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Abstrat: Evaluations of methods and tools applied to a referene problem are useful
when omparing various tehniques. In this paper, we present a solution to the hallenge
of apturing the requirements for the Light Control System ase study, whih was
proposed before the Dagstuhl Seminar on Requirements Capture, Doumentation, and
Validation in June of 1999.

The paper fouses primarily on how the requirements were spei�ed: what tehniques
were used, and what the results were. The language used to apture the requirements is
RSML�e; a state-based spei�ation language with a fully spei�ed formal denotational
semantis. In addition, the Nimbus environment { a toolset supporting RSML�e{ is
used to visualize and exeute the high-level requirements.

Keywords: light ontrol system, spei�ation-based prototyping, formal requirements
modeling, state-based spei�ation languages, requirements exeution and simulation.

Category: D2.1 Requirements Spei�ations { Languages

1 Introdution

In this paper we present a solution to the hallenge of apturing the requirements
for the Light Control System ase study set forth before the Dagstuhl Seminar
on Requirements Capture, Doumentation, and Validation in June of 19992.

The solution in this paper is aptured in a fully formal, exeutable, state-
based modeling language alled RSML�e (Requirements State Mahine Lan-
guage without events). We will demonstrate how the language is used to apture
the system requirements for the Light Control System and how our requirements
engineering environment, Nimbus (based around RSML�e), is used to dynami-
ally validate and evaluate the system requirements. Furthermore, we will show
how RSML�e is used to re�ne the system requirements to software requirements
and how Nimbus an assist in this proess|an approah we all spei�ation-
based prototyping [Thompson et al., 1999℄.

The paper's fous is on how the requirments spei�ation e�ort was om-
pleted and what was learned about the original informal requirements spei-
�ation in the proess. Our goal with this report is to give the reader a basi
understanding of the apabilities of RSML�e and the Nimbus environment. The
1 This work has been partially supported by NSF grants CCR-9624324 and CCR-
9615088, and University of Minnesota Grant in Aid of Researh 1003-521-5965.

2 The ase study is available at http://www.rn.informatik.uni-kl.de/~res.



ompleted formal requirements model and the models of the environment (sen-
sors, atuators, and proess) are too lengthy to inlude in this report. The full
spei�ation is nevertheless available for review on-line3.

In the next setion we will present our general view of ontrol systems of the
type presented in the Light Control System ase study. We will disuss what
system and software requirements are as well as a proposed struturing of the
requirements models. In Setion 3 we present the high-level struture of our view
of the Light Control System, the system sope, and its boundaries. Setions 4
and 5 present the requirements of the Light Control System in RSML�e and
demonstrate how the requirements an be dynamially evaluated in the Nim-
bus environment. The proess of re�ning the system requirements to software
requirements, and how to dynamially evaluate the re�nement steps in Nimbus,
is disussed in Setion 6. Setion 7 ontains an evaluation of the projet and our
approah as applied to the Light Control System. In this setion we also provide
some reommendations and disuss diretions for future researh.

2 The General Modeling Approah

The primary appliation domain for RSML�e and the Nimbus environment is
safety ritial appliations; that is, appliations where malfuntion of the soft-
ware may lead to death, injury, or environmental damage. Most, if not all, suh
systems are some form of a proess ontrol system where the software is par-
tiipating in the ontrol of a physial system. In this setion we will provide
a general overview of our modeling approah and point out what information
needs to be aptured in the system requirements spei�ation as well as the
software requirements spei�ation.

2.1 Control Systems

A general view of a software ontrolled system an be seen in Figure 1. This
model onsists of a proess, sensors, atuators, and a software ontroller. The
proess is the physial proess we are attempting to ontrol. The sensors measure
physial quantities in the proess. These measurements are provided as input
to the software ontroller. The ontroller makes deisions on what ations are
needed and ommands the atuators to manipulate the proess. The goal of the
software ontrol is to maintain some properties in the physial proess. Thus,
understanding how the sensors, atuators, and proess behave is essential for the
development and evaluation of orret software. The importane of this systems
view has been repeatedly pointed out in the literature [Parnas and Madey, 1991,
Leveson et al., 1994, Heitmeyer et al., 1995℄.

To reason about this type of software ontrolled systems, David Parnas and
Jan Madey de�ned what they all the four-variable model (outside square of Fig-
ure 2) [Parnas and Madey, 1991℄. In this model, the monitored variables (MON)
are physial quantities we measure in the system and ontrolled variables (CON)
are physial quantities we will ontrol. The requirements on the ontrol system
are expressed as a mapping (REQ) from monitored to ontrolled variables. For
instane, a requirement may be that \when a room is oupied, there must be
safe illumination." Naturally, to implement the ontrol software we must have

3 Note to reviewers: If aepted we will insert a hypertext referene to a web site
ontaining the entire system and software requirements spei�ations.
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Figure 1: Traditional feedbak proess ontrol model

sensors providing the software with measured values of the monitored variables
(INPUT), for example, an indiation if there is a person in the room. The sen-
sors transform MON to INPUT through the IN relation; thus, the IN relation
de�nes the sensor funtions. To adjust the ontrolled variables, the software gen-
erates output that ativates various atuators that an manipulate the physial
proess, for instane, a means to vary the illumination level in the room. The
atuator funtion OUT maps OUTPUT to CON. The behavior of the software
ontroller is de�ned by the SOFT relation that maps INPUT to OUTPUT.
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Figure 2: The four variable model for proess ontrol systems

The requirements on the ontrol system are expressed with the REQ relation;
the system requirements shall always be expressed in terms of quantities in the
physial world. To develop the ontrol software, however, we are interested in
the SOFT relation. Thus, we must somehow re�ne the system requirements (the
REQ relation) into the software spei�ation (the SOFT relation).



2.2 Struturing SOFT

The IN and OUT relations are determined by the sensors and atuators used in
the system. For example, to measure the light level in a room we may use a photo
resistor oupled with an A/D onverter that provides us an estimate of the light
level as an integer. Similarly, to ontrol the light level we may use dimmers and
the light �xtures in the room. Armed with the REQ relation (mapping MON to
CON), the IN relation (mapping IN to INPUT), and the OUT relation (mapping
OUTPUT to CON) we an derive the SOFT relation. The question is, how shall
we do this and how shall we struture the desription of the SOFT relation in a
language suh as RSML�e?

