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Abstract

CHARON is a language for the hierarchical and mod-
ular specification of interacting hybrid systems and is
based on the notions of agent and mode. It has well-
defined formal semantics, and can be used to spec-
ify precisely hybrid systems that exhibit continuous
behaviors within modes and discrete jumps between
modes. The goal of the Simplex Architecture is to
support the reliable upgrade of control software on
the fly, and thus, it requires delicate and complex
mode switching between different controllers. Due to
complexity, it is a quite challenging task to show the
correctness of control software built using the Sim-
plex Architecture. As a first step toward addressing
the challenge, this paper shows that how the Simplex
Architecture can be specified in CHARON using the
well-known inverted pendulum system.

1 Introduction

An embedded system consists of a collection of com-
ponents that interact with each other and with their
environment through sensors and actuators. Embed-
ded software is used to control these sensors and ac-
tuators and to provide application-dependent func-
tionality.

A key aspect of embedded systems is that they can
be viewed as hybrid systems that exhibit both dis-
crete and continuous behaviors. These systems be-
come harder to develop due to increasing complexity
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and functionality. Furthermore, these systems are
frequently used in safety critical environment, and
thus, require high assurance in reliability. The de-
sign and implementation of hybrid systems remains
a challenging task. To facilitate the design of hybrid
systems, CHARON has been developed to allow hi-
erarchical specification of interacting hybrid systems
[1].

After a system has been implemented and de-
ployed, the system is often updated to incorporate
improvements and new capabilities. Modifications to
a legacy control system are, however, costly because
it is often hard to predict how the modifications affect
the legacy code. Furthermore, it is time-consuming
to shut down and restart the system to upgrade it [3].
Thus, it would be desirable to do such a job, while the
system is running, without sacrificing reliability. Sev-
eral architectures allowing on-line software upgrades
have been proposed in the last few years and also be-
come commonly available in web-based labs where a
remote user is allowed to test his/her controller de-
sign on an actual experiment. These technologies
have been hardly used in production-level systems
because safety and reliability are difficult to guaran-
tee. One of those efforts that begins to be accepted
by industry is the Simplex Architecture [3].

This paper illustrates how the Simplex Architec-
ture can be specified in CHARON, and this is the first
step in validating the correctness of control software
built based on the Simplex Architecture.

2 Modular Specification of Hy-
brid System in CHARON

CHARON [1] is a language for modular specification
of interacting hybrid systems based on the notions



of agent and mode. For hierarchical description of
the system architecture, CHARON provides the oper-
ations of instantiation, hiding, and parallel composi-
tion on agents, which can be used to build a complex
agent from other agents. The discrete and continuous
behaviors of an agent are described using modes. For
hierarchical description of the behavior of an agent,
CHARON supports the operations of instantiation and
nesting of modes. Continuous behavior can be speci-
fied using differential as well as algebraic constraints,
and invariants restricting the flow spaces, all of which
can be declared at various levels of the hierarchy. The
modular structure of the language is not merely syn-
tactic, but also on the semantics so that it can be
exploited during analysis.

Architectural and behavioral hierarchy. The
building block for describing the system architecture
is an agent that communicates with its environment
via shared variables and also communication chan-
nels. The language supports the operations of com-
position of agents for concurrency, hiding of variables
for information encapsulation, and instantiation of
agents for reuse. The building block for describing a
flow of control inside an atomic agent is a mode. A
mode is basically a hierarchical state machine, that is,
a mode can have submodes and transitions connect-
ing them. Variables can be declared locally inside
any mode with standard scoping rules for visibility.
Modes can be connected to each other through well-
defined entry and exit points. We allow the instan-
tiation of a mode so that the same mode definition
can be reused in multiple contexts. Finally, to sup-
port exceptions, the language allows group transitions
from default exit points that are applicable to all en-
closing modes, and to support history retention, the
language allows default entry transitions that restore
the local state within a mode from the most recent
exit.

Discrete and continuous variable updates.
Discrete updates are specified by guarded actions la-
beling transitions connecting the modes. Such up-
dates correspond to mode-switching, and are allowed
to modify variables through assignment statements.
Variables in CHARON can be declared as type analog,
and they flow continuously during the continuous up-
dates that model the passage of time. The evolution
of analog variables can be constrained in three ways:
differential constraints (e.g., ' = f(x,u)), algebraic
constraints (e.g., y = g(x,u)), and invariants (e.g.,
x —y < ¢) which limit the allowed durations of flows.
Such constraints and invariants can be declared at

different levels of the mode hierarchy.

