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1 Introduction and Motivation

For the foreseeable future, industrial hardware design will continue to use both 
simulation and model checking in the design verification process. To date, these 
techniques are applied in isolation using different tools and methodologies, and 
different formulations of the problem. This results in cumulative high cost and 
little (if any) cross-leverage of the individual advantages of simulation and formal 
verification.

With the goal of effectively and advantageously exploiting the co-existence of 
simulation and model checking, we have developed a tool called FoCs (’’Formal 
Checkers”). FoCs, implemented as an independent component of the RuleBase 
toolset, takes RCTL1 properties as input and translates them into VHDL pro­
grams (’’checkers”) which are integrated into the simulation environment and 
monitor simulation on a cycle-by-cycle basis for violations of the property.

Checkers, also called Functional Checkers, are not a new concept: manually- 
written checkers are a traditional part of simulation environments (cf. [GB+99]). 
Checkers facilitate massive random testing, because they automate test results 
analysis. Moreover, checkers facilitate the analysis of intermediate results, and 
therefore save debugging effort by identifying problems directly - ”as they hap­
pen”, and by pointing more accurately to the source of the problems.

However, the manual writing and maintenance of checkers is a notoriously 
high-cost and labor-intensive effort, especially if the properties to be verified are 
complex temporal ones. For instance, in the case of a checker for a design with 
overlapping transactions (explained in Section 3), writing a checker manually is 
an excruciating error-prone effort.

Observing the inefficient process of manual checker writing in ongoing IBM 
projects has inspired the development of FoCs, as a means for automatically 
generating checkers from formal specifications. For each property of the specifi­
cation, represented as an RCTL formula, FoCs generates a checker for simulation. 
This checker essentially implements a state machine which will enter an error

1 RCTL includes a rich and useful set of CTL safety formulas and regular expressions, 
see [BBL98]
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formula fails to hold in this run. The next section 
ition process in more detail.

Experience with FoCs in multiple projects has been very favorable in terms of 
verification cost and quality. Verification effort is reduced by leveraging the same 
formal rules for model checking of small design blocks as well as for simulation 
analysis across all higher simulation levels. An equally important benefit of FoCs 
is the conciseness and expressiveness of RCTL formulas. Formulas consisting of 
just a few lines can efficiently represent complex and subtle cases, which would 
require many lines of code if described in a language such as VHDL. This makes 
maintenance, debugging, porting and reuse of specifications and checkers highly 
cost-effective.

2 Tool Architecture and Implementation

Figure 1 shows the overall environment in which FoCs operates. The user pro­
vides a design to be verified, as well as formal specifications and a set of test 
programs generated either manually or automatically. FoCs translates the formal 
specification into checkers, which are then linked to the design and simulated 
with it. During simulation, the checker produces indications of property viola­
tions. It is up to the user to decide what action to take: fix the design, the 
property, or the simulation environment.

Fig. 1. FoCs Environment

FoCs translates RCTL into VHDL as follows: First, each property is trans­
lated into a non-deterministic finite automaton (NFA) and a simple AG(p) for­
mula, where p is a Boolean expression. The NFA has a set of distinguished error 
states, and the formula specifies that the NFA will never enter an error state 
(entering an error state means that the design does not adhere to the specifica­
tion under the test conditions). The translation details are described in [BBL98].

Since contemporary simulators do not support non-determinism, the NFA 
has to be converted into a deterministic automaton (DFA). The DFA, in turn, 
is translated into a VHDL process - the FoCs checker. The AG(p) formula is 
translated into a VHDL Assert(p) statement that prints a message when the 
VHDL process reaches a state where the underlying property is violated, and 
possibly stops simulation.
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he DFA may be exponential in the number of 
ion is sensitive to the size of the representation 

(the number of VHDL lines) rather than to the number of states. The number 
of VHDL lines in the resulting VHDL checker is at most quadratic in the size 
of the property. Practically, it is almost always linear because of the types of 
properties that people tend to write.

The above translation process is implemented within the RuleBase model 
checker [BBEL96].

3 Example

The following example will demonstrate the conciseness and ease of use of RCTL 
for checker writing and the advantage of automatic checker generation. Assume 
that the following property is part of the specification: If a transaction that 
starts with tag t has to send k bytes, then at the end of the transaction 
k bytes have been sent. The user can formulate this property in RCTL as 
follows:

forall k: 2
{*,  start & start_tag=t & tosend=k, lend*,  end & end_tag=t} —> {sent=k} 

Manual writing of a checker for this property may become complicated if transac­
tions may overlap, which means that a new transaction may start while previous 
transactions are still active. The checker writer has to take into consideration 
all possible combinations of intervals and perform non-trivial bookkeeping. The 
RCTL formula is evidently much more concise and readable than the resulting 
VHDL file or a manually written VHDL or C program.

4 Using FoCs for Coverage Analysis

The quality of simulation-based verification depends not only on thorough check­
ing of results, but also on the quality of the tests used (a.k.a. input patterns or 
test vectors) [KN96]. FoCs checkers can serve to enhance the quality of tests by 
providing a means for measuring test coverage. Test coverage measurement is the 
process of recording if certain user-defined events occurred during simulation of a 
set of tests. When used for coverage purposes, the FoCs checkers will evaluate the 
quality of the test suite by discovering events, or scenarios, that never happen 
during simulation. This feedback will guide the user which further tests are 
needed in order to cover scenarios that have not been exercised.