As mentioned above, the system requirements should always be expressed
in terms of the physial proess. These requirements will most likely hange
over the lifetime of the ontroller (or family of similar ontrollers). The sensors
and atuators are likely to hange independently of the requirements as new
hardware beomes available or the software is used in subtly di�erent operat-
ing environments; thus, all three relations, REQ, IN, and OUT, are likely to
hange over time. If either one of the REQ, IN, or OUT relations hange, the
SOFT relation must be modi�ed. To provide a smooth transition from system
requirements (REQ) to software requirements (SOFT) and to isolate the im-
pat of requirements, sensor, and atuator hanges to a minimum, Steven Miller
at Rokwell Collins has proposed to struture the software spei�ation SOFT
based heavily on the struture of the REQ relation [Miller, 1999℄.

MON CONINPUT OUTPUT
IN SOFT OUT

SOFTREQ OUT-1IN-1

Figure 3: The SOFT relation an be split into three omposed relations. The

SOFTREQ relation is based on the original requirements (REQ) relation.

Miller proposed to ahieve this by splitting the SOFT relation into three
piees, IN�1, OUT�1, and SOFTREQ(Figure 3). IN

�1 takes the measured input
and reonstruts an estimate of the physial quantities in MON. The OUT�1 re-
lation maps the internal representation of the ontrolled variables to the output
needed for the atuators to manipulate the atual ontrolled variables. Given
the IN�1 and OUT�1 relations, the SOFTREQ relation will now be essentially
isomorphi to the REQ relation and, thus, be robust in the fae of likely hanges
to the IN and OUT relations (sensor and atuator hanges). Suh hanges would
only e�et the IN�1 and OUT�1 portions of the software requirements spei�-
ation. Thus, the struturing approah outlined in this setion will redue the
impat of likely hanges on the software requirements spei�ation SOFT.



In the rest of this paper we will illustrate how this framework for require-
ments spei�ation and requirements re�nement is used. We will demonstrate
how the REQ relation is aptured in a language alled RSML�e and how it an
be validated through exeution and simulation in the requirements engineering
environment Nimbus. We will also demonstrate how the REQ relation is re�ned
to the SOFT relation and how the Nimbus environment supports dynami eval-
uation of the various models reated throughout the re�nement proess. The
result of this proess will be a formal spei�ation of SOFT that, in Nimbus,
also serves as a prototype of the ontrol software.

3 The Light Control System

The informal requirements for the Light Control system were provided by the
problem desription inluded in the all for papers. This desription provided
us with a rough idea of the funtionality of the system, but left many areas of
the system underspei�ed, or, more seriously, spei�ed in a way that ontra-
dited other requirements in the system. What follows is our interpretation of
the requirements of the system, with a few hanges and additions to provide
a omplete and onsistent desription of the system. First, we will larify the
physial struture of the omponents of the system. Then, we an set the system
boundaries and identify the monitored (MON) and ontrolled (CON) variables.

3.1 System Struture

The physial struture of the system and the ontrol software boundaries are out-
lined in Figure 4. The ontrol software, in the enter of the diagram, is spei�ed
in RSML�e. However, sine RSML�e was de�ned primarily for reative ontrol
systems, the language does not support omplex datatypes and data proessing;
thus, we have omitted some of the reporting features spei�ed problem desrip-
tion.

The Light Control System an be thought of as a set of small ontrol sys-
tems, eah of whih ontrol the light level for a given room or hallway. Beause
the behaviors of the rooms and hallways are independent of one another, we
an model eah system separately and then \wire together" the ontrol systems
into a omplete ontrol system for a oor or a building. In RSML�e we view
a system as a olletion of omponents onneted by ommuniation hannels.
A graphial representation (RSML�e notation) of a olletion of system om-
ponents and ommuniation hannels an be seen in Figure 4. The omponents
are onneted to the hannels through interfaes and an send messages over
the hannels. A message is a olletion of �elds holding the atomi piees of
information ommuniated between the omponents. The only information ow
between the omponents is through the unidiretional hannels.

Dividing up the spei�ations in this way allows us to fous on small parts of
the system and makes the task of analyzing these piees simpler. Nevertheless,
the hallway and room spei�ations are quite similar. In general, the hallway
an be viewed as providing a subset of the funtionality provided by the rooms.
For this reason, as well as spae onerns, the remainder of this paper will fous
on the spei�ation of the system and software requirements for the rooms only
(the full spei�ations for rooms and hallways are, of ourse, available on-line).
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3.2 Monitored and Controlled Variables

The �rst step in a requirements modeling projet is to de�ne the system bound-
aries and identify the monitored and ontrolled variables in the environment. In
this paper we will not go into the details of how to sope the system requirements
and identify the monitored and ontrolled variables|guidelines to help identify
monitored and ontrolled variables are overed in, for example, [Miller, 1999,
Faulk et al., 1992, Jakson, 1995℄. Here it suÆes to say that the monitored and
ontrolled variables exist in the physial system and at as the interfae between
the proposed ontroller (software and hardware) and the system to be ontrolled.

In the ase of the Light Control System, we identi�ed, for example, the
presene of a person in a room as a monitored variable and the light level in
the room as a ontrolled variable. Both are learly onepts in the physial
world, and thus suitable andidates as monitored and ontrolled variables for the
requirements model. A omplete list of the monitored and ontrolled variables
we identi�ed in the LCS for a room are de�ned in Table 1.

4 Modeling the REQ Relation

After we have determined the sope of our system we are positioned to apture
the required ontrol behavior in some formal notation; we are ready to apture
REQ|the topi of this setion.

Sine our work is based around a modeling language alled RSML�e (Re-
quirements State Mahine Language without events), a state-based language
suitable for modeling of reative ontrol systems, we start the setion with a
short introdution to the notation before we ontinue with a disussion of the
Light Control System requirements.

4.1 Introdution to RSML�e
RSML�e is based on the the language Requirements State Mahine Language
(RSML) developed by the Irvine Safety Researh group under the leadership of
Nany Leveson [Leveson et al., 1994℄. RSML�e was developed as a requirements
spei�ation language spei�ally for embedded ontrol systems. One of the main
design goals of RSML�e was readability and understandability by non-omputer
professionals suh as users, engineers in the appliation domain, managers, and
representatives from regulatory agenies. RSML�e is based on hierarhial �nite
state mahines and dataow languages. Visually, it is somewhat similar to David
Harel's Stateharts [Harel and Pnueli, 1985, Harel, 1987, Harel et al., 1990℄. For
example, RSML�e supports parallelism, hierarhies, and guarded transitions.
The main di�erenes between RSML�e and RSML are the addition in RSML�e
of rigorous spei�ations of the interfaes between the environment and the
ontrol software, and the removal of internal broadast events. The removal
of events was prompted by Nany Leveson's experienes with with RSML and
a new language alled SpeTRM-RL that she has evolved from RSML. These
experienes have been hroniled in [Leveson et al., 1999℄.