Example. The problem of balancing an inverted
pendulum has received considerable attention by
the control [2] and computer science [4] communi-
ties. Figure 1 illustrates a typical inverted pendulum
where 6 represents the angular position of the pole
with respect to the vertical axis, x represents the cart
position, uy is the control input, g is the gravity con-
stant, and [ is the pole length. The masses of cart and
pole are M and m, respectively. The control objective
is to move the cart from one position to a desired tar-
get position target maintaining the pendulum at the
upright position. If one considers physical hard con-
strains (e.g., length of the track, available power sup-
ply), then this control task becomes nontrivial. Con-
trollers are to stabilize the state of the system about
[s, 0, 0, 0], where z; is the desired target position.
Figure 2 shows the overall inverted pendulum sys-

Figure 1: The Inverted Pendulum System

tem, which consists of IPControllers, IPDecisionMod-
ule, and IPPhysicalSystem. IPControllers provides

IP = IPControllers || IPDecisionModule || IPPhysicalSystem
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VaBC: control output from baseline controller
VaEC: control output from experimental controller
VaSC: control output from safety controlller
position: position of cart

cVelocity: cart velocity

ctrlCmd: control output of IPController

Figure 2: The Overall Structure of Inverted Pendu-
lum System

angle: vertical angle
aVelocity: angular velocity

control signals to IPDecisionModule that implements
the control switching logic of the Simplex Architec-
ture. Figure 3 describes IPPhysicalSystem. IPPhysi-
calSystem uses an experimentally identified nonlinear



model of actual physical inverted pendulum. It reads
the output of IPDecisionModule and updates the sys-
tem state. The system state comprises position,
angle, cVelocity, and aVelocity. position,
angle, cVelocity, and tVelocity are the position
of the cart, the vertical angle of the inverted pen-
dulum, the velocity of the cart, and the angular ve-
locity of the inverted pendulum, respectively. VaBC,
VaEC, and VaSC are control output of the controllers.
ctrlCmd is the output selected by the decision mod-
ule. We use nonlinear model of the actual inverted
pendulum. Each component of IP is defined as an

@)

read analog real u; .
write analog real x, theta, v, phi;

diff diffdX {d(x) == v;

d(theta) == phi;

d(v) == (1/(0.0187-0.0041*cos(theta)*cos(theta))
*(-0.1600*v-0.0201*sin(2*theta)+6.2159e-005*cos(theta)*phi
+0.0018*sin(theta)*phi*phi+0.0285*u);

d(phi) == (1/(0.0187-0.0041*cos(theta)*cos(theta))
*(0.3643*v*cos(theta)-0.0021*sin(2*theta)*phi*phi
-6.4537e-004*phi+0.4178*sin(theta)-0.0649*cos(theta)*u}

[IPPhysicaISystemTopMode ]
Figure 3: Top Mode of IPPhysicalSystem

agent running in parallel and communicating through
shared variables as shown in Figure 2.

3 The Simplex Architecture of

Inverted Pendulum

The goal of the Simplex Architecture is to make it
possible for developers to upgrade control software,
maintaining system reliability and availability, while
the system is running [3]. The Simplex Architecture
consists of three controllers: experimental controller
(EC), safety controller (SC), and baseline controller
(BC). EC is an experimental controller whose reli-
ability is unknown or not trusted. SC is a stable
controller that is known to be reliable and safe, but
whose performance is not optimal. BC is another
stable controller that has a smaller stability region
and meets the required performance. Control system
developers can use the Simplex Architecture to test
or deploy a different experimental controller on the
working system with safe guard against unstability of
the new controller.

In the Simplex Architecture, an experimental con-
troller controls the system as long as the system is
in a desirable state. If the system enters an undesir-
able state, the safety controller takes over the control.
Once the system state gets in the operating region
of the baseline controller, the system will switch to
the baseline controller to achieve a required perfor-

mance. Switching to a different controller is done
by the decision module that selects output from the
active controller.

3.1 Three Inverted Pendulum Con-

trollers
IPControllers comprises three different controllers:
controllerBC, controllerEC, and controllerSC as
shown in Figure 4. Each of these corresponds to base-
line controller, experimental controller, and safety
controller of the Simplex architecture. Figure 5 shows

aVelocity cVelocity angle position
l I |
{ IR i
controllerSC controllerEC controllerBC
VaSC VaEC VaBC

Figure 4: IPControllers

the generic controller in CHARON with global vari-
ables x, theta, v, phi, and Va. When it is instan-
tiated, these variables are renamed. Global variables
x, theta, v, and phi are read variables renamed
to position, angle, cVelocity, and aVelocity.
Va is a write variable that will be renamed to
VaBC, VaEC, and VaSC for different controllers. The
value of Va is computed by the algebraic constraint
algeControl.

