints 

Checker

The Future (?) Timing Verification Process 

�� Timing is property of ISA 

�� Compiler can check 

constraints once and for all 

�� Downside: little flexibility in 

architecture development 
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The Future (?) Timing Verification Process: 

More Realistic? 

�� ISA leaves more freedom to 

implementations

�� Compiler generates constraints on 

architecture to meet timing constraints 

ArchitectureArchitectureArchitecture
C 

Program
Binary ArchitectureCompiler

� �

Const
raints

Architecture 
Constraint
Generator
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Conclusions

�� Abstractions are great, if they are the right abstractions 

�� Real-time computing needs different abstractions 

Raffaello Sanzio da Urbino – The Athens School 
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•  � Introduction to the dataflow interchange 

format (DIF) project, dataflow 

transformations, and DICE 

•  Application case study: high energy physics 

•  Wrapup 
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Abstract, formal 
application 
description 

High-performance  
implementation 

The Dataflow Interchange Format (DIF) 

•  Other benefits to 
beginning with a 
formal description: 

–  Bounded memory and 
deadlock detection 

–  Buffer and communication 
minimization: 

–  Parallel, Multirate loop, or 
Quasi-static scheduling 

–  Heterogeneous task 
mapping and co-synthesis  

–  Probabilistic design, Data 
partitioning, Vectorization,  

Dataflow Models DSP Designs 

The DIF Package  
        (TDP) 

DSP 
Libraries 

 Dataflow- 
based DSP  

Design Tools 

 Embedded 
Processing  

Platforms 

The DIF Language 
(TDL) 

DIF Specification 

Signal Proc 

Image/Video 

Comm Sys 

Meta-Modeling 

PDF BLDF 

Dynamic 

CFDF BDF 

DIF-to-C 

Algorithms Front-end 

DIF Representation AIF / Porting 

Static 
SDF MDSDF 

HSDF CSDF 

C 

DSP 

Other 
Embedded 
Platforms 

Other Tools 

Other Ex/Im 

VSIPL 

TI Other 

Autocoding 
Toolset 

Ptolemy II 

DIF-A T Ex/Im Ptolemy Ex/Im 

Java 

Java VM 

Ada 

VDM 

•  DIF captures coarse grain dataflow applications formally [4] 

•  To formally describe applications, the DIF Language (TDL) is 

–  Designed to capture a variety of dataflow models 

–  Can be used in conjunction with functionally simulatable actor descriptions 

•  To facilitate design, the DIF Package (TDP) provides: 

–  Scheduler, simulator, analyzers 

The DIF Language: Sketch 
[dataflowModel] graphID { 
    basedon {  
        graphID;  
    } 

     
    [topology] { 
        nodes = ndID, ...; 

        edges = edgeID(srcNdID, snkNdID), ...;  
    } 
 
    [builtInAttr] { 

        elementID = value; 
        elementID = id; 
        elementID = id1, id2, ...;  

    } 
 
    [attribute] usrDefAttr { 
        elementID = value; 

        elementID = id; 
        elementID = id1, id2, ...;  
    }  

 [refinement] { 

     ...   
 } 

} 

4 



Evolution of Dataflow Models of 
Computation for DSP: Examples 

•  Computation Graphs and Marked Graphs [Karp 1966, 
Reiter 1968] 

•  Kahn process networks [Kahn 1974] 

•  Synchronous dataflow, [Lee 1987]  

–  Static multirate behavior 

–  SPW (Cadence) , National Instruments LabVIEW, and 
others. 

•  Well behaved stream flow graphs [1992] 

–  Schemas for bounded dynamics  

•  Boolean/integer dataflow [Buck 1994]  

–  Turing complete models 

•  Multidimensional synchronous dataflow [Lee 1992] 

–  Image and video processing 

•  Scalable synchronous dataflow [Ritz 1993] 

–  Block processing  

–  COSSAP (Synopsys) 

•  CAL [Eker 2003] 

–  Actor-based dataflow language 

•  Cyclo-static dataflow [Bilsen 1996]   

–  Phased behavior  

–  Eonic Virtuoso Synchro, Synopsys El Greco and 
Cocentric,  

 Angeles System Canvas 

•  Bounded dynamic dataflow 

–   Bounded dynamic data transfer 
[Pankert 1994] 

•  The processing graph method [Stevens, 
1997] 