An RSML�e spei�ation onsists of a olletion of state variables, I/O vari-
ables, interfaes, funtions,maros, and onstants, whih will be briey disussed
below.

In RSML�e, the state of the model is the values of a set of state variables,
similar to modes in SCR [Heitmeyer et al., 1995℄. These state variables an be



Monitored Variables:

Name Range Desription

System Variables:
Light Level 0..10000 Lux The amount of light in the room
Oupied Boolean TRUE if room is oupied
Light Level Undetetable Boolean Used for light sensor failure.
Oupied Undetetable Boolean Used for motion or door sensor

failure.
Window Light Bank Intensity 0..100 Intensity of Window Light Bank
Wall Light Bank Intensity 0..100 Intensity of Wall Light Bank

Operator Inputs:
Chosen1 LS Button InVar Boolean Chooses/Replaes light sene 1
Chosen2 LS Button InVar Boolean Chooses/Replaes light sene 2
Chosen3 LS Button InVar Boolean Chooses/Replaes light sene 3
Default LS Button InVar Boolean Chooses/Replaes default light

sene
Set LS Button InVar Boolean If TRUE and another LS button

is pressed, replaes the light sene
with the urrent light sene.

T1 1..1440 minutes Timeout to reestablish default
light sene

T3 1..1440 minutes Timeout to shut o� lights
FaM Shuto� Boolean Allows fa. man. to remotely shut

o� lights.

Controlled Variables:
Name Range Desription

System Variables:
Con Window Light Bank Intensity 0..100 Intensity of Window Light Bank
Con Wall Light Bank Intensity 0..100 Intensity of Wall Light Bank

Outputs to Operator:
Failed Boolean TRUE if system detets ompo-

nent failure.

Table 1: The monitored and ontrolled variables for the Light Control System

in a room.



organized in parallel or hierarhially to desribe the urrent state of the system.
Parallel state variables are used to represent the inherently parallel or onur-
rent onepts in the system being modeled. Hierarhial relationships allow hild
state variables to present an elaboration of a partiular parent state value. Hier-
arhial state variables allow a spei�ation designer to work at multiple levels
of abstration, and make models simpler to understand.

Light_Control_System_Room

Light_Maintenance_Modes

Room_Occupied

Room_Occupied_Eq

Maintain_Light_Scene

User_Set_Mode

Room_Empty

Occupancy_Undetectable

Chosen_Light_Scene

Chosen1_LS

Chosen2_LS

Chosen3_LS

Default_LS

Failure_Modes

Ok

Failed

Figure 6: The state mahine for the requirements model of the Light Control

System in an individual room

For example, onsider the Light Control System for an individual room.
The state variable hierarhy used to model the requirements on this system
ould be represented as in Figure 6. This representation inludes both paral-
lel and hierarhial relationships of state variables. Light Maintenane Modes,
Chosen Light Sene and Failure Modes are three parallel state variables, and
Room Oupied Eq is a hild state variable of Light Maintenane Modes

Next state funtions in RSML�e determine the value of state variables. These
funtions an be organized as transitions or ondition tables. Condition tables
desribe under what ondition a state variables assumes eah of its possible val-
ues. Transitions desribe the ondition under whih a state variable is to hange
value. A transition onsists of a soure value, a destination value, and a guarding
ondition. A transition is taken (ausing a state variable to hange value) when
(1) the state variable value is equal to the soure value, and (2) the guarding
ondition evaluates to true. The two state funtion types are logially equiva-
lent; mehanized proedures exist to ensure that both funtions are omplete
and onsistent [Heimdahl and Leveson, 1996℄.

The state funtions are plaed into a partial order based on data dependenies
and the hierarhial struture of the state mahine. State variables are data-
dependent on any other state variables, maros, or I/O variables that are named
in their transitions or ondition tables. If a variable is a hild variable of another
state variable, then it is also dependent on its parent variable. The value of the
state variable an be omputed after the items on whih it is data-dependent
have been omputed. For example, the value of the Room Oupied Eq state
variable would be omputed after the Light Maintenane Modes state variable,



beause its value is dependent on whether or not Light Maintenane Modes is in
the Room Oupied state.

Conditions are simply prediate logi statement over the various states and
variables in the spei�ation. The onditions are expressed in disjuntive normal
form using a notation alled and/or tables [Leveson et al., 1994℄ (see Figures 7,
9, 10, et.). The far-left olumn of the and/or table lists the logial phrases.
Eah of the other olumns is a onjuntion of those phrases and ontains the
logial values of the expressions. If one of the olumns is true, then the table
evaluates to true. A olumn evaluates to true if all of its elements math the
truth values of the assoiated olumns. An asterisk denotes \don't are."

Transition: Occupancy_Undetectable       Room_Empty

Condition:

Occupied_InVar = TRUE F

Occupied_Detectable_InVar = TRUE T

Figure 7: A transition in the Light Maintenane Modes state mahine.

I/O Variables in the spei�ation allow the analyst to reord the the moni-
tored variables (MON) or values reported by various external sensors (INPUT)
(in the ase of input variables) and provide a plae to apture the ontrolled
variables (CON) or the values of the outputs (OUTPUT) of the system prior to
sending them out in a message (in the ase of output variables).

Interfaes, disussed briey in Setion 3.1, enapsulate the boundaries be-
tween the RSML�e model and the external world.

To further inrease the readability of the spei�ation, RSML�e ontains
many other syntati onventions. For example, they allow expressions used in
the prediates to be de�ned as funtions (e.g., TotalIntensity()), and familiar
and frequently used onditions to be de�ned as maros (e.g., OupanyUnde-
tetable()). Funtions in RSML�e are mathematial funtions that are used to
abstrat omplex alulations. A maro is simply a named and/or table that
is used for frequently repeated onditions and is de�ned in a separate setion of
the doument.

4.2 Overview of REQ

Our hoie of the various monitored and ontrolled quantities plaes ertain
onstraints on what an, and annot, be spei�ed in the REQ relation. This
is natural, and desirable, beause the REQ relation represents a mapping from
monitored variables to ontrolled variables. If the monitored and ontrolled vari-
ables are hosen appropriately, then the spei�ation of the REQ relation will
be foused on the issues whih are entral to the requirements on the system.

In the Light Control System, some of the informal needs from the problem
desription will not be represented in the REQ relation or they will be repre-
sented in an abstrat form. For example, the problem desription states that



\If any outdoor light sensor or the motion detetor of a room does not work
orretly, the user of this room has to be informed" (U8)4. The REQ relation
does not inlude any notion of a motion detetor nor of the outdoor light sensor.
Instead, the monitored quantities for the light level in the room and whether the
room is oupied or not are used.