The implementation of coverage checkers is similar to that of functional 
checkers. The only difference is that instead of reporting an error, a coverage 
checker provides a positive indication when covering the relevant scenario. An 

2 The semantics of forall are intuitive. The implementation, however, is not trivial. 
It involves spawning a new automaton whenever a new value of k is encountered. 
Neither the formal semantics nor the implementation are included here due to lack 
of space.
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is: a snoop event happens twice between 
; formulated in RCTL as follows:

{*,  read, {.’snoop*,  snoop, .’snoop*,  snoop} & {.’write*}  } —> {cover}

A special case of coverage analysis is detection of simulation vacuity. While 
vacuity in model checking is defined as a failure of a subformula to influence 
the model checking results [BBER97], simulation vacuity refers to the failure of 
a set of tests to trigger a functional checker, which means that the checker did 
not influence simulation results. To detect simulation vacuity, FoCs attaches a 
coverage checker to each functional checker it generates; the coverage checker 
indicates whether the functional checker was triggered in at least one simulation 
run.

5 Experience

The FoCs toolset has been deployed in several projects in IBM, notably in the 
GigaHertz processor development effort in Austin and in the IBM Haifa ASIC 
development laboratory. FoCs has also been successfully used by the formal 
verification team of Galileo Technology, Inc. The experience with FoCs in these 
projects has been very favorable in terms of verification cost and quality. Using 
FoCs, verification effort was reduced - reportedly by up to 50% - by using the 
same formal rules for model checking at the unit level and for simulation analysis 
in the subsystem and system levels. This reduction was achieved despite the fact 
that the addition of checkers increases simulation time considerably (up to a 
factor of two). Thousands of FoCs checkers were written so far by virtue of the 
great ease of writing RCTL specifications and translating them to FoCs checkers.

6 Related Work

In a previous work, Kaufmann et al [KMP98] described an approach to verifi­
cation in which all specifications and assumptions have the form AG(p), where 
p is a Boolean formula. Both specifications and assumptions of this form can 
be used in simulation, with specification being translated into simple checkers, 
and assumptions being translated into testbench code which avoids leading the 
simulation into undesired states.

Canfield et al [CES97] describe a platform called Sherlock, aiming to serve 
both model checking (through translation to CTL) and simulation. Sherlock in­
cludes a high level language for specifying reactive behavior, while we use RCTL 
- a regular expression based language. While Sherlock postprocesses simulation 
traces, our method works during simulation. No experience has been described 
in [CES97]. Our own experience has demonstrated that the simple, concise syn­
tax and semantics of RCTL, coupled with online simulation checking, is highly 
useful to the verification teams with whom we work.
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et al describe a methodology and tool that inspi- 
al verification and simulation efforts by automa­

tically translating state machines which represent the environment specification 
either to simulation behavioral models or to input for a model checker. Boo­
lean assertions attached to the state machines serve as AG(p) formulas in model 
checking or Assert(p) in simulation. In contrast, our solution represents the spe­
cification as temporal logic formulas rather than state machines, for the sake of 
conciseness and readability.

7 Future Plans

Although focused on checker generation for functional testing and coverage ana­
lysis, we view FoCs as a step towards a full methodology of ’’Formal Specification, 
Design and Verification”. We intend to provide a set of integrated, complemen­
tary tools that will facilitate the use of formal specification for multiple purposes. 
Once written, the formal specification will:
- Serve as an executable specification; architects can experiment with it while 
defining the specification
- Be used as a golden model to resolve ambiguities and misunderstandings during 
the implementation stage
- Be translated into temporal formulas for model checking
- Be translated into simulation checkers
- Be used for derivation of coverage criteria
- Provide hints for automatic test generation
We believe that such a methodology, once supported by the appropriate tools, 
will significantly contribute to the quality and efficiency of the design process.
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Abstract. This paper presents a semantical basis of a graphical speci­
fication language, called real-time symbolic timing diagrams (RTSTD)t 
to express real-time requirements of embedded systems. RTSTD allow 
a concise and unambigous formulation of real-time properties that are 
intuitively understandable by hardware designers. We give a precise se­
mantical foundation of this graphical language in terms of real-time 
temporal logic. Due to this interpretation RTSTD can be embedded into 
existing verification tools to check whether an implementation satiesfies 
the given specification expressed as RTSTD.

1 Introduction

Nowadays embedded control systems can be found in varying areas such as 
automotive, production technique, plant control and avionics. Essential for these 
control systems are their reactive nature. Furthermore, these systems are often 
safety-critical where an error may lead to catastrophic results for people, material 
asset, and environment. These safety requirements include real time constraints: 
the control system has to react to asynchronously occurring events within a given 
period to ensure a fault free behaviour of the system. For example, during a car 
crash the inflation of the airbag should neither be triggered too early nor too 
late to protect the driver. If the airbag does not work correctly the injury caused 
may be worse than without any safety device.

