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Summary

The work on project is going according to the schedule outlined in the proposal.  The main effort of the first year is development of the modular specification language for hybrid systems CHARON and its semantic definition.  This task is practically complete.  A preliminary version of CHARON development toolkit has been released for beta-testing.  We used CHARON in modeling of several sample hybrid systems in order to evaluate the available features and ease of use of CHARON in practical applications.  Work on MoBIES challenge problems has started.  No major problems have been encountered within this period.

Status of project tasks

We describe the activities performed for each of the tasks in the project.  Each item listed below corresponds either to a technical paper, published or submitted for publication, or an implemented piece of software.

1. Design language.

The main impact of the first year of the project is the development of the modeling language CHARON for hybrid systems.  The language syntax and semantics have been defined.  CHARON language is now considered stable.

2. Programming environment and software toolkit.

· The basic components of the CHARON software toolkit have been designed and implemented.  These components include parser, type checker, GUI front-end, and a global simulator. 

· A preliminary version of the CHARON toolkit has been released for evaluation.  The tool, implemented in Java, can be downloaded as a Java package from http://www.cis.upenn.edu/mobies/charon/implementation.html.

· Implementation of the efficient event detection algorithm is under way.  The algorithm will substantially improve efficiency of CHARON simulation.  It can also be used in various analysis techniques for CHARON.

· Implementation of a custom simulator GUI has started.  The new interface will give the user an easier-to-use access to all features of CHARON simulation.

3. Methodology and algorithms.

a. Abstraction techniques

· Compositional Abstractions of Hybrid Control Systems

Paulo Tabuada, George J. Pappas, and Pedro Lima

Abstraction is a natural way to hierarchically decompose the analysis and design of hybrid systems.  Given a hybrid control system and some desired properties,

one extracts an abstracted system while preserving the properties of interest. Abstractions of purely discrete systems is a mature area, whereas abstractions of continuous systems is a recent activity.  We present a framework for abstraction that applies to abstract control systems capturing discrete, continuous, and hybrid systems.  Parallel composition is presented in a categorical framework and an algorithm is proposed to construct abstractions of hybrid control systems.  Finally, we show that our abstractions of hybrid systems are compositional.

· Hybrid abstractions : A search and rescue case study

Paulo Tabuada, George J. Pappas, and Pedro Lima

We address the following problem.  Given a complicated model and some properties of interest, extract simpler models of the original system that propagate desired properties to the abstracted model, while hiding details that are of no interest.  We review our methodology for extracting hybrid systems out of continuous control systems while preserving timed languages. This allows us to extract high level models that can be used for real time scheduling while ensuring that high level plans have feasible implementations at the lower level model.  Our methodology is then fully illustrated by a search and rescue case study.

· Discrete abstractions of hybrid systems

 Rajeev Alur, Tom Henzinger, Gerardo Lafferriere, and George J. Pappas

A hybrid system is a dynamical system with both discrete and continuous state changes.  For analysis purposes, it is often useful to abstract a system in a way that preserves the properties being analyzed while hiding the details that are of no interest.  We show that interesting classes of hybrid systems can be abstracted to purely discrete systems while preserving all properties that are definable in temporal logic.  The classes that permit discrete abstractions fall into two categories.  Either the continuous dynamics must be restricted, as is the case for timed and rectangular hybrid systems, or the discrete dynamics must be restricted, as is the case for o-minimal hybrid systems.  We survey and unify results from both areas.

· Hybrid abstractions that preserve timed languages

Paulo Tabuada and George J. Pappas  

In this paper we consider the problem of extracting an abstraction from a hybrid control system while preserving timed languages.  Such consistent abstractions are clearly useful as the abstracted, higher level model could be used for controller synthesis or verification of the more complicated lower level model.  The class of abstracting maps we consider in this paper compress only the continuous states without aggregating any discrete states. Given such an abstracting map, we determine natural conditions that determine when trajectories of the original hybrid system can be generated by the abstracted hybrid system.  Conversely, we determine conditions under which the two hybrid systems generate exactly the same timed language.

· Consistent hierarchies of nonlinear abstractions

George J. Pappas and Slobodan Simic  

One of the main approaches for reducing the complexity of large-scale systems involves using hierarchies.   Even though hierarchical approaches to control are commonly used in practice, formal approaches to hierarchical system modeling, analysis, and control are only very recent.  In this work, we consider the problem of constructing hierarchies of nonlinear control systems that preserve reachability properties, and, in particular, local accessibility.  In this hierarchical framework, showing local accessibility of the higher level modeling {\em abstraction} of the nonlinear control system is equivalent to showing local accessibility of the, more detailed, lower level model.  Hierachies of consistent nonlinear abstractions can result in significant complexity reduction in determining the reachability properties of nonlinear systems.

b. Controller synthesis

· Mode switching synthesis for reachability specifications

T. John Koo, George J. Pappas, and Shankar Sastry.  

In many control applications, a specific set of output tracking controllers of satisfactory performance have already been designed and must be used.   When such a collection of control modes is available, an important problem is to be able to accomplish a variety of high level tasks by appropriately switching between the low-level control modes.  In this paper, we define a concept of control modes, and propose a framework for determining the sequence of control modes that will satisfy reachability tasks.  Our framework exploits the structure of output tracking controllers in order to extract a finite graph where the mode switching problem can be efficiently solved, and then implement it using the continuous controllers.  Our approach is illustrated on a helicopter example, where we determine the mode switching logic that achieves the high-altitude takeoff task from a hover mode.