Often when starting to onstrut the REQ relation, it is helpful to examine
the ontrolled variables of the system. It is neessary to determine what ondi-
tions partition the value of a partiular ontrolled variables (i.e., what modes
e�et the ontrolled variable) and under what senarios various outputs should
be generated. In this light ontrol system, the ontrolled variables are the inten-
sity of the window and wall light groups in the oÆe and the failure indiation
operator output. For now, we will fous on the window and wall intensity vari-
ables.

From the problem desription, it beomes lear that there are two main
ativities whih a�et the way that the REQ relation must determine the values
of the ontrolled variables. First, from needs it is lear that the REQ relation
must be able to apture and use the various user set points (U6, U7, and U9 on
page 9 of the problem desription). Seond, it is lear that the ontrol system
should somehow maintain the light level in the rooms (FM1 on page 10 and U2
on page 9). Furthermore, it would appear that these two task our onurrently.
The following two subsetions onsider these two tasks.

4.3 User Funtionality

In this setion, we will onsider the maintenane of the various set points by the
user and the way in whih they are modeled in our version of the REQ relation.
This is the simplest of the two main tasks of the REQ relation. Nevertheless,
by onstruting a formal model several issues with the de�nition of a light sene
were exposed.

In the problem desription, the room ontrol panel (RCP) is desribed by U7,
U9, and U12. U12 states that the RCP is a mobile, stand-alone devie; therefore,
a reasonable design for suh a devie seemed to be to keep the ontrols as simple
as possible. Our initial design of the RCP is shown in Figure 8.

We envisioned the user seleting a light sene by simply pressing its assoiated
button and setting a light sene by �rst adjusting the light in the room using the
top two ontrol groups and then pressing the \set" button while pressing one of
the light sene buttons (i.e., similar to the funtionality of a typial ar radio).

This seems a simple, and intuitive solution; nevertheless, the de�nition of
a light sene given in the problem desription states that a name is assoiated
with eah light sene. In order to allow the user to enter a name, a more omplex
interfae would seem to be in order. However, this would (1) add signi�antly to
the ost and omplexity of the RCP and (2) probably not add muh, if anything,
in terms of funtionality and user satisfation. Therefore, we deided to simplify
the de�nition of the light sene so that the light sene is simply seleted with a
button on the RCP (Sene 1, Sene 2, and Sene 3).

To model the light senes, we use a number of state variables to apture the
light level in Lux. Figure 9 shows the RSML�e de�nition for the state variable
that models the light level for on of the �rst light senes.

The value of the variable is updated only if the user is pressing the \set"
button and the button for light sene 1. If this is the ase, then the state variable

4 All requirements referenes are to the original problem desription made available
with the all for papers.
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Figure 8: Initial Room Control Panel

reords the value of the monitored variable for the urrent light level in the room.
This the �rst ase in Figure 9. Otherwise, the variable's value must stay the same.
In RSML�e this must be expliitly spei�ed (the seond ase in Figure 9). The
other light senes (hosen2, hosen3, and default) all have similar de�nitions for
the apture of the desired light level.

The light sene de�nition in the problem desription states that the sene
onsists of the light level and an option: window, wall, or both. Furthermore, if
the seletion is both, then both light banks are used equally to obtain the desired
light level. The ontrol system an detet whether or not both light banks are on
and thereby determine the value of this option when the set button was pressed.
Nevertheless, we reasoned that the user would almost always have both light
banks on to some degree or other.

Imagine what would happen if the user (1) adjusted the lights as desired, for
example, 40% window and 60% wall; (2) set this to the �rst light sene; and (3)
pressed the �rst light sene button. Clearly, this light sene uses both the wall
and the window light groups. But, if the light sene stores the \both" option,
then when the users presses the button for the �rst light sene, the window light
group will be raised in illumination and the wall light group will be lowered.
This behavior does not seem intuitive. Therefore, we expanded the de�nition of
a light sene so that it onsists of the light level in the room plus intensity of
the window light group (0 - 100) and the intensity of the wall light group. Using
this information, we an maintain the proportion (window/wall) that the user
has seleted and thereby, in our opinion, provide a better ontrol behavior for
the system.



State Variable

Chosen1_LS_Light_Level

Type: INTEGER

Units: lux

Expected Min: 0

Expected Max: 10000

:= Light_Level_InVar IF

Chosen1_LS_Button_InVar = ButtonPressType::kPressed T

Set_Light_Scene_Button_InVar = ButtonPressType::kPressed T

:= PREV_STEP(Chosen1_LS_Light_Level) IF

Chosen1_LS_Button_InVar = ButtonPressType::kPressed T F F

Set_Light_Scene_Button_InVar = ButtonPressType::kPressed F T F

Figure 9: Capturing the Light Level in a Light Sene

4.4 Maintaining the Light Level

After the user has hosen the light level and distribution(between window and
wall) for the room, this light sene must be maintained. Also, there are a number
of requirements related to the user leaving the room and the whether or not room
oupany is detetable that need to be onsidered when omputing the values
of the ontrolled variables. This setion disusses the part of the light ontrol
spei�ation that omputes the ontrol behavior for maintaining the light level
and light distribution in the room.

The ontrol system learly behaves di�erently depending on the oupany
of the room; if there is a person in room, the ontrol system must maintain the
light level in the room. If there is no one in the room, the ontrol system must
determine whether or not to shut o� the lights.

Figure 6 shows this partitioning of the Light Maintenane Modes. Eah mode
has ertain onditions under whih it is ative. These onditions are spei�ed
with a state variable de�nition as shown in Figure 10. These modes depend
on two monitored variables: Oupany Detetable and Room Oupied, whih
determine whether we an detet the oupany status of the room, and if so,
whether or not the room is oupied.

The way that we have hosen to implement the ontrol of the light level in
the room is as follows: (1) the light level in the room is ompared with the light
level required by the urrent light sene, (2) if light level is not equal to the light
level spei�ed in the urrent light sene, the light intensity of the window/wall
light banks are adjusted proportionally up or down by a small inrement. Then,
the system will poll the light level again within a short amount of time and



State Variable

Light_Maintenance_Modes

Location: Light_Control_System_Room

:= Room_Occupied

Condition:

Occupied_InVar = TRUE T

Occupied_Detectable_InVar = TRUE T

:= Occupancy_Undetectable

Condition:

Occupied_Detectable_InVar = TRUE F

Transition: Occupancy_Undetectable       Room_Empty

Condition:

Occupied_InVar = TRUE F

Occupied_Detectable_InVar = TRUE T

Transition: Room_Occupied      Room_Empty

Condition:

Occupied_InVar = TRUE F

Occupied_Detectable_InVar = TRUE T

Figure 10: Light Maintenane Modes in the REQ Relation



eventually, the light in the room will omply with the seleted light sene.
There is an issue, however, with the fat that it is not desirable to have the

ontrol system adjust the light intensity at the same time as the user attempts
to adjust it; that is, the ontrol system should not �ght the user for ontrol over
the lights. Thus, it is neessary to partition the Room Oupied mode into two
sub-modes: one where the system is reeiving user input and should produe no
ontrol ations and one where the system is responsible for maintaining the light
level in the room. This partition an be seen in Figure 6.