–  Reconfigurable dynamic dataflow  

–  U. S. Naval Research Lab, MCCI 
Autocoding Toolset 

•  Stream-based functions [Kienhuis 2001] 

•  Parameterized dataflow [Bhattacharya 2001] 

–  Reconfigurable static dataflow 

–  Meta-modeling for more general 
dataflow graph reconfiguration 

•  Reactive process networks [Geilen 2004] 

•  Blocked dataflow [Ko 2005]  

–  Image and video through 

parameterized processing 

•  Windowed synchronous dataflow [Keinert 
2006] 

•  Parameterized stream-based functions 
[Nikolov 2008] 

•  Enable-invoke dataflow [Plishker 2008] 

•  Variable rate dataflow [Wiggers 2008] 

DIF Project Components 

•  Core components 

–  The DIF language (TDL) 

–  The DIF package (TDP) 

–  Enable-invoke dataflow (EIDF) and functional DIF 

–  DIFML: XML dialect 

•  Plug-ins 

–  DIF-to-C: Software synthesis for SDF 

–  TDIF and TDIFSyn 

–  The dataflow schedule graph (DSG) 

•  Interfaces to ADS, OpenDF, LabVIEW, Ptolemy II, ¤ 



High Level Dataflow Transformations 

•  A well designed dataflow representation exposes opportunities for 

high level algorithm and architecture transformations. 

•  High level of abstraction � high implementation impact 

•  Dataflow representation is suitable both for behavior-level modeling, 

structural modeling, and mixed behavior-structure modeling 

–  Transformations can be applied to all three types of 

representations to focus subsequent steps of the design flow on 

more favorable solutions 

•  Complementary to advances in  

–  C compiler technology (intra-actor functionality) 

–  Object oriented methods (library management, application 
service management) 

–  HDL synthesis (intra-actor functionality) 

Representative Dataflow Analyses and 
Optimizations 

•  Bounded memory and deadlock detection: consistency 

•  Buffer minimization: minimize communication cost 

•  Multirate loop scheduling: optimize code/data trade-off 

•  Parallel scheduling and pipeline configuration 

•  Heterogeneous task mapping and co-synthesis  

•  Quasi-static scheduling: minimize run-time overhead 

•  Probabilistic design: adapt system resources and exploit slack 

•  Data partitioning: exploit parallel data memories 

•  Vectorization: improve context switching, pipelining 

•  Synchronization optimization: self-timed implementation 

•  Clustering of actors into atomic scheduling units 



Formal Model Detection  
(Core Functional Dataflow [3]) 
•  Divide actors into a set of modes 

–  Each mode has a fixed consumption and production behavior 

•  Write the enabling conditions for each mode 

•  Write the computation associated with each mode 

–  Including next mode to enable and then invoke 

•  For example, consider a standard Switch: mple, consider a standard Swmple, consider a standard Sw
Production & consumption 
behavior of switch modes 

Mode Consumes Produces 

Control Data True False 

Control 1 0 0 0 

True 0 1 1 0 

False 0 1 0 1 

Switch Actor 

Switch 

1 

1 

[1,0] 

[0,1] 
False 

Output 

True 
Output 

Control 

Data 

Mode transition diagram 
between switch modes 

Control 
Mode 

True 
Mode 

False 
Mode 

Practical Model Detection on Units 
•  Deterministic – Does the output repeat?  

•  Statefulness – Does the output just reorder? 

•  Dataflow model – Does input & output behavior repeat? 

Actor 
1101101000 00101110 

D th

Actor 
00101110 1101101000 1101101000 00101110 
Input Sequence 1 Input Sequence 2 Output Sequence 1 Output Sequence 2 

Actor 
1101101000 1100001101 00101110 00101011 1101101000 

Input Sequence 1 Input Sequence 2 Output Sequence 1 Output Sequence 2 



DICE: DSPCAD Integrative Command-
Line Environment [2] 

 What it is' 

•  a framework for managing 

cross-platform testing 

•  language independent 

•  an open source resource 

What it does not do 

•  provide code synthesis or 

debugging tools 

•  provide simulation capabilities 

•  transcode between platforms 

or languages 

6 

•  Introduction to the dataflow interchange 

format (DIF) project, dataflow 

transformations, and DICE 

•  � Application case study: high energy 

physics 

•  Wrapup 

Outline 



Case Study: Compact Muon Solenoid Trigger 

•  Complex: 

