DIFFERENTIAL EQUATION MODELS IN DEVSJAVA

Recall that in discrete time modeling there is a state transition function which computes the state at the next time instant given the current state and input.  In the classical modeling approach of differential equations, the state transition relation is quite different. For differential equation models we do not specify a next state directly but instead, use a derivative function to specify the rate of change of  the state variables.  At any particular time instant on the time axis, given a state and an input value, we only know the rate of change of the state. The state at any point in the future must computed from this information. 

Basic Model: The Integrator

To see how this form of modeling works, let us consider the most elementary continuous system – the simple integrator (Figure 1). The integrator has one input variable x and one output variable y. One can imagine it as a reservoir with infinite capacity. Whatever is put into the reservoir is accumulated – with a negative input value meaning outflow.  The state of the reservoir is its current contents. When we want to express this in equation form we need a variable to represent the current contents. This is our state variable q. The current input x represents the rate of current change of the contents which we express by equation 

d q(t) / dt = x(t)

and the output y is equal to the current state 

y(t) = q(t).
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Figure 1 Basic Integrator Concept

Usually continuous systems are expressed by using several state variables.  Derivatives are then functions of some, or all, the state variables. Let q1, q2, ..., qn be the state variables and x1, x2, ..., xm be the input variables, then a continuous model is formed by a set of first-order differential equations 

d q1(t)/dt = f1(q1(t), q2(t), ..., qn(t), x1(t), x2(t),..., xm(t))

d q2(t)/dt = f2(q1(t), q2(t), ..., qn(t), x1(t), x2(t),..., xm(t))

...

d qn(t)/dt = fn(q1(t), q2(t), ..., qn(t), x1(t), x2(t),..., xm(t))
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Figure 2  The Integrator

Note that the derivatives of the state variables qi are computed respectively, by functions fi  which have the state and input vectors as arguments.  Representing the integrator in diagrammatic form as in Figure 2, we can represent a set of first order differential equations in the coupled model form of Figure 3. The state and input vector are input to the rate of change functions fi. Those provide as output the derivatives  dqi/dt of the state variables qi which are forwarded to integrator blocks. The outputs of the integrator blocks are the state variables qi. 
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Figure 3 Structure of differential equation specified systems

Continuous system simulation 

The diagram above reveals the fundamental problem that occurs when a continuous system is simulated on a digital computer. In the diagram we see that given a state vector q and an input vector x for a particular time instant ti we only obtain the derivatives dqi/dt.  But how do we obtain the dynamic behavior of the system over time?  In other words, how do we obtain the state values after this time?   This problem is depicted in Figure 4. In digital simulation, there is necessarily a next computation instant ti+1 and a nonzero interval [ti, ti+1]. The model is supposed to be operating in continuous time over this interval, and the input, state and output variables change continuously during this period. The computer program has available only the values at ti and from those it must estimate the values at ti+1 without knowledge of what is happening in the gaps between ti and ti+1. This means it must do the calculation without having computed the input, state, and output trajectories associated with the interval (ti, ti+1).
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Figure 4 Continuous system simulation problem

Schemes for solving this problem are generally known as numerical integration methods.  A whole literature deals with design and analysis of such methods [Press et al 92, Burden, Faires 89]. 

The basic idea of numerical integration is easily stated ( an integration method employs estimated past and/or future values of states, inputs and derivatives in an effort to better estimate a value for the present time (0).  Thus to compute a state value q(ti) for a present time instance ti, may involve computed values of states, inputs and derivatives at prior computation times ti-1, ti-2, ... and/or predicted values for the current time ti and subsequent time instants ti+1, ti+2, ...
Notice that the values of the states and the derivatives are mutually interdependent – the integrator itself causes a dependence of the states on the derivatives and through the derivative functions fi the derivatives are dependent on the states. This situation sets up an inherent difficulty which must be faced by every approximation method – the propagation of errors.
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Figure 5 Computing state values at time ti based on estimated values at time instants prior and past time tI
We consider  the simplest integration method, generally known as the Euler or rectangular method. The idea underlying the Euler method is that for a perfect integrator 
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thus for small enough h,  we should be able to use the approximation 
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Now the input to an integrator, as in Figure 2, is the derivative x(t) = dq/dt  so we have 

q(t+h) = q(t)  + h.x(t)

With h fixed, we can iterate to compute successive states at time instants 0,h,2h,3h, … given the initial state at time 0 and the input values x(0), x(h),… Although straightforward to apply,  Euler integration has some drawbacks. On one hand, to obtain accurate results the step size h has to be sufficiently small. But the smaller the step size the more iterations are needed and hence the greater the computation time for a given length of run.

