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Since the first cardic pacemaker was successfully deployed v e ' g

fifty years ago, an astonishing number of medical device sys-

tems have been developed and implanted in human bodies for § " raoni lAI " /
helping patients with many kinds of ailments. In particular 8 o Croetiealgerttm /1
neurostimulators have been used extensively for allegati

symptons in many illnesses by emitting brusts of low-vadtag 2 7

electrical signals in various parts of the human body. As é - ot _ ,{j/./ Leliset
neurosimulators get even smaller and their microchips more sV implementatiog /" implementatiop”

powerful, these devices can be injected almost everywhere
in the body to generate highly complicated microshocks.
The computational processes performed on the microchip®- 1. dl?ifferf]ert;tléayetrs Oft RelachLat:hpl?tforlm- ThTehaptg!x;ﬂand
. . . . . orresponding nyoria automaton lies in tne top layer. e I8l er Is
tightly interact with th_e phys'f*"' processes in the body. _A e library, which is used to model symbolic algorithms graplyc The
a consequence, the interaction between the computatiomglary components are abstractions of the operations falyais that are

processes become an integral part of the system dynamicgmmon in all supported computational kernels. Along with thelysis
operations, the library also provides data structurestrabflow entities,

The multi-disciplinary research field dfybrid systemgl], numerical operations, and Boolean operations. The bottger leontains

[2). 13}, 14] has emerged over the last decade and lie§e s*Pbered compuiaiona kemels Design . progesmivp o micle

at the interface of computer science, control engineering

and applied mathematics. In [5], [6], hybrid systems are

defined as systems built from atomic discrete components

and continuous components by parallel and serial compas to construct symbolic algorithms without considering
sition, arbitrarily nested. Components in such a model amdetails of implementations related to computational mesho
entities capable of performing some computation and thé&/e have developed a platform called ReachLab[10], which
mechanism by which components interact is defined formallgan be used to construct symbolic algorithms graphically,
by the model of computation [7]. The hybrid phenomenaising the ReachLab library. They can then be computed by
captured by such mathematical models is manifested inamopting some computational methods, such as d/dt [11] and
great diversity of complex engineering applications beeau the Level Set toolbox [12]. While d/dt can only handle affine
the dynamical interactions between discrete and contsmuoaontinuous dynamics, the Level Set toolbox, which is based
components can be well captured in a unified modelingn the level set methods [13], [14], can handle nonlinear
framework. There has been a large and growing body afynamics.

W.O”.( on formal methOdS for hypnd systems.. The r?searcfh [10], we have developed algorithms for estimating region
discipline of hybrid systems provides a theoretical fouimta . . . ; ;
of attractions and invariant sets for continuous dynamical

for t_he mod_elmg, analysis, and design of hlgh'COmc'dencseystems. Fig. 2 shows an example which uses the Vanderpol
medical device systems.

Equation [15] to demonstrate how algorithm can also be
Symbolic methods[8] can be developed for the algorithmiosed to estimate the shape of the limit cycle. The Vander-
analysis of hybrid systems[9]. These methods directly eypol Equation is used to model cardiac oscillation. In this
plore the infinite state space by using Boolean operatiomxample, it can be shown that there exist an attractive limit
on state sets and the reachable set operations. The comnagole and an equilibrium point inside the limit cycle. By

notions and operations in these symbolic methods enablesgating the vector field of the Vanderpol Equation, the
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Fig. 2. An algorithm developed for estimating the shape oflithé cycle
specified by the Vanderpol Equation. The dark region givessiimate of
the shape of the limit cycle.

limit cycle becomes repulsive instead of attractive. Then,
by applying our algorithm, the shape of the limit cycle
can be estimated, as the dark region shown in the figure.
The dynamics in this example is defined by the ODE
i = —x9, andiy = —(22(1 — 2?) — x1). The algorithms
developed for continuous dynamical systems can be naturall
extended to hybrid systems.

The intellectual merit of this work is threefold. First, it
will advance the scientific understanding the modeling of
medical device systems by using hybrid system models.
Second, it will enable formal approach for the analysis of
medical device systems by developing effective and efficien
algorithms. Finally, it will evaluate the research resuiting
software tools and experimental studies that can impact the
development of embedded system design technologies for
high-confidence medical device systems.
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