To increase reliability of safety-critical systems formal proofs that require­
ments are indeed satisfied are highly demanded. To prove properties of control- 
dominated reactive systems model checking techniques have been developed in 
the past. Since the introduction of symbolic, BDD-based techniques [5] these 
methods have been successfully applied in industrial designs. Using model check­
ing, requirements are expressed in temporal logics. But temporal logics formulae 
are not well accepted by engineers who require a more readable specification 
language. To meet these needs a user-friendly notation called symbolic timing 
diagrams (STD) has been developed [6] that resemble the graphical appeal of 
conventional timing diagrams as widely used in hardware design. STD have a

* Now at Ericsson Eurolab Deutschland GmbH, D-31135 Hildesheim, Germany
** Part of this work has been funded by the Commission of the European Communities 

under the ESPRIT project 20897, SACRES.
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well-defined semantics given in temporal logics and have been used successfully 
in several applications within the ESPRIT project FORMAT [14] by industrial 
partners.

To deal with real time constraints, timed automata and real time temporal 
logics have been investigated in recent years [2,1], and there are already quite 
a few model verification environments available (e.g. [7,15,3]) that can handle 
real time. But adding real time to temporal logics makes the specifications even 
more difficult to read and makes the need for an intuitive specification style even 
more pressing.

This paper deals with the extension of STD to real time. We give a formal 
semantics of these timing diagrams based on real-time temporal logics. While 
the extension of the graphical notation of STD to include timing constraints 
is quite obvious, its semantical interpretation is not. In the untimed version a 
requested event may be arbitrarily long delayed. Including timing information 
this is no longer possible. Due to this fact, we have to resolve possible conflicts of 
different types of constraints - whether a violation of a part of the constraints is 
interpreted as a failure or only as an exit of the diagram. The semantics given in 
this paper solves this conflict by introducing a priority on the constraint types. 
We will explain in more details and justify our decision in Sect. 5. Real time 
STD (RTSTD) will be used within an integrated tool suit for the specification 
and verification of VHDL [12] and StateMate [10] designs.

Related Work. Combining real time temporal logic with a graphical interface has 
been studied by Melliar-Smith et al. in [16] where the (purely graphical) real time 
future interval logic RTFIL is introduced. The graphical notation and the logics 
used there is quite different from our approach which makes comparison difficult. 
Dietz [8] uses duration calculus as semantic foundation of her graphical specifi­
cation language. While duration calculus is extremely expressive it is shown to 
be undecidable and thus not suitable for automated proof.

Formalizing timing diagrams for interface specifications has been studied by 
Borriello ([4]). Khordoc and Cerny [13] study realizability of timing diagrams and 
their use in testing designs. To the best of our knowledge, no formal semantics 
based on temporal logics is given to timing diagrams that is suitable for model 
checking.

This paper is structured as follows: Section 2 introduces a running example 
used throughout the rest of the paper. Section 3 introduces the language RTSTD 
formally. Before we give a formal semantics to RTSTD in Sect. 5 we introduce 
the logic TPTL in Sect. 4.

2 An Example Real Time STD
Throughout this paper we will use a single real time symbolic timing diagram 
(RTSTD) shown in Fig. 1 as a running example. It is a simplified handshaking 
protocol between a sender and a receiver (cf. Fig. 2). In this timing diagram part 
of the requirements concerning the sender are given, i.e. we are considering open 
systems and a modular specification style.
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Fig. 1. Sender specification with real time constraints

Sender

Req

Fig. 2. The sender/receiver protocol. The shaded parts are not considered in the 
example

A RTSTD consists of four major parts:

- An entity declaration ed defining the interface of the component. It specifies 
the ports (or signals) (Req, Ack) of the system as well as their data type 
(Bit) and access mode (In, Out).

- A set of waveforms. Each waveform defines a sequence of values (or, more 
generally, a sequence of expressions) associated to the signals. The rising 
and falling edges in a waveform are called (symbolic) events e. A special 
activation event eact is located to the left over the waveforms.

- A set of constraints between events of (different) waveforms. We distinguish 
strong constraints, given by black solid arcs which must be satisfied by the 
component under consideration, and weak constraints, given by shaded arcs, 
which denote assumptions on the behaviour of the environment.

- An activation mode (“Invariant” or “Initial”). An initial diagram describes 
requirements on the initial system state whereas an invariant diagram should 
be satisfied again and again (see below).

The example diagram describes the following requirements specified by strong 
constraints (solid arcs):
- Whenever both Req and Ack are not set, then Req must be set within 10 

time units (indicated by the first solid arc). Hence, at no time both Req and 
Ack may be continuously unset for longer than 10 time units.
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- If the request is acknowledged (both Req and Ack are set) the sender must 
guarantee that Req is reset within 1 to 5 time units.

On the other hand, this protocol will only work correctly if the receiver that 
controls Ack meets the protocol definition, specified by weak constraints:

- We assume that Ack is not set before Req. Furthermore it is assumed that a 
request will be acknowledged within 2 to 4 time units. If Ack does not fulfill 
these requirements (i.e. Ack is set before Req or before two time units have 
elapsed, or it is not set within 4 time units after Req), we cannot continue 
with the normal protocol behaviour and the timing diagram is disabled, i.e. 
all the following requirements need not to be fulfilled.