· Parameter synthesis in robot motion planning using symbolic reachability computation

Gerardo Lafferriere, George J. Pappas, Gerardo Schneider, and Sergio Yovine  

A well-known problem in robotics is the motion-planning problem in the presence of static obstacles.  The problem, simply stated, asks whether a robot (mobile or manipulator) can reach a desired final configuration from an an initial configuration while avoiding all obstacles.  The trajectory of the robot must satisfy a differential equation as well as possible input and state constraints.  In this paper we show that a class of motion planning problems for mobile robots is decidable.  Therefore, there is an algorithm, which will decide whether the motion-planning problem is feasible or not.  In the case where it is feasible, it computes a nominal input profile satisfying all system constraints.  Our algorithm is based on quantifier elimination techniques, which have been recently shown to exactly compute the reachable space for classes of linear hybrid systems.

.

· Semi-decidable controller synthesis for classes of linear hybrid systems

 Omid Shakernia, George J. Pappas, and Shankar Sastry 

A problem of great interest in the control of hybrid systems is the design of least restrictive controllers for reachability specifications. Controller design typically uses game theoretic methods to compute the region of the state space for which there exists a control such that for all disturbances, an unsafe set is not reached. In general, the computation of the controllers requires the steady state solution of a Hamilton-Jacobi partial differential equation which is very difficult to compute, if it exists. In this paper, we show that for special classes of hybrid systems where the continuous vector fields are linear, the controller synthesis problem is semi-decidable: there exists a computational algorithm which, if it terminates in a finite number of steps, will exactly compute the least restrictive controller.  This result is achieved by a very interesting interaction of results from mathematical logic  and optimal control.

c. Analysis techniques

· Symbolic reachability computations for families of linear vector fields

Gerardo Lafferriere, George J. Pappas, and Sergio Yovine   

The control paradigm of physical processes being supervised by digital programs has lead to the development of a theory of hybrid systems combining finite state automata with differential equations.  One of the most important problems in the verification of hybrid systems is the reachability problem.  Even though the computation of reachable spaces for finite state machines is well developed, computing the reachable space of a differential equation is difficult.  In this work, we discover the first known families of linear differential equations with a decidable reachability problem.  This is achieved by posing the reachability computation as a quantifier elimination problem in the decidable theory of the real numbers.  We illustrate the applicability of our approach by performing computations using the packages Redlog and Qepcad.  Such symbolic computations can be incorporated in computer-aided verification tools for purely discrete systems, resulting in verification tools for hybrid systems with linear differential equations.

4. Experimental testbed.

· Stability and reachability analysis of a hybrid model of luminescence in the marine bacterium Vibrio fischeri

Calin Belta, Jonathan Schug, Thao Dang, Vijay Kumar, Max Mintz, George J. Pappas, Harvey Rubin, and Paul Dunlop  

This paper addresses the mathematical modeling and analysis of the quorum sensing system found in unicellular bacteria that exhibit bioluminescence. The luminescence is governed by the expression of genes in the cell, which in turn is controlled by the density of cells in a population. The paper illustrates the application of standard tools in control theory and some recent tools in hybrid systems to the quorum sensing system, and demonstrates that bioluminescence can be modeled and understood as the output of a switched, dynamic system. 

Status of challenge problems

We have started work on challenge problems from both automotove and avionics OEP.  Students and staff members have been assigned to study the models provided by the OEPs.  We held a teleconference with representatives of the avionics OEP in order to better understand details of the metamodel.  

Future plans

The immediate plans include:

· Further improvements of the CHARON development toolkit.  The main attention will be given to making the user interface more untuitive and easy to use.  As more analysis tools become available, they will be incorporated into the toolkit.

· Continue the implementation of the modular and distributed simulators. 

· Predicate abstraction for hybrid systems.  Predicate abstraction is an important abstraction technique commonly used in verification of reactive systems. The continuous variables present in hybrid systems poses a serious challenge to predicate abstraction.  We are currently exploring ways to overcome this challenge. Predicate abstraction will be a starting point to verification techniques used in the CHARON toolkit.

· Work on challenge problems.  After getting familiar with the details of the OEP models, the first step will be to identify analysis techniques suitable for the models.

More distant plans can be summarized as follows:

· Develop verfication techniques for CHARON.  They will utilize the results on predicate abstraction, and will also require other abstraction and approximation techniques.

· Implement verification algorithms in the CHARON toolkit.

· Perform extensive case studies of hybrid systems in CHARON to demostrate the effectiveness of the methodology and the toolkit.

This report was prepared by Oleg Sokolsky, (215) 898-9511, and Insup Lee, (215) 898-3532.
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