Traffic Example

Consider modeling traffic. The basic element is a one way roadway such as a highway or street lane between intersections. We divide the roadway into segments as illustrated in Figure 6. The speed of a vehicle in such as segment is to be determined by the number of vehicles in its segment as well as the number in the segment ahead.  Roughly, the more congested the road ahead the slower a driver must go. 

We can represent the roadway as a one-dimensional cellular space where the cells represent segments. Each cell keeps track of the positions and speeds of the vehicles within it. When a vehicle reaches the end of a segment it is added to the  following segment. Thus, one output port of a cell signals the occurrence of a vehicle at the far boundary of the associated segment.  The other output port will transmit the number of the vehicles in the segment to the rear segment.
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Figure 6 Partitioning a Roadway

The time line of a vehicle can be depicted as in Figure 7.  Because the number of vehicles in a segment changes discretely,  the speed (v) of a vehicle changes in a step-like (piecewise constant) fashion. The distance along the segment (s) therefore increases in line segments as illustrated.  When the vehicle reaches the end of the segment it is transferred to the next segment. This is represented by the output (y) which is zero until the  segment boundary is crossed, at which point it becomes 1.  The number of vehicles in the segment is also computed and transmitted to the predecessor cell at this time as well.
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Figure 7  VehicleTime Segments

The Euler approach can be used to update the vehicle positions along the way. 

     s(t+h) = s(t) + v(t)*h

where v(t) is speed of the vehicle at time t as computed from the number of vehicles in this segment and the one ahead.   Since there may be a number of vehicles within a segment at any one time, we need a container to hold them.  To make this possible, we defined a derived class of entity:

class vehicle extends entity{

    public double position, speed;

  public vehicle(double Position, double Speed){

      position = Position;

      speed = Speed;

   }

}

Following the approach to DEVS implementation of cellular automata (Chapter 9) we define a subclass of  cell to update the vehicles in the segment it represents:

public class vehicleStep extends cell{

    protected set vehicles,crossed;

    protected double time_step,segLength;

    protected numberAhead;

public vehicleStep (){

super("vehicleStep ");

phases.add("active"); 

inports.add(“numberAhead”);

outports.add(“number”);

initialize();

}

public void initialize(){

     passivate();

     vehicles = new set();

     crossed = new set(); 

     segLength = 100;

     time_step = .1;

     numberAhead = 0;

     super.initialize();

}

public void  deltext(double e,message   x)

{

    Continue(e);

 for (int i=0; i< x.get_length();i++){

  if (message_on_port(x,"numberAhead",i)) {

      entity ent = x.get_val_on_port("numberAhead",i);

      intEnt d = (intEnt)ent;

      numberAhead = d.getv();

  }

 }

 for (int i=0; i< x.get_length();i++){

  if (message_on_port(x,"in",i)) //comes with posn & speed

      vehicles.add(x.get_val_on_port("in",i));

      //add all vehicles before updating

}

  update(); // new + old vehicles for next time step

  nextCrossed();//determine next crossings for output

  hold_in("active”,time_step);

      }

public void update(){

for (entity   p = vehicles.get_head();p != null;p= p.get_right()){

       entity   ent = p.get_ent();

       vehicle v = (vehicle)ent;

       double newSpeed = computeSpeed(vehicles.get_length(),numberAhead);

       v.position = v.position + newSpeed*time_step;

       v.speed = wSpeed;

     }

}

public void nextCrossed(){

   if (speedAhead <= 0.01)return;

     for (entity   p = vehicles.get_head();p != null;p= p.get_right()){

       entity   ent = p.get_ent();

       vehicle v = (vehicle)ent;

       if (v.position >= segLength){

            v.position = v.position - segLength;

            vehicles.remove(ent);

            crossed.add(ent);