- If both Req and Ack are set, Req is assumed to be reset first, and we assume 
that Ack is reset within 2 to 4 time units after request.

The activation mode of the example is “Invariant” indicating that the require­
ments imposed by the RTSTD must be met (the diagram is activated) whenever 
the leftmost conditions of all waveforms is matched by the actual values of the 
ports. In our example this happens if Req=0 and Ack=0.

3 Syntax of RTSTD

In this section we give a formal definition of RTSTD, guided by the graphical 
notation wherever possible. Furthermore we introduce the notion of phases and 
unwinding that will be used to define the semantics of the language.

As introduced above a RTSTD over an entity declaration ed consists of 
an activation mode A G {Initial, Invariant}, an activation event eoci, a set of 
waveforms W and a set of timing constraints RT:

TDa= (A,W..eact;RT')

Each waveform p G W consists of a set of symbolic events pi,p2,... which 
are linearly ordered from left to right. A topmost symbolic event Tp that is 
not depicted in the graphical notation is used to identify that a waveform has 
reached its end. Thus, the waveform identified with the Ack signal consists of 
the linear ordered symbolic events

Ack} <Ack Ack2 <Ack T Xcfc

(e.g. Acki is the rising edge from Ack=O to Ack=l). With every symbolic event 
we identify two propositions: An activation condition actc given by the condition 
to the left of the event, e.g.

actc(Acki) <=f Ack=O ,
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and a continuation condition contc depicted to the right:1

contc(Acki) d= Ack=l

We require that contc(pi) is equal to the activation condition of the successor 
event actc(pi+i) if pi+i / Tp which explains why there is only one expression 
depicted between adjoining events:

contc(Acki) *== actc^Ackz) d= Ack=l

Furthermore we define

actc(Tp) = contc(Tp) = true .

Constraint Arcs. The constraint arcs RT are used to demand an ordering on 
the symbolic events of different waveforms and to impose timing requirements 
on events. There are four basic classes of constraints (cf. Fig. 3).

Fig. 3. Simultaneous, precedence, conflicti and leads-tos constraints

Two of them impose an ordering on the events: Simultaneous, RT~, requiring 
that two symbolic events must be taken in the same unwinding step, and Prece­
dence, RT-, stating that the target event must not happen before the source 
event. The other two carry timing annotations and impose timing requirements: 
Conflict, RTf, requires that the two events connected may not happen within 
the same step and that furthermore their occurrence times must be at least t time 
units apart, and Leads-to, KT*, requiring that the target event may not happen 
later than t time units after the source event2. Each of these constraint classes 
come as weak or strong constraints indicating an assumed resp. required behav­
iour. Arcs in the graphical notation may be combined constraints. For example, 
the second solid arc in Fig. 1 is formed by conjunction of strong precedence, 
conflicti and leads-tos constraints, i.e. (Acki,Re(&) G RT-,RT^,RT^*.

1 In addition, the full language allows additional esit conditions that may be used to 
specify conditions that allow premature deactivation of the diagram. They are not 
used in the example and not considered in the rest of this paper. Refer to [9] for 
details.

2 Note that that target event of a leads-to may well happen before the source event. 
No ordering is induced by a leads-to constraint.
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Phases and Unwinding. When activated, a timing diagram restricts the behav­
iour of the specified system. These restrictions can be defined by sequences of 
phases derived by unwinding the timing diagram. Each phase £ is characterized 
by the set of symbolic events that may occur next. I.e. a phase £ contains 
exactly one symbolic event pt of every waveform p € W. £ describes the phase 
before one (or some) of the events E C ( occurs, hence the activation conditions 
actc(e),e E £ hold throughout the phase. For example, if the RTSTD of Fig. 1 
is activated the first phase is denoted by {Requ Acti} and Req-0 A Ack=O holds 
during this phase. If the continuation conditions conic of some events E C 
become valid we may change to a successor phase by replacing the events E that 
took place by their waveform successor events E1. We call this an unwinding 
step from Ci to C2 = (Ci \E)U El of the set of waveforms W and say that C2 is 
an E-successor of Ci - If we forget about the constraint arcs for a moment (that 
restrict the allowed unwinding steps) the phase {Acky, Reqi} has three successor 
phases: We may unwind to {Ackz,Reqi} ({Acfci,/teg2}, {Ackz^Reqz}) if Ack 
(resp. Req, or both) changes from 0 to 1. Note that this successor relation on 
phases induces a partial order on the phases Q. The waveform delimiters Tp 
must never be taken since they have no successor. Thus the very last phase of 
W is reached if £ consists only of top elements £ = {Tp. | pi e W}.

4 Real Time Model

The formal semantics of RTSTD will be given by a translation to a timed 
propositional logic (TPTL, [2]) dialect that uses clocks and reset quantification 
as used e.g. in [11]. Timed automata [1] serve as an intermediate representation. 
We characterize a system by the sequence of observable signal changes over the 
time at its interface called timed state sequence tss = (d, t) [2]. A timed state 
sequence consists of an infinite sequence of states d = <7o^i • • • where each 
maps each port of the component to a type correct value, and an infinite time 
sequence t = tqTi ... with € N that maps each state in the sequence to a 
discrete time stamp. The time sequence f must be monotonous (Vi: ri < Tf+i) 
and unbounded (Vn E N : > n).