Q
read analog real x,theta,v,phi,xs;
write analog real Va;

phi v theta x

H—H—

controller

alge algeControl
{Va==K1*(x-xs) + K2*theta + K3*v + K4*phi}
I

Va controllerTopMode
Figure 5: Top Mode of Controller

3.2 The Decision Module

Figure 6 describes the behavior of IPDecisionModule
based on the state transition between the three con-
trollers [3, 4]. The control switching logic depends
on the boolean variables detecting timing faults and
semantic faults. The timing faults are denoted by
the variables bc_ready and ec_ready, which are set to
true or false depending on whether or not the base-
line and experimental controllers produce valid out-
put by their deadline, respectively. When the IP
state is near the boundary of the recovery region
within a given threshold, we say a control fault has
occurred. If a control fault has occurred and there




is no information to identify what causes the control
fault, a semantic fault from EC (BC) is assumed to
have occurred, if EC (BC) has the control at that
time. Transitions of CHARON are associated with

read analog real fromBC, fromEC, fromSC, x, theta, v, phi;
write analog real Va;
private analog real t;

diff diffTimer
{d==1 safety
inv{t<=Ts}

SCtoBC

baseline
inv{t<=Ts}
IPDecisionModuIeTopModé

trans BCtoSC from baseline.toSC to safety.frBC
when t

ECtoSC

SCtoEC

BCtoSC

BCtoEC

experimental

ECtoBC inv{t<=Ts}

== Ts and
(!Function.safe(x,theta,v,phi,t,Ts) or
('Function.bcReady() and !Function.ecReady()))

do {Va = fromSC; t=0}

trans BCtoEC from baseline.toEC

to experimental.frBC ...

from experimental.toBC

to baseline.frEC ...

from experimental.toSC

to safety.frEC ...

from safety.toBC

to baseline.frSC ...

from safety.toEC

to experimental.frSC ...

Figure 6: Top Mode of IPDecisionModule

trans ECtoBC

trans ECtoSC

trans SCtoBC

trans SCtoEC

guards and actions as explained in Section 2. Guards
are boolean expressions enabling transition. BCtoSC,
BCtoEC, ECtoBC, ECtoSC, SCtoBC, and SCtoEC are
transitions possible in the mode of IPDecisionMod-
ule.

In general, we are dealing with a nonlinear system

z = f(z,u,t)

where £ € R™ is the state vector, v € R™ is the
generalized input vector. The system is subject to
state constraints g(z) < 0 and control input limits
|| < Umaz- These physical (also called hard in con-
trol theory) constraints are usually considered in de-
signing a controller. In the IP example, the safety
controller SC is designed using LMI (Linear Matrix
Inequalities). The algorithm provides a control gain
matrix K, with the largest stability region (called
here safety region). In contrast, the baseline con-
troller is found using LQR (Linear Quadratic Reg-

ulator). In this case the performance is better but
the stability region is smaller. It can be shown that
the safety region is given by S = {z|zT Pz < 1},
where Py € R™*™ is a positive definite symmetric
matrix. Since the control design is based on linear
techniques, i.e., the system model is a linear approx-
imation of the nonlinear system, the actual safety
region may be smaller than S. To be specific, safe is
set true as long as the system state is in the region
S, = {z|zT Psz < 0.8}, and toBC is set true as long
as the state z satisfies 27 P,2 < 0.5. If the experi-
mental controller EC drives the system outside the
restricted safety region S, then safe is set false and
the SC becomes active.

4 Current and Future Work

We have shown that the hierarchical and modular
specification features of CHARON can be effective in
describing complex hybrid systems such as the Sim-
plex Architecture. To make CHARON practically use-
ful in developing reliable hybrid and embedded con-
trol systems, several researchers at the University of
Pennsylvania are developing simulation supports, in-
cluding hierarchical and distributed simulation, as
well as model checking techniques. The emphasis is
to exploit the hierarchical and modular aspects of
CHARON to improve efficiency and performance. For
example, new numerical techniques for event detec-
tion and localization are being developed. For more
information about CHARON and related projects,
please visit http://www.cis.upenn.edu/mobies.
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