–  9300 magnets 

–  Protons travel at 99.99% times the 

speed of light 

–  7 TeV beam collisions 

•  Performance Oriented: 

–  6 collision detectors 

–  600 million proton collisions per 

second 

•  International Collaboration: 

–  2000 Scientists 

–  155 Institutes 

–  37 Countries 

CMS Trigger Background 

•  Large Hadron Collider (LHC) 

–  CERN: Switzlerland/France 

–  Event rate of 1GHz 

–  Trigger Selectivity: ratio of trigger rate to event rate 

(e.g., 10-11) 

•  Compact Muon Solenoid 

–  General purpose particle physics detector for the LHC 

–  CMS Trigger: Multi-Level Filtering: Level 1 (FPGA) � 
High Level Trigger (software) � Tape storage 

Source: http://en.wikipedia.org/wiki/Trigger_%28particle_physics%29, and  
http://en.wikipedia.org/wiki/
Compact_Muon_Solenoid#Layer_2_.E2.80.93_The_Electromagnetic_Calorimeter, 
Dec. 1, 2010. 



Goals: Efficient, Agile Design 

•  The upgraded Calorimeter Trigger will require 

new algorithms 

•  Modern field programmable gate arrays 

(FPGAs) provide efficient platforms 

•  Implement Calorimeter Trigger using 

–  A unified design platform 

–  Unified design and test methodologies 

–  Techniques that facilitate future upgrades 

•  Start by implementing a baseline design for 

the new algorithms 

 

Solution: Novel Implementations and a Unified 
Cross-Platform Management System 
•  Collaboration with University of Wisconsin [1] 

•  Novel FPGA designs 

–  Reexamination of physics algorithms for FPGAs 

–  Structured analysis of resource usage 

•  Cross-platform design 

management 

–  Novel, light weight development 

framework 

–  Cross-platform unit testing 

–  Dataflow model detection 

–  Enhanced auto-documentation 

Automatically generated  
application graph 



Impact: Performance and Cost 

•  Novel FPGA implementations for over a 

dozen modules in the CMS detector  

–  Improve performance 

–  Cut implementation costs by reducing the 

number of FPGAs required for the upgrade 

•  New design process 

–  Bugs found earlier in design process saves time 

and money 

–  Automated documentation facilitates fast 

collaborative design process 

Processing Detectors 
•  56x72 sized grids 

•  With millions of events a 

second, storing all of the 

data would result in 

GigaBytes per second 

•  Instead, store only 
events that trigger 

certain conditions 

•  L1 trigger finds image 

features that represent 

certain particles from a 

series of: 

–  Thresholding 

–  Filtering 

–  Sorting 

•  Must complete in 

nanoseconds to process 

every sample period 



Triggering Application Graph 

Triggering Application Graph 

Written by application designers and then re-implemented by 
hardware engineers � Cross-platform verification is a 

problem  



Test directory structure 

top level 
DICE 

test 

Util 
common 
input files 
correct-
output 

testdif 
makeme 
runme 

testcc 
makeme 
runme 

testv 
makeme 
runme 

src 

Java C++ Verilog 

21 

38b output 

ECAL 1-4 FG 1-4 HCAL 1-4 

Model based testbench creation 

File 
reader 1 

File 
reader 2 

File 
reader 3 

38b t t

File 
writer 1 

Text files 
(sample input  

provided by  
user) 

Expected 
38b output 

Comparator 
from larger  

test  framework 

Cluster  
Computation 

Actor 



Results 

(H)SDF = (homogeneous) synchronous dataflow 

•  Introduction to the dataflow interchange 

format (DIF) project, dataflow 

transformations, and DICE 

•  Application case study: high energy physics 

•  � Wrapup 

Outline 



•  The dataflow interchange format (DIF) project 

–  The DIF Language (TDL) 

–  The DIF Package (TDP) 

–  Plug-ins for simulation and synthesis 

•  The DSPCAD Integrative Command Line Environment 

(DICE) 

•  Application case study: high-energy physics 

•  Other ongoing application thrusts in the DIF project include: 

embedded speech processing, software-defined radio, 
wireless sensor networks, image registration, radio 

astronomy instrumentation 

•  Co-design of dataflow-based representations and 

transformations 

Summary 

•  Portions of the work presented here have 

been sponsored by DARPA (through MCCI), 

and NSF (ECCS0823989 and CNS0720596). 