The urrent light sene is the basis if the ontrol of the light in the room.
First, it is omputed and then it is used to determine the values of the ontrolled
variables. The urrent light sene, like any other light sene, onsists of a light
level (in lux) and the intensity of the window and wall light banks.

Figure 11 shows the state variable de�nition for the light level of the urrent
light sene. The �rst ase in the de�nition simply states that the the light level
will be updated to the urrent light level in the room if the user is setting the
ontrols for the room. This ensures that as the user makes hanges to the lights,
the hanges are maintained, not reset, by the system.

The seond group of ases in Figure 11 (ases 2-5) handles the user pressing
one of the light sene buttons on the RCP. If the user presses one of these
buttons, the light level assoiated with the seleted light sene is used as the
urrent light sene and will thus be maintained by the system.

The next two ases (6 and 7) determine the light level in the room if the room
and unoupied or reoupied. The lights are shut o� if the room is empty and
either T3 has passed or the faility manager has issued the shuto� ommand. If
the room is reoupied, then the light level is determined by whether or not T1
has passed.

Finally, the light level will remain the same if the user is not making hanges
to the light level and room has not been reently reoupied.

One the light level is omputed, it is ompared with the monitored light
level in the room. If the light needs to be inreased/dereased, it is done so while
maintaining the proportion of window light to wall light spei�ed in the urrent
light sene. The details of this part of the spei�ation will not be inluded in
this report due to spae onsiderations.

5 Exeution of the REQ Relation in Nimbus

Now that we have an initial version of the REQ spei�ation, it is possible to
analyze it and simulate it in a realisti environment using the Nimbus tools
for requirements modeling. This paper will fous on the exeution and simula-
tion apabilities of the environment. This next setion introdues the Nimbus
environment and presents our results for the light ontrol ase study.

5.1 The Nimbus Environment

Assurane that the requirements model (system or software) possesses desired
properties an be ahieved through (1) manual inspetions, (2) formal veri�a-
tion of the desired properties, or (3) simulation and testing of the spei�ation.
To ahieve the high level of on�dene in the orretness required in a safety-
ritial system, all three approahes must be used in onert. One environment,
alled Nimbus, under development at the University of Minnesota provides sup-
port for all these ativities [Thompson et al., 1999, Thompson and Heimdahl, 1999℄.



Output Variable

Current_LS_Light_Level

Type: INTEGER

Units: lux

Expected Min: 0

Expected Max: 10000

:= Light_Level_InVar IF

..Room_Occupied_Eq IN_STATE User_Set_Mode T

:= Chosen1_LS_Light_Level IF

Chosen1_LS_Button_InVar = ButtonPressType::kPressed T

Set_Light_Scene_Button_InVar = ButtonPressType::kNotPressed T

:= Chosen2_LS_Light_Level IF

Chosen2_LS_Button_InVar = ButtonPressType::kPressed T

Set_Light_Scene_Button_InVar = ButtonPressType::kNotPressed T

:= Chosen3_LS_Light_Level IF

Chosen3_LS_Button_InVar = ButtonPressType::kPressed T

Set_Light_Scene_Button_InVar = ButtonPressType::kNotPressed T

:= Default_LS_Light_Level IF

Default_LS_Button_InVar = ButtonPressType::kPressed T

Set_Light_Scene_Button_InVar = ButtonPressType::kNotPressed T

:= 0 IF

..Light_Maintenance_Modes IN_STATE Room_Empty T T

TIME >= ..Light_Maintenance_Modes TIME_ENTERED Room_Empty +
T3_InVar

T *

MESSAGE_AT(FacM_Shutoff) * T

:= Reoccupied_Light_Level() IF

..Room_Occupied_Eq IN_STATE User_Set_Mode F

PREV_STEP (..Light_Maintenance_Modes IN_STATE Room_Occupied) F

:= PREV_STEP(Current_LS_Light_Level) IF

..Room_Occupied_Eq IN_STATE User_Set_Mode F

PREV_STEP (..Light_Maintenance_Modes IN_STATE Room_Occupied) T

Figure 11: Current Light Sene Light Level in the REQ relation



This is the environment whih we have used to apture and evaluate the required
behavior of the Light Control System.

Formal
Specification

Analysis
Reports

Specification
Verification and
Validation Environment

Analysis Tools
Completeness & Consistency
Deviation Analysis
...
Reachability Analysis

Visualization &
Inspection Tools

Execution  &
Simulation Tools

Environment
(Software simulation or
actual hardware)

Logging
Information

Code Generator Production
Code

Legend:

Tool or simulation

Artifact

Figure 12: An overview of the support needed to e�etively take advantage of

ode generation from formal high-level requirements models.

The three V&V tehniques �ll omplementary roles within the validation
and veri�ation proess. Manual inspetions and visualization provide the spe-
i�ation team, ustomers, systems engineers, and regulatory representatives the
means to informally verify that the behavior desribed formally in the spei�a-
tion mathes the desired \real world" behavior of the system. Formal analysis
is helpful to determine if the spei�ation possesses desirable properties, for in-
stane, if the spei�ation is omplete and onsistent, and whether unsafe states
are reahable. Simulation and testing are neessary to provide additional assur-
ane that the spei�ation aptures the desirable behavior and is free of faults.
In this report we will fous on the uniquely exible apabilities for exeution
and simulation available in Nimbus.

The exeution and simulation apabilities Nimbus environment are based on
the ideas that (1) the engineers would like to have an exeutable spei�ation of
the system early in the projet and that (2) as the spei�ation is re�ned it is
desirable to integrate it with more detailed models of the environment to enable
aurate validation of the requirements model. Therefore, in the initial stages of
the projet, we want the exeutions to take their input from simple models of the
embedding environment, for example, text �les or user input. As the spei�ation
is re�ned, the analyst an add more detailed models of how the ontrolled system
behaves, for example, additional RSML�e spei�ations or software simulations
of the system. As the requirements spei�ation (REQ) is re�ned to a software
spei�ation (SOFT), models of the sensors and atuators an be inorporated
into the exeutions. In order to have a losed loop simulation, a model of the
proess an be added between the sensor and atuator models. Finally, when
the spei�ation has been re�ned to the point of de�ning the software inputs



and outputs (INPUT and OUTPUT), the analyst an exeute it diretly with
the hardware. This hardware-in-the-loop simulation loses the gap between the
prototype and the atual hardware. These ideas are illustrated in Figure 13.

