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Abstract 

 Modeling and Analysis of Real-time and Embedded Systems 

 

 Unify logical time and chronometric time variables 

 

 The improvement of MARTE statechart based on hybrid 

automata 

 

 Spatio-Temporal UML Profile for CPS 

 

 Case study: model the behavior of a Train Control System 



I. INTRODUCTION 

 Unified Modeling Language (UML) 

 UML extensions: profile 

 UML profile for Modeling and Analysis of Real-time and 
Embedded systems: MARTE  

 Schedulability, Performance and Time 

 MARTE gives a detailed time model 
 clock, clock type, clock constraints 

 Hybrid system 
 Continuous subsystem 

 discrete subsystem 

 Hybrid automaton is a formal method for hybrid systems 

 We extend MARTE with hybrid automata 

 Spatio-Temporal CPS Events 



II. HYBRID MARTE STATECHARTS 

 Hybrid MARTE is an extension of MARTE based on 

hybrid automata. 

 Expressions 

 Hybrid MARTE statecharts formal syntax 

 Formal semantics 



II. HYBRID MARTE STATECHARTS 

Expressions 

 Boolean Expression 

 Differential Expression 

 Action Expression 

 Clock Constraint Expression 

 



Hybrid MARTE Variables 

 There are four kinds of variables in Hybrid MARTE: 

 

 1) discrete variables with discrete values independent on time. 

e.g. x = 1, 2, 3. 

 2) event variables which have a boolean value specifying 

whether the corresponding event occurs or not. e.g. θ, η, … 

 3) continuous variables which can be represented as a 

continuous function dependent on time (with its initial 

condition). 

 4) clock variables with a special clock type. e.g. c, d, … 



Boolean and Differential Expression 

 Let x be a variable from the four kinds above. 

 

 



Clock 

 A Clock c has the following attributes: 

 offset, specifying the start point of this clock compared with 

the standard clock. 

 

 resolution, specifying the interval between adjacent ticks. 



Clock Constraint Expression 

 Let c, d be two clocks, 

 

 



Syntax of Action Expression 



Semantics of Actions 



II. HYBRID MARTE STATECHARTS 

Hybrid MARTE Statecharts 

 Describe the behavior of system.  

 

 The mode is one of the basic units of the statechart.  

 

 The system execution is considered as traveling among these 

modes.  

 

 Time flow only exits in modes, not including any transitions. 



Hybrid MARTE Statecharts Formal 

Definition 

 A Hybrid MARTE statechart is a tuple, 

 M = (n, Var, Sub, Edges, avt,  init,  inv, el f ) 

where 

  A unique name n which identifies itself. Given a statechart, we 

use a set Modes to collect all mode names. 

  A set of variables Var is governed by this mode. It includes a 

set of discrete variables dVar, a set of continuous variables cVar, 

a set of clock variables ckVar and a set of signals S. The 

variables we mentioned in this paper are considered to be 

global variables. 



Hybrid MARTE Statecharts Formal 

Definition Cont. 

 Sub is a set of names of its immediate submodes 

 

 Edges is a set of edges connecting its submode in Sub 

 

 avt is called the activity of a mode which is the conjunction of 
several DifferentialExpressions 

 

 Init is the initial requirement of the mode 

 

 inv is an invariant condition which must hold in this mode 

 

 el f is a special guard condition 



II. HYBRID MARTE STATECHARTS 

Formal Semantics 

 Labeled Transition System 

 

 Valid States 

 

 Transition 

 

 Edge 

 

 Transition Closure 

 

 Evolution 



Labeled Transition System 





Labeled Transition System Cont. 





Valid States 





Valid States Cont. 

 The label λ marked on a transition contains the following three 

attributes 

 

 An event evt(λ) specifies a significant occurrence in time or space 

 

 A guard condition grd(λ) specifies when the transition is enabled 

 

 An Action act(λ) which is performed when the transition occurs, 

changing the values of variables or sending a SignalEvent. 



Transition 



Edge 





Edge Cont. 

 In Figure 2, the transitions between mode A and mode B are 

edges. Whenever 



Transition Closure 



Evolution 





Evolution Cont. 





III. MODELING ATP SYSTEM WITH 

HYBRID MARTE 

STATECHARTS 

 Automatic Train Protection (ATP) 

 

 Requirements: Scenario of OverSpeed Protection 

 

 Formal Modeling 

 



Automatic Train Protection (ATP) 

 

 Communication Based Train Control System is the trend of 

development of rail train control system in the future 

 

 Main responsibility of ATP is to protect the system from over 

speed 

 

 Then a formal model of ATP system is developed with Hybrid 

MARTE statecharts 

 



Requirements: Scenario of OverSpeed 

Protection 

 1) When the train finished self-detection, ATP device is initialized. 

 2) ATO Processing Unit(PU) calculates the current limit speed. 

 3) Whenever after a fixed interval (the period of sending current speed), 
SpeedSensor passes current speed on to PU. 

 4) PU calculates the difference between the speed limit and the current 
speed and returns value dif . 

 5) If 0 < dif < criticalSpeed, PU will send a warning message to the Train 
Operation Display (TOD) to inform the driver of deceleration. After 
warning, PU will send a normal brake message to Braking Equipment (BE). 
Then the BE will apply the normal brake until dif > criticalSpeed. All these 
operations should be done in 150ms. 

 6) If dif <=0, PU will send an emergency message directly to BE. Then BE 
will apply the emergency brake until velocity v = 0. These operations 
should be done in 100ms. 



Formal Modeling 

Time model 
 



Formal Modeling 

Behavior of System 



Formal Modeling 

Behavior of System Cont. 





Formal Modeling 

Behavior of System Cont. 
 For lack of space we only list the first three steps in the 

transition system below for a short specification. 

 



Formal Modeling 

Behavior of System Cont. 



Formal Modeling 

Behavior of System Cont. 

 Only when the velocity v>=0, the Braking Equipment state 
machine can be entered as Fig.6. 



Formal Modeling 

Behavior of System Cont. 

 The transition system of BE are illustrated with several 
examples below: 



Formal Modeling 

Behavior of System Cont. 



Time Structure 



Time Instant 



Formal model: CPS event 



Formal model: CPS event 



Formal model: CPS event 



Formal model: STUML statechart 



Formal model: STUML statechart 



Formal model: STUML statechart 



Formal model: STUML statechart 



Formal Semantics: State 



Formal Semantics: Transition 



Formal Semantics: Transition 



Formal Semantics: Edge 



Formal Semantics: Evolution 



Formal Semantics: Evolution 



Formal Semantics: Evolution 



Behavior of ATP Processing Unit 



Behavior of Breaking Equipment 



Conclusion 