     }

}

}

public void  deltcon(double e,message   x){

//same as deltext()

 …

 crossed = new set();//empty after outputting

…

}

public void  deltint( )

{

if (!vehicles.empty()){

  update();

  crossed = new set();//empty after outputting

  nextCrossed();

  hold_in("active", time_step);

  }

else passivate();

}

public message  out( )

{

  message   m = new message();

if (phase_is("active")){

     m.add(make_content_address("number",

        new intEnt(vehicles.get_length()),

           new addrclass(my_location.i-1,

                           my_location.j, my_location.k)));

 for (entity  p = crossed.get_head(); p!=null;p=p.get_right())

         m.add(make_content_address("out",p.get_ent(),

                        new addrclass(my_location.i+1,

                           my_location.j, my_location.k)));

}

 return m;

}

}

Note that we predict what the state and output will be at the next time step. When that the time of  the step elapses we the output is emitted  and the next state and output are recomputed. ComputeSpeed is function that embodies our hypotheses about  how a  traffic “cloud” around a driver inluences his/her speed. There is obviously an approximation here in that most of experience driving decisions in terms of the more detailed behavior of  the cars immediately surrounding us on the highway. 

We embed a row of such  cells into a block model with a traffic generator:

public class roadSeg extends block {

public roadSeg(String nm)

{

   super(nm);

cell g  = new trafficGenr("g",10,new addrclass (0,0,0));

add(g);

for (int i = 1; i <= 4;i++)

 add(new vehicleStep("v"+i,new addrclass(i,0,0)));

  add_coupling("out","in");

  add_coupling("myNumber","numberAhead");

  initialize();

}

}

Efficient DEVS Representation of  Discrete Time and Differential Equation Models

Once we make the assumption, as in the traffic model above, that the input and output of a component are piecewise constant, a much more efficient implementation of the internal dynamics becomes possible.  Compare Figure xx with Figure xx above.  Instead of the piecewise constant speed input we have  discrete event inputs that provide the new values when the speed changes. Indeed, any piecewise constant time segment can be represented in this manner. 

When a vehicle first enters the segment, its position is zero and the time it will take to reach the far end is easily predicted:

         Tcross  = segLength/v

where v is the speed at the time of entry. Now we can schedule an internal event to occur  at that time – this would enable a cell to produce the same output at the same time as computed in the discrete time approach – provided no additional inputs arrive.  What do we do when such an external event occurs? In the external transition function we update the position to where it would be had we been updating it at every discrete time step. Then from this new current position, we recompute the time to reach the far end.  In other words, at time ti+1  when the i+1 input arrives, we have:
 si+1  = si + vi *e 

Tcross,i+1    = segLength - si+1  / vi+1
Notice that we use the old speed, vi to update the position to its current value, but we use the new speed, vi+1 and new position to predict the next crossing time.

The following is a DEVSJAVA implementation of a vehicle travelling in one direction and crossing successive segment boundaries.

public class veh extends atomic{

    public double position, speed;

    protected double time_step,segLength,nextBoundary;

  public veh(String  name, double Position, double Speed){

      super(name);

      position = Position;

      speed = Speed;

      phases.add("active");

      initialize();

}

public void initialize(){

     segLength = 100;

     nextBoundary = segLength;

     if (speed == 0)

      passivate();

     else  hold_in("active", segLength/speed);

     super.initialize();

 }

public void  deltext(double e,message   x)

{

  position = position + speed * e;

  for (int i=0; i< x.get_length();i++){

    if (message_on_port(x,"speed",i)) {

      entity ent = x.get_val_on_port("speed",i);

      doubleEnt d = (doubleEnt)ent;

      speed = d.getv();

  }

 }

 if (speed == 0) passivate();

  else hold_in("active",(nextBoundary - position)/speed);

}

public void  deltint( )

{

 position = nextBoundary;

 nextBoundary = nextBoundary + segLength;

 hold_in("active",segLength/speed);