Actual
hardware

Control Software
Simulation

(RSML Specification)

Small, standard interfaces allow the
most suitable model (or physical
component)  to be used.  Model

used is easily changeable.

Software
simulations

RSML
models

Sensor models at various
levels of abstraction

Actuator models at various
levels of abstraction

Process model
(for closed loop simulation)

Text Files/
User Input

Actual
hardware

Software
simulations

RSML
models

Text Output
(file/screen)

Figure 13: The Nimbus Environment

The exibility to quikly and easily onnet di�erent models of the om-
ponents in a system provides new opportunities when reating and validating
formal spei�ations. An environment suh as ours an be used to aid in re-
quirements based prototyping, in re�nement of the spei�ation as well as the
environmental models, the evaluation of the operator interfae, and in testing
both the spei�ation and the implementation derived from it. The detailed dis-
ussion of the various apabilities of our environment is beyond the sope of this
paper and the interested reader is referred to [Thompson et al., 1999℄.

5.2 Exeuting the Requirements

User input of RSML-e model of
the REQ relation

Text file collectingLight_Level Window/Wall

Excel spreadsheet
generating
light data

RSML-e model of
the REQ relation

Text file collectingLight_Level

a.

b.

light data lighting commands

lighting commands

Intensity

Window/Wall

Intensity

Figure 14: The REQ relation an be evaluated using text �les or user input (a)

or interating with a simulation of the environment (b).



The Nimbus environment allows us to exeute and simulate the model we
disussed in Setion 4 using input data representing the monitored variables and
ollet output representing the ontrolled variables. Input data ould ome from
several soures. The simplest option for input is, of ourse, to have the user
speify the values (either interatively, or by putting the values into a text �le
ahead of time). This senario is illustrated in Figure 14(a).

Unfortunately, it is often diÆult to reate appropriate input senarios sine
the physial harateristis of the environment enfore onstraints and inter-
relationships over the monitored and ontrolled variables. For example, if we
inrease the light output from one of the light groups, how muh will the illu-
mination in the room inrease? Thus, to reate a valid (i.e., physially realisti)
input sequene, the analyst must have a model of the environment. Initially, this
model may be an informal mental model of how the environment operates. As
the evaluation proess progresses, however, a more detailed model is most likely
needed. Therefore, in this stage of the modeling we may develop a simulation of
the physial environment. The Nimbus arhiteture lets us easily replae the in-
puts read from text �les with a software simulation emulating the environment.
This re�nement an be done without any modi�ations to the REQ model.

For the Light Control System, we reated a spreadsheet in Mirosoft Exel
to emulate the behavior of light groups and the illumination level in the room
(Figure 14(b)) This simple environmental model allows us to interatively modify
the traÆ through the room, the external light available, et., and to easily
explore many possible senarios.

Developing a model of the room ontrol panel is another way to enhane the
simulation of the REQ relation. There are a number of reasons why a mokup
of the RCP is better than providing simply input from text �les.

First, the RCP provides a signi�ant amount of data to the REQ spei�a-
tion: The user settings of the window and wall intensity, the values of T1 and
T3, and the seletion and setting of four di�erent light senes. There are many
di�erent ombinations of input sequenes that an be generated from the room
ontrol panel (RCP) and to generate test �les for even a small number of them
would be frustrating at best.

Seond, onstruting an interfae mokup provides invaluable opportunities
to evaluate the ontrol system with the intended users. For example, in our ase
we onstruted a mokup of the RCP as it was pitured in Figure 8. When we
tried to use this mokup, however, it beame lear that the user would desire
a separate ontrol to set the hours and minutes so as to more easily enter the
times T1 and T3 into the system. Our mokup was done using Visual Basi and
is pitured in Figure 15. In the �gure, both the window and the wall light groups
have been turned on and the user has seleted a value for T1 of 1 hour and 30
minutes and a value for T3 of 5 minutes.

Figure 16 shows data ow between the appliations used to do the system
simulation of the REQ relation. The values for the room oupany and the
faility manager shuto� signal are still represented by user inputs beause a
more ompliated model is, in out opinion, not neessary at this stage . The
values for light level and the RCP are represented as desribed above. Note that
the user settings of the window and wall intensity must be passed both the the
REQ spei�ation and to the light model of the room.



Figure 15: The Room Control Panel with both light banks on.
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Figure 16: Overview of the REQ simulation



5.3 Results

Simulating the requirements provides the opportunity to disover oneptual er-
rors in the requirements model as well as gain a greater understanding into the
requirements themselves. In the ase of the light ontrol system, we disovered
a number of mistakes in our formal requirements model. For example, we dis-
overed numerous erroneous state transition de�nitions. Many, but not all, of
these errors ould be found be using the ompleteness and onsisteny analysis
proedures that are also a part of the Nimbus tools. In the interestes of spae,
we will not go into detail on these types of errors.

More interesting are errors whih an be traed bak to inonsistenies or
underspei�ation of the original requirements doument. For example, onsider
the ase where the user has set the values of T1 and T3 so that T3 is greater
than T1. In other words, suppose the user has adjusted the lights to a hosen
light sene and then left the room. The user is out of the room long enough for
T1 to pass, i.e., when the user re-enters the room (aording to 9:U4) the default
light sene has to be established. Beause the user did not turn out the lights
and T3 has not passed yet the lights in the room will still be on as the user left
them. Nevertheless, when the ontrol system detets that the room is oupied
is will hange the lighting in the room to omply with the default sene. This
is the behavior that is spei�ed in the problem desription, but it might not be
the behavior that users' expet.

We have found that simulation of the high-level requirements in a realisti
environment is inredibly valuable for �nding these and other types of oneptual
errors. Experimentation in this fashion provides a spei�ation of REQ that is
a solid foundation from whih to re�ne a spei�ation of the SOFT relation: a
topi whih is addressed in the following setion.

6 Re�ning System Requirements to Software

Requirements

One the model of REQ has been thoroughly simulated and analyzed, it is ready
to be re�ned to a model of SOFTREQ. This setion disusses how to re�ne REQ
to SOFTREQ and how this was done for several monitored variables in the light
ontrol system.