•  For more details on these projects, and 

associated publications:  
http://www.ece.umd.edu/DSPCAD/home/
dspcad.htm. 
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Sven Köhler, Timothy McPhillips, Sean Riddle, Daniel Zinn, 
Bertram Ludäscher 

�� Scientific Workflows 

�� Automate scientific pipelines 

�� Have long running computations 

�� Often contain stateful actors 

�� Workflow execution can crash because of … 

�� Hardware failures 

�� Power outages 

�� Buggy / malicious actors, … 

�� Current approach: Start workflow from the beginning 



�� Manage actor failures or  
sub-workflow failures AND their effects  

�� Atomicity and provenance support for pipelined scientific 
workflows [Wang et al.] 

�� Ptolemy’s “Backtrack” [Feng et al.] 

�� Use caching strategies for faster re-execution 

�� W.A.T.E.R.S. memoization [Hartman et al.] 

�� “Skip over” strategy [Podhorszki et al.] (CPES)` 

�� Recovery based on readily available Provenance 

1.� Create a uniform model for workflow descriptions and 
provenance 

2.� Record actor state in provenance in relation to invocations  

3.� After a workflow crash:  Use provenance data in our uniform 
model and start recovery 

�� Different strategies for recovery  



Strategy Description 

Naive  - Restart the workflow without using provenance 
 - Re-executes everything 

Replay  - Use basic provenance to speed up recovery 
 - Re-execute stateful actor with input from provenance (replay) 
 - Restore all queues 
 - Resume the workflow according to the model of computation   

Checkpoint  - extension of replay strategy 
 - Use checkpoints (state of actors stored in provenance) 
 - Reset stateful actors to recorded state 
 - Replay successful invocations after the checkpoint 
 - Restore queue content 
 - Resume the workflow 



Workflow with a mix of stateful and 
stateless actors                                        . 

Corresponding schedule of the workflow 
with a fault during invocation B:2 

Execution of the previous 

workflow 

Checkpoints for actor B 

and D but not for C 

At invocation B:2 - Crash 

Tokens t4 and t7 - in queue 

Token t9 - to be restored 

Token t10 - to be deleted   



�� Using Kepler with the Provenance Recorder 

�� Extensions to the Provenance Recorder: 

�� Record serialized tokens 

�� Extend the provenance schema 

�� Add queries 

�� Recovery Extension in the SDF Director: 

�� Serialize states after one iteration of the SDF schedule 

�� Black-list to prevent capturing transient actor information 

�� White-list if actors are annotated with state-information 



�� Upon restart: 

�� SDF director checks provenance information 

�� SDF director calls the recovery engine  

�� Recovery: 

�� Restore the internal state of actors 

�� Replay successful invocations using input tokens from 
provenance 

�� Restore content of all queues  

�� Return to SDF director with information about where to 
resume 

Synthetic Workflow Results 



�� Advantages of our strategy: 
�� Efficient workflow recovery using readily available information 

�� Quick constant time recovery (checkpoint strategy) 

�� Generalized approach,  saving labor 

�� Robustness 

�� Disadvantages of previous strategies: 
�� Required labor-intensive customized systems 

�� Failure required restarting long-running workflows from the 
beginning 

�� Caching only works for stateless actors 

�� Caching only provides a partial recovery 



Design, Analysis, and Implementation of Static Dataflow Models for Hardware 
Targets,
Kaushik Ravindran, Murali Parthasarathy, et. al, (National Instruments)

Abstract: We present the DSP Designer framework to implement applications 
specified in the Static Dataflow (SDF) model of computation on hardware 
targets, such as FPGAs.  Prior studies have shown the effectiveness of SDF as a 
natural model to specify multi-rate streaming applications.  However, the focus 
of these works has primarily been on SDF implementations for processor targets.
DSP Designer specializes the SDF model to make it suitable for hardware targets.
It facilitates hardware actor definition and intellectual property (IP) integration.
The back end additionally provides analysis methods tuned for synthesis of 
efficient hardware designs, such as resource allocation, memory optimization, 
and scheduler generation.  The objective is to deliver an exploration framework 
that empowers application domain experts to become hardware designers.  In 
this talk, we highlight key concepts underlying DSP Designer, demonstrate 
preliminary capabilities for exploration and implementation using practical 
applications, and discuss open challenges related to the specification of control 
and timing along with dataflow.  We also summarize key features of the DSP 
Designer software architecture and invite partners to leverage our infrastructure 
and API to build tools for graphical design.
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Kepler/G-Pack: A Kepler Package Using the Google 