}

public void  deltcon(double e,message   x){

 position = nextBoundary;

 nextBoundary = nextBoundary + segLength;

  for (int i=0; i< x.get_length();i++){

  if (message_on_port(x,"speed",i)) {

      entity ent = x.get_val_on_port("speed",i);

      doubleEnt d = (doubleEnt)ent;

      speed = d.getv();

  }

 }

  if (speed == 0) passivate();

  else hold_in("active",segLength/speed);

}

public message  out( )

{

  message   m = new message();

if (phase_is("active")){

     m.add(make_content("out",new intEnt(1)));

}

 return m;

}

}

Note that every time a boundary is crossed the position and next boundary are updated accordingly. Such crossings occur when either the internal  or the confluent transition functions are invoked.  (Why?). In between such events, any inputs received are properly handled.  Notice that the confluent function is a combination of the external and internal transition functions.  It updates the  position and next boundary (as in deltint).  However, it can also accept a new  speed as input and reschedule its time advance accordingly.

A “Cloud” Model of Driver’s Speed

Recall that our model assumed that the driver’s speed is a function of the number of vehicles in the current segment and in the one ahead.  It’s as if the driver reacts to a “cloud” of vehicles in front and behind. As a specific example, this function can be formulated as follows. Let the nominal speed of a segment be a function of the number of vehicles currently within it.  As illustrated in Figure 8, let the speed profile along the segment be computed as a linear combination, depending of distance, of the nominal speeds in the current segment and  in the next. Then, as shown, we can compute the travel time within the segment and, given an elapsed time, the position at that time. A DEVSJAVA model of a vehicle which employs these relations is shown below.
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Figure 8 Estimating Vehicle Speed

public class vehSmooth extends atomic{

    protected double position, speed,speedAhead;

    protected double time_step,segLength,nextBoundary;

  public vehSmooth(String  name, double Position,

            double Speed, double SpeedAhead){

      super(name);

      position = Position;

      speed = Speed;

      speedAhead = SpeedAhead;

      phases.add("active");

      initialize();

}

public void initialize(){

     segLength = 100;

     nextBoundary = segLength;

    hold_in("active", timeAdvance(segLength));

     super.initialize();

public void update(double e){

       double A = speed;

       double B = speedAhead;

   if (A == B) position = position + e*A;

   else{

       double segLeft = nextBoundary - position;

       double travelled = 0;

       if (segLeft > 0)

         travelled =

          segLeft*(A/(B - A))*( Math.exp((B-A)*e/segLeft) -1);

       position = position + travelled;

       double relPos = travelled/segLength;

       speed  = (1 - relPos)*speed + relPos*speedAhead;

   }

}

protected double timeAdvance(double segLeft){

      if (speed == 0 ||speedAhead == 0)

         return INFINITY;

     if (speed == speedAhead)

         return segLeft/speed;

     else return segLeft*(Math.log(speed) - Math.log(speedAhead))

                      /(speed - speedAhead);

}

public void  deltext(double e,message   x)

{

   update(e);

  for (int i=0; i< x.get_length();i++){

  if (message_on_port(x,"speed",i)) {

      entity ent = x.get_val_on_port("speed",i);

      doubleEnt d = (doubleEnt)ent;

      speed = d.getv();

  }

   if (message_on_port(x,"speedAhead",i)) {

      entity ent = x.get_val_on_port("speedAhead",i);

      doubleEnt d = (doubleEnt)ent;

      speedAhead = d.getv();

  }

 }

  hold_in("active",timeAdvance(nextBoundary - position));

}

public void  deltint( )

{

 position = nextBoundary;

 nextBoundary = nextBoundary + segLength;

 speed = speedAhead;

 hold_in("active",timeAdvance(segLength));

}

public void  deltcon(double e,message   x){

 position = nextBoundary;

 nextBoundary = nextBoundary + segLength;

 speed = speedAhead;

  for (int i=0; i< x.get_length();i++){

    if (message_on_port(x,"speed",i)) {

      entity ent = x.get_val_on_port("speed",i);

      doubleEnt d = (doubleEnt)ent;

      speed = d.getv();