TPTL. Timed PTL uses the operators of the untimed logic PTL such as D0 
(always) 0i until 02 (02 will hold somewhere in the future and fa holds before) 
and 0i unless 02 (01 holds as long as 02 does not hold). Arbitrary boolean 
expressions Exprea over the ports of the entity declaration may be used as basic 
propositions of the logic. On top of PTL our logic uses clocks Zi € C that may be 
constrained within the formulae by clock constraints #(C) *=^ Zi < [ 21 -Hi <
22 -H2 (ti E N time constants) and reset to 0 by the reset quantifier z.fa (For the 
full definition and formal semantics see [2] for TPTL with freeze quantification 
and [9] for TPTL as used here.) For example, in

z.(Req=0 A Ack=0 until Req^l A Ack=O A z < 10)
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the clock variable z is reset to 0 at the beginning of the formula. While we wait 
for request to change its value the clock increases and we require that z < 10 
when the change on request takes place (cf. Fig. 4).

Req

Ack

<=10 —»-i 

Fig. 4- Request must be set within 10 time units

5 Semantics of RTSTD
We define the formal semantics of RTSTD in three steps. First we translate the 
set of waveforms with the constraints imposed to an acyclic fragment of a timed 
Biichi automaton called unwinding structure. This unwinding structure is then 
translated to TPTL yielding the raw formula of the RTSTD body. In the last 
step we add the translation of the activation mode. The formula resulting is the 
characterization of the diagram in TPTL and may be used in formal proofs.

5.1 Unwinding Structure

The unwinding structure of a RTSTD td is a fragment of a timed Biichi automa­
ton (5'3So,C,'T,F).

- The states S of the automaton correspond to the phases Q of td plus a unique 
exit state Cexit ■

- The start state sq is the first phase of the diagram, e.g. {Acki,Req1} in our 
example.

- The set of clocks C comprises one clock ze for each symbolic event e in the 
waveforms of td as well as one clock zact for the activation event eaCf. If 
we do an unwinding step in the diagram all the clocks corresponding to the 
events taken in this step are reset.

- The set of accepting states F C S is derived from the set of strong leads-to 
constraints. If there is some event ej that already took place connected by a 
strong leads-to constraint with an event e2 that has not took place yet this 
indicates that e2 must eventually happen. Thus we need to leave the actual 
phase — or in the translation the actual state — and thus need to exclude 
this state from F. Furthermore, the exit state Cexit that indicates that the 
diagram was deactivated is in F.

- Transitions between phases correspond to unwinding steps. (Ci,
reset, timing) is in the transition relation if & is a ^-successor phase of , 
and all ordering constraint imposed by the simultaneous, precedence and 
conflict constraints are met.
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cond states that for all symbolic events e G E that happened in this un­
winding contc{e) is met, and that the remaining events e' € Ci \ E are still 
activated (actc(e()). reset contains all the clocks ze associated with the events 
e € E taken in this unwinding. These clocks are reset by the transitions, 
hence all constraints whose source is an event e € E can be checked in the 
future. Finally, the timing condition timing must ensure that all real time 
constraints imposed by conflict and leads-to constraints are met.

The left half of the automaton in Fig. 5 corresponds to the unwinding steps 
of the diagram. Since the precedence constraint arcs impose a linear order on 
the symbolic events

Reqi -4 Acki -4 Req2 -4 Ack2

each phase has exactly one valid successor phase.

Fig. 5. The unwinding structure of the RTSTD in Fig. 1
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The transition steps to Cexa in the automaton correspond to premature 
deactivation of the diagram due to the violation of some weak constraint. Recall 
that weak constraints are used to model assumption on how the environment 
will behave, and strong constraints to define how the component specified must 
behave. Thus, if both a strong and a weak constraint are violated at the same 
instance there is a malfunction in both the component and the environment. 
The faulty behaviour of the component must be detected, i.e. we disallow an 
exit step in this case. This policy is achieved by the timing and cond predicates 
associated with the transitions:

- The first weak constraint in Fig. 1 is violated if Ack changes to 1 before or 
simultaneous with Req. Thus a transition from C{ReqitAck\} Cexu is added 
in the unwinding structure. But due to the first strong constraint a failure 
occurs if the diagram has been activated longer than 10 time units. Thus we 
have to ensure zact < 10.

- If we change to phase {Req^Ack^} and Ack changes to 1 before two time 
units have elapsed, we may exit the diagram — but only if Req does not 
change to 0 at the same moment which causes a violation of a strong con­
straint.

- Timing violation of weak leads-to constraints happens if we stay in the phase 
longer than four time units.

This general rule that a violation of a strong constraint causes a failure 
despite the violation of a weak constraint has one exception. If both assumed 
and required upper timing bounds were not met (that is, both a strong and a 
weak leads-to constraint are violated) we have to take a closer look at the timing 
before deciding on exit or failure. Consider the example diagrams of Fig. 6 and 
the system behaviour of Fig. 7 which will result in a timed state sequence tss’.

((x = 0,i/ = 0),t = 0), ((z = l,^ = l),r = l), ((a; = O,2/ = O5,T = ll) ...