Cloud for Interactive Scientific Workflows 

(a.k.a. Koogle-Kuration Package)

Gongjing Cao, Lei Dou, Quinn Hart, Bertram Ludaescher 
UC Davis 

DAKS, UCDavis 2 Ptolemy Miniconference, February 16, 2011 

Interactive Scientific Workflows 

�� Requirements for human interaction in scientific 
applications
��dynamic branching based on scientists’ runtime decision 

��semi-automatic data curation 

�� Category of human interaction 

Synchronous Asynchronous 

time cost short time, instantly unknown 

people involved

in interaction 
workflow executor 

people other than

workflow executor 

workflow blocking yes not necessarily 

implementation

approaches

graphical window

web page/browser 

dedicated server 

mail, polling, callback 
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Google Cloud Computing in Kepler

DAKS, UCDavis 4 Ptolemy Miniconference, February 16, 2011 

Actors in Kepler/G-Pack 

�� Authorization

�� 1st step to acquire access to Google services 

�� Spreadsheet Operations 

�� Various manipulations on Google Spreadsheet, like copy, share, 
import, export, query, audit. 

�� Data Analysis 

�� Various operations especially for data curation purpose, like 
duplicates identification and fuse, data boundary inspection. 

�� Data Access 

�� Google visualization datasource actor allows SQL-like access to 
Google cloud data 

�� Mail Service 

�� MailSender Actor supports sending email through SMTP with 
UserName/Password or OAuth token/secret. 
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OAuthAuthorizer Actor 

��

DAKS, UCDavis 6 Ptolemy Miniconference, February 16, 2011 

Spreadsheet Operation Actors 

Actors Functions 

Importer import data to a spreadsheet 

Exporter export data from a spreadsheet 

Copy copy a spreadsheet from a template 

Share share the spreadsheet with another user 

Query query data from the spreadsheet 

Auditor
PollingQuery

allow human interaction during the execution of the 
workflow
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Data Access 

VisualizationDataSource Actor 

�� Get the response from a servlet which is implemented with 

Google visualization datasource. 

•� e.g.  servlet: 

•� http://comet.cs.ucdavis.edu:8080/CimisVis/sql

� Table: daily 

query:select * where d_date>date'2005-01-09' and 

d_date<date'2005-01-20'

DAKS, UCDavis 8 Ptolemy Miniconference, February 16, 2011 

Data Access 

VisualizationDataSource Actor 

�� Actor parses JSON string to Kepler token 

�� array of RecordToken 
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MailSender Actor 

�� Gmail and other mail server supporting SMTP protocol 

��It supports sending email through SMTP with UserName/

Password or OAuth token/secret. 

DAKS, UCDavis 10 Ptolemy Miniconference, February 16, 2011 

Data Analysis Actors (COMAD actors) 

Actors Functions 

Clustering
Do clustering on a list of RecordToken by applying 

specified function for specified field.

DataFuser Fuse a list of RecordToken with specified function 

ConditionTester Test whether specified condition is satisfied or not.  
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Evapotranspiration Workflow 

DAKS, UCDavis 12 Ptolemy Miniconference, February 16, 2011 

Biofuel Refinery Workflow
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SpecimenRecordMerge Workflow 

DAKS, UCDavis 14 Ptolemy Miniconference, February 16, 2011 

AdvancedSpecimenRecordMerge Workflow 
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Context-Aware Actors 

Anne H. H. Ngu

Department of Computer Science

Texas State University-San Marcos

Ngu-TxState02/8/2011 

Ngu-TxState

Outline

�� Why Context-Aware Actor?

�� Context-Aware Scientific Workflow System 

-� Architecture

-� Context Modelling and Provisioning 

-� Context Providers and agents 

-� Context Annotation 

-� Demo of Context-Aware actors 

-� Conclusion and future work 

02/8/2011 
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Why Context-Aware Actors? 
•� Actor-oriented scientific workflow model - ideal for modeling data 

intensive, stream-based and concurrent execution nature of 
scientific workflow. 

•� Problems with using Actor-oriented model for modeling dynamic 
workflows.
�� too many low-level control-flow actors and wiring lead to complex workflow that is hard to comprehend 

and re-use.

•� Proposed solution in the past: Static Frame and Template, 
Dynamic frame actor, and Generic actor.

•� Static frame and template cannot adapt to runtime conditions (SciFlow 
2006).