  }

 }

 hold_in("active",timeAdvance(segLength));

}

public message  out( )

{

  message   m = new message();

if (phase_is("active")){

     m.add(make_content("me",new intEnt(1)));

}

 return m;

}

}

Hierarchical Modular Traffic Construction

Putting everything that we have learned together now we’ll build up a model of city traffic in a hierarchical modular manner.  As in Figure 9, a city may be decomposed into various  road networks that meet at junctions where traffic can move from one to the other. Each road network may consist of several segments, where each segment has a traffic light and is itself decomposed into several segments between traffic lights. With a road segment we also associate a traffic generator to provide a local source of traffic to a road segment and a scheduler to control the generator (for normal vs. rush hour conditions) and the traffic light. The corresponding system entity structure illustrates the different nodes in the structure:

a) multiple entity (three parallel lines), showing decomposition into one or more subentities, 

b) aspect (branching node), showing decomposition into a finite number of different entities and

c) specialization (paired lines), showing alternative choices for the entity (e.g., we can use the time stepped or event-based models of vehicles flowing within a segment).

In DEVSJAVA, a multiple entity is most naturally implemented as a block model with its components (which can themselves be block models as we have seen) indexed by three-dimensional addresses to augment the basic port-based coupling. 
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Figure 9 Hierarchical Model of Road System

DEVSJAVA Simulation of Continuous Systems

The approach exemplified in the traffic example above generalizes to enable efficient DEVS simulation of many differential equation models. Figure 10 shows the general approach.
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Figure 10 Mapping Differential Equation Systems to DEVS Simulators
DEVS Repesentation of Quantized Integrator

The DEVS realization of the quantized integrator has the simple definition:

                        M = (X, Y, S, ext, extint, , ta).

where  X = Y = R  and  S = R ´ R´ I and

· ext ((q,x,n),e,x’) = (q+x*e,x’, n)      

· int(q, x, n) = (n + D*sign(x), x, n+ sign(x) )      

· con ((q,x,n), x’) = (n + D*sign(x), x’, n+ sign(x))

·  (q,x) = (n + sign(x))D

·  ta(q,x,n)  = |((n+1)D - q)/x | if  x > 0 and  (n+1)D - q > 0

                     =  |(q - nD )/x | if  x < 0 and if   |q-nD| > 0

                     = |D/x|   if   x ¹0 and none of the above
                    = ¥otherwise (i.e., x = 0)

Here we keep track of the boundary below (or at) the current state q, i.e, the integer floor(q/D).  Recall that even if we start on a boundary, the state may eventually be inside a block (hence not a multiple of D) as a result of an external transition. If, as in  Figure 11a), we are on a boundary, the time advance computation merely divides D by the current input x (which is the derivative, or slope, after all). If we reach the upper boundary (n+1) or lower boundary (n –1) we output and update the state accordingly. Note that so long as the input remains the same, the time to cross successive boundaries will be the same. Figure 11b) shows that when a new input is received, we update the state using the old input and the elapsed time. From this new state, q, the new time to reach either the upper or lower boundary is computed.

The Quantized DEVS integrator greatly reduces the number of  transitions and output messages needed to simulate an integrator. It also reduces the message size from double to integer. Actually since the only possible transitions are to the upper or lower boundaries, only one bit to represent the  binary valued set +1,-1 need be sent. 


[image: image13.wmf]nD

(n-1)D

X>0

X<0

D

ta

(

nD

) = |D/x|

nD

D

ta

(q) =  ((n+1)D-q)/x 

e

X>0

X<0

q

ta

(q) =  |q-

nD

/x| 

(n+1)D


Figure 11 DEVS simulator of a Quantized Integrator

DEVSJAVA Implementation of  the Quantized Integrator

public class DEVSGenInt extends atomic{

protected double inp,quantum,position,initialPosition;

protected int lowerBound, nextLowerBound, input_nextLowerBound;

public DEVSGenInt(String  name,double Quantum, double Position){

super(name);

inports.add("in","doubleEnt");

inports.add("setQuantum","doubleEnt");

inports.add("reset","doubleEnt");

outports.add("resetPos","doubleEnt");

outports.add("outQuantum","doubleEnt");

phases.add("doReset");

quantum = Quantum;

initialPosition = Position;

initialize();