At global time 11 where we observe the unsetting of the signals both the weak 
and the strong constraint are violated. But in the upper diagram the weak con­
straint was violated earlier in time, in the lower diagram the strong constraint. 
The translation procedure ensures that the corresponding transitions in the un­
winding structure allow a transition to for the upper diagram but disallows 
it for the lower one (cf. Fig. 8) in the given situation. This is done by comparing 
the time elapsed since the timers zxi and zyi have reached their allowed upper 
bound.

5.2 Translation to TPTL

In a second translation step the unwinding structure described above is trans­
lated to PTL. Finally, the activation mode of the timing diagram is added. Trans­
lation of the unwinding structure is accomplished by the translation function 
TL on the states of the unwinding structure, starting in the first phase. We may 
stay in a phase as long as its activation condition actcond is valid, and leave
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Fig. 6. Two RTSTD: The upper one assumes that x is reset within 3 time units after 
the setting of y and requires that y is reset within 5 time units after x is set. In the 
lower diagram the assumptions and requirements are exchanged.

Fig. 7. Both x and y change their values from 1 to 0 after 10 time units

Fig. 8. Extract from the unwinding structures of the RTSTD in Fig. 6
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the phase by any outgoing transition if the appropriate valuation of the ports 
and the imposed timing conditions hold. Hence, translation of the first state is 
straightforward. We may stay in phase C{7Zegi,AcAi} 35 long 35 Req and Ack are 
0, but must finally leave the phase (since C{/?e?i,Acfci} is not an accepting state) 
by either taking the transition to Cexit (where the STD no longer constraints 
the ports, TL(Qxu) = true) or by an unwinding step to the successor phase 
C{Reg2,Acfcl} •

(Req=0 A Ack=0 until (Ack=l A zact < 10)
V Req=lA Ack=0

A Zact 10 A Zffeqi -TL{^jieq2,Ackl}))

If a state is accepting we use the unless operator instead of until since 
we may stay in the corresponding phase forever. Thus the translation of the 
remaining phases is as follows:

TL(^Req2jAckl}) —
(Req=l A Ack=0 unless (Req-1 A Ack=l A ZReqi < 2)

V (ZReqi > 4)
V(Req=lA Ack=l

A 2 < ZReqi < 4 A ZAckl-TL((>{Req2,Ack2}))
TL(^Req2jAck2}) ~

(Req=l A Ack=l until (Ack=0 A ZAcki < 5)
V(Req=0 A Ack=lA

A 1 < ZAcki < 5 A ZReq2-TRc<ltAck2}))
T-£'(C{Tfi:eg>Acfc2})

(Ack=l unless (Ack=0 A ZReq2 < 2)
V (ZReq2 > 4)

V (Ack — 0 A 2 < ZReq2 < 4))

Finally, we must add the activation mode to the formula. It resets the 
activation clock zact and forces activation of the diagram

- either — if the activation mode is “Invariant” — whenever the leftmost 
conditions of the waveforms are matched by the actual values at the ports:

O(Req=0 A Ack=0 =» zact.TL(Q{Reqi,Acki}))

Observe that there is no straightforward way to express this invariance 
closure (□) on the level of automata as there may be several invocations 
of the same timing diagrams activated if during unwinding the activation 
condition is met again.

Cadence Design Systems, Inc. - Ex. 1036, Page 00020



DocuSign Envelope ID: 72B1BC4E-A0DE-4E74-9393-59326AADDE50

167

- or, if the activation mode is “Initial” — at system startup. In this case the 
activation of our example would have been

Req=0 A Ack=0 A zact.TL(C{Reqi,Acki}) -

6 Discussion
In this paper we have extended the graphical specification language STD to 
allow specification of real time properties and given an introduction to the 
formal semantics of the extended language. Since the semantics of “pure” STD 
is not altered the constraints used in STD can be treated as special cases of 
RTSTD constraints which can be handled more efficient. Thus we only need to 
use real time requirements where really necessary and stick to qualitative timing 
wherever possible which helps decreasing complexity of the proofs.

A major obstacle of the semantics presented in this paper is the complexity 
of TPTL model checking. There are two answers to tackle this problem: on the 
one hand many subformulas produced during translation can be shared between 
different pathes through the timing diagram which reduces the proof amount 
drastically. Furthermore, the number of clocks needed in the formula may be 
limited by static analysis of the diagram. For example, in the diagram presented 
a single clock would suffice in the translation.

On the other hand, when model checking synchronous (clocked) systems 
we will use PTL without clocks to give semantics to RTSTD. In this case, we 
identify each time unit in the specification with a step of the system and use 
PTL’s nexttime operator Q specify time intervals.