�� Dynamic frame encodes control-flow implementation of runtime conditions in 
the frame actor, thus cannot adapt to new situation without re-
implementation (SSDBMS 2009). 

�� Generic actor encodes all variations in control-flow logic a-priori in the actor. 

�� All involve knowing low-level actor programming skills.

•� Context-aware actor is proposed to enable actor-oriented 
scientific workflow to be more personalized, adaptive, intuitive, 
and intelligent by modeling  the logic related to quality runtime 
adaptations as contexts and provisioned  by a separate 
computing unit to the actor. 

02/8/2011 Ngu-TxState

02/8/2011 Ngu-TxState

Context-Aware Actors 

�� Context awareness: the capability of 

being aware of its physical 

environment or situation (context) and 

responding proactively and intelligently 

based on such awareness 

�� One of the most important trends in 

computing that is becoming more 

important with relentless growth in 

mobile services (location-based 

services)

•� Context-aware Actors (CAA): make actors more personalized, adaptive, 

and intelligent

•� Actor: a reusable 

component that may 

encapsulate external 

computation programs, 

grid services, scripts or 

local applications.
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Context-Aware FileCopier Actor
An Example CAA 

Recommend fastest type of protocol to 
transfer file taking user’s contextual 
information such as size of the source 
file, availability of protocols and speed of 
the  network connection between 
machines.

Example of contexts used for deciding on 
a protocol are: 
If filesize is > 6GB and network connection 
speed is < 6ms, use bbcp protocol. 
If bbcp protocol is not available and recursive 
option is set, use scp protocol 

User enters source file, destination file, 
source machine, destination machine, 
and a high-level file transfer option (e.g., 
fast protocol) 

Context and Context-Awareness 

�� Context:

-� All data that can be gathered automatically at runtime which 
can affect the actor’s behavior : 

�� System parameters (OS, CPU usage, job queue status, 
network speed, type of machines, availability of resources 
and their versions, occurrences of certain events) 

-� All data supplied by the user (gathered manually) especially 
those data related to his/her preferences. This can include 
strategies that can be applied to obtain specific level of 
guaranteed quality 

�� Context-Awareness

-� The mechanism for adapting the execution of an actor based on the 
sensed /gathered contextual information. 

02/8/2011 Ngu-TxState



2/14/11

4

Kepler
System

����

���
���

�����������	
�����

�
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�
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�������

Context
Provisioner

Atomic
context

Composite 
context

Agent-n

…
..

context binding 

Actor 1 Actor n  … CAA 

Actor 1 Actor n  … Web 
Service
SCP 

Context-awareness

��
�
�
��������������

Execution Engine 

Kepler Context-Aware Scientific Workflow Architecture  

02/8/2011 Ngu-TxState

Cached context 

02/8/2011 Ngu-TxState

Context Provisioning Server 
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Context Provisioning Server (CP) 
�� Is adapted from the ContextServ project whose goal is to provide a 

platform for rapid development of context-aware web services. It is 

funded by Australian Research Council.

�� CP is responsible for setting up, acquiring, and managing the contexts 

used by any context-aware actors. 

�� CP contains a set of agents and a repository of context XML files 

(context specification) 

�� The context XML files store the specification of all contexts used by a 

specific project.  CP uses the context XML files to figure out how to 

acquire  defined context  information from the appropriate agents. 

�� CP is implemented as a web service using Apache CXF (a light-

weight  Java based  web services development tool kits) 
02/8/2011 Ngu-TxState

Context Providers 

�� Context providers are the context sources. They are independent 

from CP. 

�� There are many different kinds of context providers (hardware sensors, 

PDA, software systems, web services).

�� Agents are used to provide a uniform abstraction for obtaining context 

from a particular kind of  context provider (e.g. Webservice agent is used to 

acquire contexts from all context providers which can be queried through SOAP 

protocol)

�� Context providers can be added and removed anytime.

�� It is the responsibility of the context provider to provide the 

implementation of  services (i.e. gathering of the contextual data). 