}

public void initialize(){

     inp = 0;

     position = initialPosition;

     super.initialize();

     lowerBound = (int)Math.floor(position/quantum);

     nextLowerBound = lowerBound;

     hold_in("doReset",0);

}

public int signOf(double x){

    if (x == 0) return 0;

    else if (x > 0) return 1;

    else return -1;

}

public void timeAdvance(double diff){

    sigma = Math.abs(diff/inp);

}

public void update(double e){

    position = position + e *inp;

    if ((inp > 0 && position > nextLowerBound*quantum)||

             (inp < 0 && position < nextLowerBound*quantum))

    position = nextLowerBound*quantum;

}

public void computeIntNextPosition(){

      lowerBound = nextLowerBound;

      nextLowerBound = lowerBound + signOf(inp);

      timeAdvance(signOf(inp)*quantum);

}

public void computeExtNextPosition(){

      if (inp ==  0)

          sigma = INFINITY;

      else{

        if (inp  < 0){

            if (nextLowerBound > lowerBound) { 

                nextLowerBound = lowerBound;

            }

            if (nextLowerBound <= lowerBound) {

                nextLowerBound = lowerBound-1;

            }

        }

        else { //if (inp > 0)

           if (nextLowerBound >= lowerBound) {  

                nextLowerBound = lowerBound+1;

           }

           if (nextLowerBound < lowerBound) {  

                nextLowerBound = lowerBound;

           }

        }

timeAdvance(nextLowerBound*quantum - position);

      }

}

public void deltcon(double e,message x)

{

 deltint();

 deltext(0,x);

}

public void  deltext(double e,message   x)

{

  Continue(e);

 for (int i=0; i< x.get_length();i++)

  if (message_on_port(x,"in",i)){

       entity ent = x.get_val_on_port("in",i);

       doubleEnt f = (doubleEnt)ent;

       inp = f.getv();

       update(e);

       computeExtNextPosition();

    }

 for (int i=0; i< x.get_length();i++)

  if (message_on_port(x,"setQuantum",i)){

       entity ent = x.get_val_on_port("setQuantum",i);

       quantum = ((doubleEnt)ent).getv();

       update(e);

       computeExtNextPosition();

  }

 for (int i=0; i< x.get_length();i++)

  if (message_on_port(x,"reset",i)){

       entity ent = x.get_val_on_port("reset",i);

       position = ((doubleEnt)ent).getv();

       lowerBound = (int)Math.floor(position/quantum);

       if (inp <= 0) nextLowerBound = lowerBound;

        hold_in("doReset",0);

  }

}

public void  deltint( )

{

if (phase_is("doReset"))

       computeExtNextPosition();

else{

position = nextLowerBound*quantum;

computeIntNextPosition();

}

}

public message    out( )

{

int N_Quantum = nextLowerBound - lowerBound;

message   m = new message();

if (phase_is("doReset"))

 m.add(make_content("outReset",new doubleEnt(position)));

m.add(make_content("out",  new doubleEnt(nextLowerBound*quantum)));

return m;

}

}

DEVSJAVA implementation of  Instantaneous Functions

public class instantFn extends atomic{

protected double input1;

protected double input2;

public instantFn(String  name){

super(name);

inports.add("in1","doubleEnt");

inports.add("in2","doubleEnt");

initialize();

}

public instantFn(){

super("instantFn");

inports.add("in1","doubleEnt");

inports.add("in2","doubleEnt");

addTestPortValue("in1",new doubleEnt(1));

addTestPortValue("in2",new doubleEnt(2));

initialize();

}

public void initialize(){

    input1 = 0;

    input2 = 0;

    super.initialize();

}

public void  deltext(double e,message   x)

{

    Continue(e);

 for (int i=0; i< x.get_length();i++)

  if (message_on_port(x,"in1",i))

      {

      entity ent = x.get_val_on_port("in1",i);

      doubleEnt f = (doubleEnt)ent;

      input1 = f.getv();

      sigma = 0;