6.1 Re�ne REQ to SOFTREQ

From the start of the modeling e�ort, we know that we will not be able to diretly
aess the monitored and ontrolled variables{we must use sensors and atuators.
Thus, when re�ning REQ to SOFT, we will not be able to use variables suh
as Oupied. At this early stage, we may not know exatly what hardware will
be used for sensors and atuators; but, we do know that we must use something
and we may as well prepare for it early. By simply enapsulating the monitored
and ontrolled variables we an get a model that is essentially isomorphi to the
requirements model; the only di�erene is that this model is more suited for the
re�nement steps that will follow as the surrounding system is ompleted.

In our ase, using a maro, IsOupied(), instead of the monitored variable
Oupied will shield the spei�ation from possible hanges in how the �nal



software will determine that a room is oupied (See Figure 17). By performing
this enapsulation for all monitored and ontrolled variables we re�ne REQ to
SOFTREQ, a mapping from estimates of the monitored variables to an internal
representation of the ontrolled variables.

Macro

IsOccupied

Parameters: NONE

Condition:

..Occupied_In IN_STATE Occupied T

Figure 17: The IsOupied() maro from the re�ned light ontrol system

6.2 IN, OUT, IN�1, and OUT�1
As the hardware omponents of the system are de�ned (either developed in house
or proured), the IN and OUT relations an be rigorously spei�ed. The IN and
OUT models represent our assumptions about how the sensors and atuators
operate.

With the information about the sensor (IN) and atuator (OUT) relations, we
an start adding to the SOFTREQ relation to move towards SOFT. To ahieve

this, we re�ne the IN�1 relation in our model. In the Light Control System
there are several sensors and atuators that must be onsidered. In the following
setions, we will fous our attention on the sensors needed to determine if a room
is oupied and to detet the light level in the room.

6.2.1 Re�ning Oupied

The ontrol system must ompute whether or not the room is oupied based
on the input from the motion detetor and the door sensors. For simpliity, we
assume that the door sensors are wired as one input to the system so that if
any of the doors are open, then the door sensor indiates \open" and if all the
doors are losed, then the door sensor reads \losed". When omputing whether
or not the room is oupied, it is neessary to have some state information (i.e.,
we must know whether or not the room was oupied in the previous instane in
time); therefore, a state variable needs to be added so that IN�1 an be properly
omputed.

The re�ned state mahine an be seen in Figure 18. Instead of the idealisti
true oupany of the room used when evaluating REQ, the spei�ation now



takes the input from one motion detetor and the door sensors. Thanks to the
struturing of the SOFT relation, this re�nement ould be done with minimal
hanges to the SOFTREQ relation.

Light_Control_System_Room

Occupied_In

Occupied

Not_Occupied

Not_Detectable

Light_Maintenance_Modes

Room_Occupied

Room_Occupied_Eq

Maintain_Light_Scene

User_Set_Mode

Room_Empty

Occupancy_Undetectable

Chosen_Light_Scene

Chosen1_LS

Chosen2_LS

Chosen3_LS

Default_LS

Failure_Modes

Ok

Failed

Figure 18: The state mahine from Figure 6 re�ned to inlude the IN�1 portions
for Oupied

The omputation of the oupied quantity is shown in Figure 19. The �rst
two ases determine whether or not the room is oupied based on the value of
the motion detetor. The last ase, the ondition to be in Not Detetable, de�nes
the onditions under whih there may be a sensor failure or malfuntion. If the
room was not oupied and the doors have remained losed and then motion is
deteted; there must be a problem with the sensors.

When attempting to omplete this re�nement, we disovered onits in the
problem statement. For instane, onsider the following elements from the prob-
lem desription: (1) \If any motion detetor of a room or hallway setion does
not work orretly, the ontrol system should behave as if the room or hallway
setion were oupied" (NF4); (2) the motion detetor an detet even small
motions within the room and it overs the whole room (sensor desription); and
(3) the oupany of a room annot hange when the doors are losed (ustomer
feedbak 25).

On the surfae, these all seem reasonable statements. The �rst two statements
imply that the ontrol software should attempt to detet sensor failures. The last
statement says that if the doors in the room are losed, it doesn't matter what
the reading from the motion detetor is, the oupany of the room will be
unhanged. However, if this were added to, for example, the ondition to be in
Not Oupied then it would overlap with the ondition to be in Not Detetable
and an inonsisteny is introdued in the model.



State Variable

Occupied_In

Location: Light_Control_System_Room

:= Occupied

Condition:

Motion_Detected_InVar = TRUE T

:= Not_Occupied

Condition:

Motion_Detected_InVar = FALSE T

:= Not_Detectable

Condition:

PREV_STEP(DoorSensor_InVar = DoorSensorType::kClosed) T

PREV_STEP(..Occupied IN_STATE Not_Occupied) T

Motion_Detected_InVar = TRUE T

DoorSensor_InVar = DoorSensorType::kClosed T

Figure 19: The de�nition for the Oupied In state variable

6.2.2 Re�ning Light Level

In the REQ spei�ation, we assume we know the orret level of light in the
room (Light Level). In reality, this is not the ase; we must add sensing apabil-
ities to determine an approximation of the light level in the room.

The spei�ation states that we should attempt to ompute the light level
given an outdoor light sensor and the amount of illumination from the two light
banks (in a feed-forward type fashion). However, this is extraordinarily diÆult
beause of several fators:

{ In most oÆe buildings, oÆes are equipped with blinds or urtains. If the
user loses the blinds, then little sunlight will enter the room. Even if there
are no blinds, if the light oming into the room bothers the oupant he or
she will most likely �nd some way to over the windows (e.g., by putting up
paper). Thus, transmission of light through the glass annot be assumed to
behave aording to some set funtion.

{ Users may have desk lamps or other soures of illumination. The light-level
algorithm will not be able to aount for these alternate light soures.



{ The amount of illumination measured by the outdoor light soure depends
on the angle of the sun relative to the sensor, as well as the intensity of the
light. The amount of light atually entering a room depends on the position
of the window relative to the sun. All these fators vary with the time of
day, weather onditions, and time of year. Providing an aurate alulation
of the light level in the room based on the light level at an external sensor
would be prohibitively expensive (if not impossible).

{ The algorithm must assume that all �laments in the light banks are fun-
tioning orretly (i.e., no burned out �laments). This assumption may not
be valid.

Beause these onerns make the light-level omputation error-prone at best,
we have hosen to introdue a light sensor into eah room or hallway that we
monitor. Using this approah, we an diretly measure the light level in the room.
The monitored variable Light Level an be viewed as a state variable whose value
is a saling funtion of the light sensor value. For now, we assume that the light
sensor is similar to type as desribed for the outdoor light sensor, so the saling
fator is 1.