Thus, future research will focus on extending model checking techniques 
based on RTSTD and investigating subclasses of RTSTD with respect to efficient 
proof methods.
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<subfield code="x">1611-3349 ;</subfield>
<subfield code="v">1855</subfield>

</datafield>
<datafield tag="856" ind2="0" ind1="4">
<subfield code="u">https://doi.org/10.1007/10722167</subfield>

</datafield>
<datafield tag="912" ind2=" " ind1=" ">
<subfield code="a">ZDB-2-SCS</subfield>

</datafield>
<datafield tag="912" ind2=" " ind1=" ">
<subfield code="a">ZDB-2-SXCS</subfield>

</datafield>
<datafield tag="912" ind2=" " ind1=" ">
<subfield code="a">ZDB-2-LNC</subfield>

</datafield>
<datafield tag="912" ind2=" " ind1=" ">
<subfield code="a">ZDB-2-BAE</subfield>

</datafield>
<datafield tag="950" ind2=" " ind1=" ">
<subfield code="a">Computer Science (SpringerNature-11645)</subfield>

</datafield>
<datafield tag="950" ind2=" " ind1=" ">
<subfield code="a">Computer Science (R0) (SpringerNature-43710)</subfield>

</datafield>
</record>

</collection>
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EXHIBIT D

6
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<collection>
<record xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance"
xmlns="http://www.loc.gov/MARC21/slim">
<leader>00000nam a22000005i 4500</leader>
<controlfield tag="001">978-3-540-69058-0</controlfield>
<controlfield tag="003">DE-He213</controlfield>
<controlfield tag="005">20220115085803.0</controlfield>
<controlfield tag="007">cr nn 008mamaa</controlfield>
<controlfield tag="008">121227s1997 gw | s |||| 0|eng d</controlfield>
<datafield tag="020" ind2=" " ind1=" ">
<subfield code="a">9783540690580</subfield>
<subfield code="9">978-3-540-69058-0</subfield>

</datafield>
<datafield tag="024" ind2=" " ind1="7">
<subfield code="a">10.1007/3-540-63010-4</subfield>
<subfield code="2">doi</subfield>

</datafield>
<datafield tag="050" ind2="4" ind1=" ">
<subfield code="a">QA76.758</subfield>

</datafield>
<datafield tag="072" ind2="7" ind1=" ">
<subfield code="a">UMZ</subfield>
<subfield code="2">bicssc</subfield>

</datafield>
<datafield tag="072" ind2="7" ind1=" ">
<subfield code="a">COM051230</subfield>
<subfield code="2">bisacsh</subfield>

</datafield>
<datafield tag="072" ind2="7" ind1=" ">
<subfield code="a">UMZ</subfield>
<subfield code="2">thema</subfield>

</datafield>
<datafield tag="082" ind2="4" ind1="0">
<subfield code="a">005.1</subfield>
<subfield code="2">23</subfield>

</datafield>
<datafield tag="245" ind2="0" ind1="1">
<subfield code="a">Transformation-Based Reactive Systems
Development</subfield>
<subfield code="h">[electronic resource] :</subfield>
<subfield code="b">4th International AMAST Workshop on Real-Time Systems
and Concurrent and Distributed Software, ARTS'97, Palma, Mallorca, Spain,
May 21 - 23, 1997, Proceedings /</subfield>
<subfield code="c">edited by Miquel Bertran, Teodor Rus.</subfield>

</datafield>
<datafield tag="250" ind2=" " ind1=" ">
<subfield code="a">1st ed. 1997.</subfield>

</datafield>
<datafield tag="264" ind2="1" ind1=" ">
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<subfield code="a">Berlin, Heidelberg :</subfield>
<subfield code="b’’>Springer Berlin Heidelberg :</subfield>
<subfield code="b">Imprint: Springer,</subfield> 
<subfield code="c">1997.</subfield> 

</datafield> 
<datafield tag="300" ind2=" " indl=" ">
<subfield code="a">XI, 436 p.</subfield>
<subfield code="b">online resource.</subfield> 

</datafield> 
<datafield tag="336" ind2=" " indl=" ">
<subfield code="a">text</subfield>
<subfield code="b">txt</subfield>
<subfield code="2">rdacontent</subfield>

</datafield>
<datafield tag="337" ind2=" " indl=” ">
<subfield code="a">computer</subfield>
<subfield code="b">c</subfield>
<subfield code="2">rdamedia</subfield>

</datafield>
<datafield tag="338" ind2=" " indl=" ">
<subfield code="a">online resource</subfield>
<subfield code="b">cr</subfield>
<subfield code="2">rdacarrier</subfield>

</datafield>
<datafield tag="347" ind2=" ” indl=" ">
<subfield code="a">text file</subfield>
<subfield code="b">PDF</subfield>
<subfield code="2">rda</subfield>

</datafield>
<datafield tag="490" ind2=" " indl="l">
<subfield code="a">Lecture Notes in Computer Science,</subfield> 
<subfield code="x">1611-3349 ;</subfield> 
<subfield code="v">1231</subfield> 