      }

else if (message_on_port(x,"in2",i))

      {

      entity ent = x.get_val_on_port("in2",i);

      doubleEnt f = (doubleEnt)ent;

      input2 = f.getv();

      sigma = 0;

      }

else if (message_on_port(x,"reset1",i))

      {

      entity ent = x.get_val_on_port("reset1",i);

      doubleEnt f = (doubleEnt)ent;

      input1 = f.getv();

      sigma = 0;

      }

else if (message_on_port(x,"reset2",i))

      {

      entity ent = x.get_val_on_port("reset2",i);

      doubleEnt f = (doubleEnt)ent;

      input2 = f.getv();

      sigma = 0;

      }

}

public void  deltint( )

{

sigma = INFINITY;

}

public double  fn(){

//virtual

}

public message    out( )

{

message m = new message();

m.add(make_content("out", new doubleEnt(fn())));

return m;

}

}

Example of Differential Equation System in DEVSJAVA
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Figure 12  Harmonic Oscillator
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Figure 13 Undamped Second Order Linear Oscillator: (a) time trajetories, (b) phase space

public class plusInstFn extends instantFn{

protected double coef1,coef2;

public plusInstFn(String  name, double Coef1,double Coef2){

super(name);

coef1 = Coef1;

coef2 = Coef2;

}

public double  fn(){

return coef1*input1 + coef2*input2;

}

}
public class oscillator extends digraph {

public oscillator(){

    super("oscillator");

    inports.add("reset");

    atomic minus = new plusInstFn("minus",-.05);

    atomic integ1 = new DEVSGenInt("integ1",1,100);

    atomic plus = new plusInstFn("plus",.05);

    atomic integ2 = new DEVSGenInt("integ2",1,0);

     add(minus);

     add(integ1);

     add(plus);

     add(integ2);

     addTestPortValue("reset1",new doubleEnt(100));

     addTestPortValue("reset2",new doubleEnt(0));

     Add_coupling(this,"reset1",integ1,"reset");

     Add_coupling(this,"reset2",integ2,"reset");

     Add_coupling(minus,"out",integ1,"in");

     Add_coupling(integ1,"out",plus,"in2");

     Add_coupling(integ1,"outReset",plus,"reset2");

     Add_coupling(plus,"out",integ2,"in");

     Add_coupling(integ2,"out",minus,"in2");

     Add_coupling(integ2,"outReset",minus,"reset2");

    initialize();

}

}

Appendix: Examples of Differential Equation Models
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Figure 14 Exponential growth and decay

As illustrated in Figure 14, when we apply an input to an exponential decay , we have the so-called exponential delay of first order. This type of continuous system plays an important role in many real world phenomenon.  In abstract terms,  this is the right type of model to use for system with a driving force and a linear damping.  The input to the system represents the driving force and the feedback through negative factor c models the damping. These two are added defining the derivative for the state variable. The characteristic of the system is that the system reaches an equilibrium state when the damping through the feedback –c*q equals the driving input. 0 shows this for a constant input force x1 and different damping factors c. The greater the damping factor, the smaller the equilibrium state.

There are many real world phenomenon which can be modeled by an exponential delay of first order. Examples range from heating systems where the input is the heat supply and the damping represents the heat losses to the environment, to mechanical systems where the input is the force supplied and the damping represents the friction which should be counteracted, to input of pollution into a natural system and their reduction through an absorption process. 
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Figure 15 Exponential delay of first order

The examples above are systems with one state variable with a direct feedback loop to itself.  Let us now consider a system in two variables. The linear (or harmonic) oscillator of second order is the most well-known example where the effect of feedback can easily be studied. 


[image: image26.wmf]ò

F

(

t

)

+

v

-d

ò

x

-k

(b)

m

 = 1


Figure 16 Damped Linear oscillator of second order (a)[image: image27.png]25 5 75 10 125 15 175 2. 25 % 2zt
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Figure 17 Damped linear oscillator: (a) position and velocity trajectories, (b) phase space

If we remove damping altogether, we get a pure oscillator as shown in Figure 16 and Figure 17.  
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