In the spei�ation, we introdue a new input variable Light Sensor Level
that reords the raw sensor value. Then we (trivially) onvert it to the Light Level
monitored variable. Although in this ase Light Sensor Level is always the same
as Light Level, both are useful, beause they deouple the REQ relation from the
partiular sensors. If we hange the sensors, we just have to hange the de�nition
of the Light Level variable, without impating the rest of REQ.

Given that we have a light sensor in the room, one problem is that we only
know the light level at the loation of the light sensor. Therefore, where the light
sensor is plaed in the room is important. If the light sensor is obsured, or if
it is plaed very lose to one of the light banks, then the light level of the room
may be inaurately measured. Depending on how aurate we required the light
level to be, we ould reate an environment model of the room in whih we ould
move the the light sensor around, then onnet it to a RSML�e simulation to
investigate the behavior of the system.

6.3 Re�ning the Simulations

When evaluating RSML spei�ations in Nimbus, the analyst has great freedom
in how he or she models the environment. When we evaluated the REQ model
in Setion 4, we used a user or a software simulations to provide the RSML�e
model with monitored variables and to evaluate the ontrolled variables. As the
IN�1 and OUT�1 relations are added to the RSML�e model, the data provided
(and onsumed) by the model of the embedding environment must be re�ned to
reet the software inputs and outputs (INPUT and OUTPUT) instead of the
monitored and ontrolled variables (MON and CON).

This an be ahieved in two ways; (1) re�ne the model of the physial proess
to produe INPUT and onsume OUTPUT (inorporate sensors and atuators
into the model of the environment), or (2) add expliit and separate models of
the sensors and atuators to the simulation. In reality, the re�nement of the en-
vironmental model and the SOFT relation progress in parallel and is an iterative
proess. The sensor and atuator models may be added one at a time and the
interation with di�erent omponents may merit di�erent re�nement strategies.
Nimbus naturally allows any ombination of the approahes mentioned above
to be used.
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Figure 20: The simulation with the re�ned notion of oupied

Figure 20 show the re�ned simulation overview for the light ontrol system.
We have replaed the user input for the room oupany monitored variable with
an Exel spreadsheet to model the motion detetors and the doors in the room.
This spreadsheet now supplies the required motion detetor and door status
inputs to the spei�ation. Also, the light model spreadsheet has been re�ned.

As the re�nement of the SOFT relation and the models of the environment
progresses, we may at some point desire to perform hardware-in-the-loop simu-
lation. Suh simulations are easily aommodated in the Nimbus framework. If
we want to evaluate the Light Control System software requirements interating
with the atual hardware omponents, we an use any standard data aquisition
ard to aess the hardware5. Nimbus provides a olletion of sample interfaes
to the data aquisition ard that an be easily modi�ed to ommuniate with
the desired hardware omponents. In the ase of the Light Control System, we
may want to take atual input from the light sensor in the room and physially
ontrol the two light groups while we use software simulations for the motion
sensors and door sensors6.

The use of hardware-in-the-loop simulation does not only provide a powerful
evaluation of the proposed software system, we an also use Nimbus to evaluate
the physial system itself. For instane, by foring the RSML�e model of the
software requirements into unexpeted and/or hazardous states, we an injet
simulated software failures into the hardware system.

To summarize, Nimbus provides a exible framework in whih a software
requirements model expressed in RSML�e an be exeuted while it interats
with various models of the other omponents in a proposed system. Nimbus
supports the re�nement of the REQ relation to a SOFT relation and allows easy
interhange of omponents in the environment as the re�nement takes plae.
It is important to reognize the di�erene between models whih are good for
representing the physial proess versus models, like RSML�e models, whih
are good for modeling the software ontrol of the proess. Modeling the pro-
ess itself aurately may require omplex numerial funtions, for example, to
generate normally distributed random errors. These types of funtions are not
and should not be within the sope of RSML�e. However, an aurate model

5 Currently, we are using the National Instruments DAQ 1200 series modules.
6 Note that we have not yet had the opportunity to use any hardware from the Light
Control System in our simulations.



of the proess is key to the suess of spei�ation-based prototyping. This is
the reason that Nimbus provides the exibility to integrate with many di�erent
models expressed in various ways, and one of the primary ontributions of the
Nimbus environment.

7 Evaluation and Disussion

In this report we have summarized our experienes with using RSML�e and
the Nimbus environment to model the required ontrol behavior of of the Light
Control System. Our experienes were generally positive and the modeling e�ort
went by without any major ompliations.

The mode was developed by two graduate students over approximately three
weeks time (part time). Both students were very familiar with the language,
its formal semantis, and the Nimbus environment. Unfortunately, we did not
ompile any aurate data on the e�ort required to omplete the model.

The omplete formal model is approximately 50 pages in length. This may
seem like a large spei�ation for suh a simple problem, but the spei�ation
is formatted for readability (a lot of white spae and page breaks to make it
visually appealing) as well as informal English desriptions of the various parts
of the model.

The main problem we enountered during the spei�ation e�ort was the in-
ompleteness of the informal requirements provided in the problem desription.
The formal model we developed fored resolution of many issues that might oth-
erwise have been passed over until the detailed design or implementation stages.
The simulation and exeution allowed us to evaluate di�erent panel designs and
helped larify the requirements. In addition, the detailed nature of an RSML�e
model fores early adoption of a ontrol strategy. In this e�ort we found the
notion of an external light sensor wholly unaeptable and modi�ed the require-
ments aordingly. A less detailed modeling approah may defer this issue until
later and end up requiring a behavior that annot be realized in a a physial
system.

Naturally, the modeling e�ort exposed some areas where our modeling ap-
proah needs improvements.

7.1 Issues for Future Work

The main issue raised during the modeling e�ort was the lak of an array on-
strut (similar to what is available in Stateharts) in RSML�e. The light senes
are onepts that are naturally modeled as an array of idential models (the
three user programmable light senes and the default light sene are idential).
In our model, however, we had to expliitly inlude four sets of variables to
model the light senes.

There is no tehnial reason why arrays have not been inluded in RSML�e.
We originally developed the tool support for RSML�e to prototype and eval-
uate various stati analysis proedures, for instane, ompleteness and onsis-
teny heking, reahability analysis, et. Sine arrays do not add any modeling
power|they are simply a syntati niety|but add onsiderable e�ort when
implementing a tool supporting the language, we deemed them superuous for
the more theoretial work we were involved with at the time; to make the tool
development easier we omitted arrays from the language. Our subsequent ex-
perienes, however, have onvined us that arrays are an absolute neessity in
pratial modeling and we are urrently extending our tool to support arrays.
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