Qualitative and Quantitative Simulation: Bridging the Gap – (D. Berleant & B. Kuipers)

1.   Motivation
Systems which change over time are usually so complex that deriving equations for predicting their behaviors as a function of time is impossible. In these cases, simulation is a useful tool for prediction when system model and initial state are given.

Several numerical simulation techniques are available for those cases in which accurate numerical information about the model structure and initial state is available. Similarly, qualitative simulation techniques are available for those cases in which only qualitative information is available. These two cases can be considered as extreme cases. Then, what about the many cases in which accurate numerical information is unavailable preventing use of numerical simulation, nevertheless incomplete numerical information is available having the potential of providing more than what pure qualitative simulation can provide? This is the motivation for semi-quantitative simulation.

The followings are limitations for numerical and qualitative simulations:

· Unlike qualitative simulation, numerical simulation cannot infer infinitie values.

· Unlike numerical simulation, qualitative simulation cannot infer which one of the several qualitative behaviors will be the one to actually occur in a given instance.

Semi-quantitative simulation combines both qualitative and quantitative simulations in order to compensate for weaknesses of each with strengths of the other.

2.   Q3 and Step Size Refinement

Q3 improves qualitative simulation by augmenting it with quantitative inferences whenever quantitative information is available. Improvement can be in the form of pruning (deleting) behaviors and providing numerical bounds on qualitative values. The technique used is step size refinement.


For typical numerical models, numerical simulation results are poor when step sizes are large, becoming progressively more accurate as the step size of  the simulation becomes smaller. This basic characteristic of numerical simulation is a serious problem for numerically annotated qualitative simulations, as in Q2. The reason is that the qualitative features of this kind of simulation change significantly from one time point to the next. That is, the step sizes for qualitative simulations are large due to their nature, resulting in weak numerical inferences. Q3 improves Q2 by reducing the step size, resulting in much better quantitative inferences.


Q3 first generates qualitative behaviors via QSIM which are annotated with quantitative information via Q2. Then, the results are improved by progressively reducing the step size using step size refinement and auxiliary algorithms.

Phase I: generating the simulation trace

1. Qualitative simulation.

Incrementally grow a tree of qualitative behaviors. The tree of behaviors is guaranteed to include the actual behavior of any real system conforming to a given qualitative model. 

2. Propagate quantitative information.

The new qualitative state creates new constraints which initiate new quantitative inferences from given and previously inferred intervals. The effects of these inferences propagate through the system with constraint propagation. The constraints often support narrowing of one or more intervals, where a narrower interval means less uncertainty about a quantitative value. When an interval is narrowed, the constraints directly affected can often narrow other intervals connected to them. That is how the effect of narrowing an interval can propagate. The different kinds of constraints can be classified like the following:

· Arithmetic and monotonicity constraints among variables.

· Greater and less than constraints among the different qualitative landmark values of a given model variable.

· Mean value constraints relating values in states at adjacent time points in the simulation trajectory.

3. Iterate.

But if the qualitative simulation does not provide further incremental growth, go on to Phase II.

To illustrate greater and less than constraints, suppose a landmark topHeight is greater than another landmark bottomHeight. If we are given that topHeight ( [100, 200] and bottomHeight ( [0, (), then we can infer that bottomHeight ( [0, 200].

To illustrate arithmetic constraints, see Figure 1 which is about an add constraint. As seen, the interval at each terminal is narrowed by using the constraint to propagate the intervals currently at the other terminals. So, an add constraint actually enforces three relations, one addition Z ( X + Y, and two subtractions, X ( Z – Y and Y ( Z – X.
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Figure 1

For an illustration of monotonicity constraints, see Figure 2. A qualitative monotonic function represents all the quantitative monotonic functions in the specified direction. A middle ground between qualitative monotonic functions and specific numeric monotonic functions is upper and lower monotonic envelopes which bound a space of numeric monotonic functions.

Phase II: progressive refinement

The important part of the refinement process is the step size algorithm which gradually reduces the size of the time steps by interpolating new time points between existing ones. Auxiliary techniques are behavior splitting and target interval splitting. 

Overview of Step Size Refinement:

We are given a finite ordered sequence T0, T1,..., Tn of time points Ti, each with an associated interval range [
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] representing uncertainty about its value. The range for T0 is [0, 0]. The ranges may overlap, and a range upper limit 
[image: image4.wmf]i

t

 may be infinite.
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Figure 2

1. Locate a Gap.

Find a time interval containing a gap. That is, find an i such that 
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. If no gap exists, create one using an auxiliary method. For an example,  see Figure 3. Ti-1 and Ti are time points, but their values are known only to within intervals, indicated by solid line segments. Between them is a gap. Ti-1 and Ti are the endpoints of a time step whose size is in [w(gap), 
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 is the maximum possible step size from Ti-1 to Ti.
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Figure 3

Q3 provides two auxiliary techniques for creating gaps if no gap exists: target interval splitting and behavior splitting. Target interval splitting should always be tried before behavior splitting because behavior splitting creates new branches in the behavior tree and hence can lead to high computational complexity in subsequent simulation refinement.

2. Interpolate a State.

Insert a new state with a time point Ta in the gap and assign it the zero­width interval [t *, t * ], where t* is a number within the gap. This reduces the step size of the simulation. The values of the other model variables in this newly created state must be between their values in the two adjacent previously existing states. This enables initializing the new state with qualitative and interval values.

3. Propagate Interval Bounds.
The newly interpolated time­point Ta creates a new set of instantiations of the constraint templates defined by the model. Propagation of the new interval value Ta = [t*, t*] and previously existing intervals through the newly expanded constraint network can narrow various interval bounds throughout the network.

3.   Correctness, Convergence, Stability, and Termination

Correctness, in this context, means that each interval describing a trajectory bounds the range of values that could be exhibited by any actual system conforming to the model and its initial conditions. Convergence means that with continued step size refinement, the inferred intervals will become narrower, approaching point values in the limit if the model is specified with real valued initial conditions and model parameters. When the model is specified imprecisely with one or more intervals we are interested in stability, which intuitively means that if system specifications are weakened, the widths of result intervals will be wider but only to a limited degree. Finally, termination for step size refinement is discussed in the paper. The proofs are given.

4.   Conclusion


Q3 implementation provides much better predictions than its subset and predecessor Q2, by employing strengths of both qualitative and interval reasoning algorithms such as the following:

· From qualitative simulation: the guarantee that all qualitative behaviors will be found. 

· From interval simulation: the guarantee that the trajectory of any real system conforming to an incompletely specified model is enclosed by one of the predicted semi­quantitative behavior descriptions. 

· From interval simulation: h ( 0 stability. 

· From interval simulation: convergence as uncertainty in the quantitative specifications, and maximum step size, both approach zero. 

· From qualitative and interval representations: the ability to express and make predictions from partial knowledge. 

The capabilities of Q3 rely mostly on the following. 

· Step size refinement, for adaptive reduction in step size by introducing newly explicit intermediate time points into a predicted behavior. 

· Propagation of interval labels in constraint network representations of behaviors. 

The significance of Q3 to qualitative reasoning is both pragmatic and theoretical. Pragmatic, because Q3 demonstrates an effective method of obtaining better quantitative bounds on semi­quantitative simulation trajectories, step size refinement, which often leads to significant improvement in quantitative inferences after interpolating only one state. Theoretical, because step size refinement has the important theoretical guarantees of (1) convergence, (2) stability, and (3) correctness.
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