02/8/2011 Ngu-TxState
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An example of  a context provider

02/8/2011 Ngu-TxState

Use command like ls –al filename
to check size of file 

Implementation of 
verifyFileSize context provide

02/8/2011 Ngu-TxState

Context Modelling 

�� Context Provisioner distinguishes 
between atomic contexts and 
composite contexts 

�� Atomic contexts: low-level 
contexts, directly provided by context 
providers

-� e.g., filesize, temperature,

�� Composite contexts: high-level 
contexts, no direct providers, 
aggregate multiple atomic or 
composite contexts

-� e.g., fastProtocol 

-� Provide more powerful context 
modelling mechanism 

�� Context can be provided by one or 
more context providers 

Context Context Provider 

ContextProviderImp

AtomicContext CompositeContext

*

*

* 1..*
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Example of Atomic Context Creation Example of Atomic Context 

XML representation of atomic context

02/8/2011 Ngu-TxState

<context>
    <name>filesize</name> 
    <type>float</type>
    <category>Atomic</category> 
    <context_provider> 
         <name>verifyFileSize</name> 
          <category> Remote</category> 
          <agent>commandLineAgent> 
          <link>contextProviders.FileSizeContextprovider</link> 
           <operation>getFileSize</operation> 
           <input ref=“Parameter”> target</input> 
           <input ref=“Parameter”>directory</input> 
        </context_provider> 
 </context> 
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Rules for recommending a fast protocol defined 
as a composite context

Fast protocol:

If (  (bbcp is available) 

     // big file, slow network speed, so better off with a fast protocol 

     if (filesize is >=6 GB) &   (network speed > =6ms) )  then  choose bbcp 

     else if (filesize < 6 GB  OR networkspeed < 6 ms )

           if recursive transfer

             choose scp 

           else

             if (sftp available) choose sftp 

             else choose scp 

 else

        if recursive transfer 

                  choose scp 

       else

             if  (sftp available)  choose sftp 

             else choose scp 

02/8/2011 Ngu-TxState

02/8/2011 Ngu-TxState

Example of Composite Context Creation Example of Composite Context 
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Representation of composite context

02/8/2011 Ngu-TxState

<context>
      <name>fastprotocolB</name> 
      <type>String</type> 
      <category>Composite</category> 
      <dependence>filesize</dependence> 
      <dependence>netspeed</dependence> 
      <dependence>bbcprotocolB</dependence> 
      <dependence>srmLiteprotocolB</dependence> 
       <dependence>sfprotocolB</dependence> 
       <scxml>fastprotocolB.scxml</scxml> 
  </context> 

Ngu-TxState

Actor Modelling 

ports

Actor

Parameters

CAObject Context

AtomicContext CompositeContext

0..*

1..*

1

*

*

* 1..*
ContextBinding

*
1..*

Context Modelling 

Context-Awareness Modelling 

ContextProvider

1

Context Annotation 

CAMechanism

ContextProviderImpl

Development of Context-Aware Actor 

02/8/2011 
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Context Awareness Modeling 

�� Context binding is the ability for an actor to bind 
to/access relevant contexts defined in the CP.

�� Context awareness is the mechanism by which 
an actor behavior can be modified based on the 
gathered contextual information.

�� A context-aware scientific workflow system 
must implement a context binding mechanism
and a context-triggering mechanism. 

02/8/2011 Ngu-TxState

Context Annotation as the Awareness 
Mechanism

�� The main purpose of context annotation is to facilitate an end user (scientist) 
to tailor  an existing actor in the KEPLER repository to his/her environmental 
context by interacting with a visual annotation tool. Context is injected into an
existing workflow on demand –basis. 

�� The end user must identify context sensitive parameters (CAObject) in an 
actor and bind them to appropriate contexts. We assume that the end user 
understand the semantics of the defined contexts in his/her domain. 

�� Two new classes, ContextAnnotationGUI and ContextParameter are 
introduced. Context annotation encapsulates all user interactions with the 
context provisioning server that will result in correct context binding. 

�� ContextParameter class encapsulates actions associated with contacting the 
context provisioning system to provide real-time evaluation of the contextual 
value of a context sensitive port or parameter in an actor. 

�� Context Annotation provides a generic mechanism for incorporating context
without any code changes. 