</datafield> 
<datafield tag-"505" ind2=" " indl="0">
<subfield code="a">What was Llull up to? — Llull as computer scientist or 
why Llull was one of us — Deductive verification of real-time systems 
using STeP — Refinement of Time — The verus language: Representing time 
efficiently with BDDs — Refining interval temporal logic specifications 
— Integrating temporal logics and model checking algorithms — 
PLC-automata: A new class of implementable real-time automata — 
Communication concepts for statecharts: A semantic foundation — Regular 
processes and timed automata — A visual formalism for real time 
requirement specifications — Formal specification and verification method 
of concurrent and distributed systems by restricted timed automata — 
Transformational formal development of real-time systems — A 
transformation of monitor into communication synchronized parallel 
processes: A systematic refinement step in design — Contracts for ODP — 
Affine transformations in Signal and their application in the
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specification and validation of real-time systems -- Action-based
concurrency and synchronization for objects -- Communication Extended
Abstract Types in the refinement of parallel communicating processes --
Verification and refinement of distributed programs in a fair framework --
Formalizing real-time scheduling as program refinement -- Specification
and refinement of continuous real-time systems -- High-level execution
time analysis -- A sound and complete proof system for probabilistic
processes -- Testing semantics for a probabilistic-timed process algebra
-- Denotational semantics for timed testing -- Extending LOTOS with time:
A true concurrency perspective -- of a suspend/resume operator in ET-LOTOS
-- Specification and verification of a real-time field bus with formal
description languages.</subfield>

</datafield>
<datafield tag="520" ind2=" " ind1=" ">
<subfield code="a">This book constitutes the refereed proceedings of the
Fourth International AMAST Workshop on Real-Time Systems and Concurrent
and Distributed Software, ARTS'97, held in Palma de Mallorca, Spain, in
May 1997. The volume presents 24 carefully selected revised full papers.
Also included are two historical contributions honoring Ramon Llull, who
was born on Mallorca, as well as two invited papers. All current issues in
the field of formal methods for real-time systems and distributed and
concurrent systems are addressed.</subfield>

</datafield>
<datafield tag="650" ind2="0" ind1=" ">
<subfield code="a">Software engineering.</subfield>

</datafield>
<datafield tag="650" ind2="0" ind1=" ">
<subfield code="a">Computer science.</subfield>

</datafield>
<datafield tag="650" ind2="0" ind1=" ">
<subfield code="a">Computer programming.</subfield>

</datafield>
<datafield tag="650" ind2="0" ind1=" ">
<subfield code="a">Computer networks .</subfield>

</datafield>
<datafield tag="650" ind2="0" ind1=" ">
<subfield code="a">Computers, Special purpose.</subfield>

</datafield>
<datafield tag="650" ind2="4" ind1="1">
<subfield code="a">Software Engineering.</subfield>

</datafield>
<datafield tag="650" ind2="4" ind1="2">
<subfield code="a">Theory of Computation.</subfield>

</datafield>
<datafield tag="650" ind2="4" ind1="2">
<subfield code="a">Programming Techniques.</subfield>

</datafield>
<datafield tag="650" ind2="4" ind1="2">
<subfield code="a">Computer Communication Networks.</subfield>
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</datafield>
<datafield tag="650" ind2="4" indl="2">
<subfield code="a’’>Special Purpose and Application-Based
Systems.</subfield>

</datafield>
<datafield tag="700" ind2=" " indl="l”>
<subfield code="a">Bertran, Miquel.</subfield>
<subfield code="e’'>editor.</subfield>
<subfield code="4">edt</subfield>
<subfield code="4">http://id.loc.gov/vocabulary/relators/edt</subfield> 

</datafield>
<datafield tag="700" ind2=" " indl="l">
<subfield code="a">Rus, Teodor.</subfield>
<subfield code="e">editor.</subfield>
<subfield code="4">edt</subfield>
<subfield code="4">http://id.loc.gov/vocabulary/relators/edt</subfield> 

</datafield>
<datafield tag="710" ind2=" " indl="2">
<subfield code="a’’>SpringerLink (Online service)</subfield>

</datafield>
<datafield tag="773" ind2=" " indl="0">
<subfield code="t”>Springer Nature eBook</subfield>

</datafield>
<datafield tag=”776" ind2="8" indl="0">
<subfield code="i’’>Printed edition:</subfield>
<subfield code="z">9783662196694</subfield>

</datafield>
<datafield tag="776" ind2="8" indl-"0">
<subfield code=:"i">Printed edition:</subfield>
<subfield code="z">9783540630104</subfield>

</datafield>
<datafield tag="830" ind2="0" indl=" ">
<subfield code="a">Lecture Notes in Computer Science,</subfield>
<subfield code="x">1611-3349 ;</subfield>
<subfield code="v">1231</subfield>

</datafield>
<datafield tag="856" ind2="0" indl="4">
<subfield code="u">https://doi.org/10.1007/3-540-63010-4</subfield> 

</datafield>
<datafield tag="912" ind2=" " indl=" ">
<subfield code="a">ZDB-2-SCS</subfield>

</datafield>
<datafield tag="912" ind2=" " indl=" ">
<subfield code="a">ZDB-2-SXCS</subfield>

</datafield>
<datafield tag="912" ind2=" " indl=" ">
<subfield code="a">ZDB-2-LNC</subfield>

</datafield>
<datafield tag="912" ind2=" " indl=" ">
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<subfield code="a">ZDB-2-BAE</subfield>
</datafield>
<datafield tag="950" ind2=" " ind1=" ">
<subfield code="a">Computer Science (SpringerNature-11645)</subfield>

</datafield>
<datafield tag="950" ind2=" " ind1=" ">
<subfield code="a">Computer Science (R0) (SpringerNature-43710)</subfield>

</datafield>
</record>

</collection>
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