02/8/2011 Ngu-TxState
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Implementation of Context Annotation

02/8/2011 Ngu-TxState

ContextAnnotationMenu

ContextAnnotationGUI

+parseContext() �
+ContextBinding() �

instantiates 

<<interface>>
      Actor 

AtomicActor

+prefire() �
+fire()�
+postfire() �
+iterate(int) �
+ContextTriggering() �

CompositeActor

+prefire() �
+fire()�
+postfire() �
+iterate(int) �
+ContextTriggering() �

TypedAtomicActor 

CONCRETE ACTOR 

ContextParameters

JFrame

extends

FigureAction

extends implements implements 

extends

TypedCompositeActor 

extends

Implementation of ContextParameter

02/8/2011 Ngu-TxState

ContextParameter

+stringValue()
+getValue() �

StringParameter

extends

public String getValue(Object[][] paras) throws 
IllegalActionException
{
// contacts the Context Provisioning server 
//saves the list of parameters from an actor 
//uses getContext() API to evaluate the context 
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Steps in Context Annotation

1.� From the GUI, display all the existing parameters or ports of the 

actor that are candidates for context annotation. 

2.� Let the user selects the context parameter for annotation. 
3.� Contacts the CP server to find  the list of contexts that is relevant 

to the selected context parameter. 

4.� Let the user picks the required context to bind to. 

5.� If the binding requires mapping, map the context variables with 

actor parameters. 
6.� Click “map” to finish the binding and repeat 2 to 5 for the next 

parameter. 

7.� The context triggering phase started when user pressed the done 

button and run the actor. 

8.� The context computation takes place during the firing of the actor 

02/8/2011 Ngu-TxState

Step A 

Step B 

Step C 

Step D 

Step E 

02/8/2011 Ngu-TxState
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Summary of Context Annotation

�� Context annotation presented a new framework that enabled scientific tasks 
to exploit dynamic environmental information during runtime without
introducing complex control-flows and additional proliferate actors. 

�� Context annotation enables different kepler’s actors to be context-aware 
without any low-level re-coding of the actors.

�� Context annotation simplifies the construction of scientific workflows that
involve intricate adaptive behaviour, especially when a myriad of 
environmental conditions must be checked and verified.  When environment 
conditions must be checked in different workflows, it can be outsourced to 
the CP rather than coding those conditions in every wokflow.

�� Intelligent defaults set up in contexts can be re-used across different 
workflows. This simply the actor programming.

�� Context annotation provides the ability for  the end user to plug in different 
contexts for the different situations under which a workflow can be executed. 
For example, the ability to choose the machine with maximum CPU, the 
network with shortest delay, or the protocol with highest reliability 
transparently for the users. It hides the complexity of running the workflow in 
different execution environments. 

02/8/2011 Ngu-TxState

Future Work

�� Apply context-aware model to Cyber Physical System

-� power grids, medical device systems, traffic control systems, environmental monitoring all 
invariably must deal with real time changing physical conditions. Can a more robust and 
adaptive CPS system be built with context-aware model? 

�� Integrate context-aware model with scientific workflow template 
design workbench.

-� Workflow templates encapsulate both control flow and data flow patterns that can be 
reused and adapted by scientists with minimal configuration in their pursue in designing 
and executing their own scientific processes.  Actor and parameter bindings in template 
can benefit from the additional contextual information. 

-�  Context-driven binding of templates will  result in a configured workflow that is of better 
quality.

02/8/2011 Ngu-TxState
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Ptolemy Project, Berkeley 2 Courtesy of Kuka Robotics Corp.�

Cyber-Physical Systems (CPS):
Orchestrating networked computational
resources with physical systems

Power
generation and 
distribution

Courtesy of
General Electric 

Military systems: 

E-Corner, Siemens 

Transportation 
(Air traffic 
control at 
SFO)Avionics 

Telecommunications 

Factory automation 

Instrumentation
(Soleil Synchrotron) 

Daimler-Chrysler

Automotive

Building Systems 
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CPS Example – Printing Press
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Where CPS Differs from 

the traditional embedded software problem: 

�� The traditional embedded software problem: 
 Embedded software is software on small 

computers. The technical problem is one of 

optimization (coping with limited resources). 

�� The CPS problem: 
 Computation and networking integrated with 

physical processes. The technical problem is 

managing dynamics, time, and concurrency in 
networked computational + physical systems. 
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Approaching the CPS Challenge 

Cyberizing the Physical (CtP): to endow physical 

subsystems with cyber-like abstractions and interfaces 

Physicalizing the cyber (PtC): to endow software and network components 

with abstractions and interfaces that represent their dynamics in time.

Ptolemy Project, Berkeley 6 

Projects at Berkeley focused on

Physicalizing the Cyber 

Time and concurrency in the core abstractions: 

�� Foundations: Timed computational semantics. 

�� Bottom up: Make timing repeatable. 

�� Top down: Timed, concurrent components. 

�� Holistic: Model engineering. 
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