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Abstract

Nowadays, due to increasing system complexity and growing competition and costs,
industry makes high demands on powerful techniques used to design and analyze
manufacturing systems. One of the most popular techniques to do performance
analysis is simulation. However, simulation-based analysis cannot guarantee the
correctness of a system, so it is less suitable for functional analysis. Our research
focuses on examining other methods to do performance analysis and functional
analysis, and trying to combine the two. One of the approaches is to translate
a simulation model that is used for performance analysis to a model written in
an input language of an existing verification tool. We translate a y [5] simulation
model of a turntable system into models written in the input languages of the tools
CADP [16], SpIN [27] and UppPAAL [30] and do a functional analysis with each of
them. This allows us to evaluate the usefulness of these tools for the functional
analysis of y models. We compare the input formalisms, the expressiveness of the
temporal logics, and the algorithmic techniques for model checking that are used in
those tools.
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1 Introduction

The x language is a modeling and simulation language for the specification
of manufacturing systems. It can be used for creating discrete-event, continu-
ous or combined, so-called hybrid, models. The language and simulator have
been successfully applied to a large number of industrial cases, such as an
integrated circuit manufacturing plant, a brewery and process industry plants
[7]. Simulation is a powerful technique for performance analysis, like calcu-
lating throughput and cycle time, but for functional analysis (verification) it
is less suitable. It can, for instance, show that (a model of) a system has a
deadlock but it cannot show that the system is deadlock-free. For the purpose
of verification first the discrete-event part of x has been formalized [13]. The
language has been mapped onto the very expressive, process algebra like, lan-
guage called x, for which an operational semantics was defined and a state
space generator has been built [13]. Recently, a new formalization of y, includ-
ing the hybrid part, resulted in a more elegant language [5]. The discrete-event
part of this language is very similar to x, [6].

The main goal of the TIPSy project [41] (Tools and Techniques for Integrating
Performance Analysis and System Verification)? is to combine performance
analysis with verification, particularly in the y environment. At the start of
this project we are focusing on verification. There is no tool support for the new
version of y yet and the current toolset for y, is a prototype, meant only for
educational purposes. Therefore it is not comparable, when it comes to state
space generation, to more developed toolsets. Since we do not expect that a
dedicated tool for x, that would be able to compete with existing optimized
model checkers, could be built within reasonable time, our aim is to translate
x models to input languages of other existing tools. While doing this, we want
to compare input formalisms of different tools and see which are best suited
for translating xy models to. We also want to investigate the expressiveness of
temporal logics and algorithmic techniques for model checking that are used
in those tools.

For this paper, we choose the well-known specification and verification tools
CADP [16], SpIN [27] and UPPAAL [30]. There are several reasons why we
make this choice:

(1) The three tools are quite popular and have been used to detect design
errors in applications from many different domains.

(2) Each tool has a different input language. We use pCRL [19] as the
modeling language for CADP. It is an action-based, process algebraic
(ACP[8,4,17]) language with excellent data support. SPIN’s input lan-
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guage, PROMELA, is a state-based, imperative language. Finally, Up-
PAAL’s input language is a specific class of timed automata, combining
both action-based and state-based features.

(3) Each tool handles time differently.

(4) Each tool has a different logic for expressing properties of a model. In
CADP, regular alternation-free u-calculus [35] is applied, while SPIN and
UPPAAL use a temporal logic, LTL and TCTL [2] respectively.

(5) Each tool uses a different strategy for verification. In CADP (with yCRL
as input) the whole state space must be built. SPIN does model checking
on-the-fly. Uppaal checks invariant and liveness properties by on-the-fly
exploration of the state space of a system in terms of symbolic states
represented by constraints.

Our case study is a turntable device, a rotating drilling machine. We choose
this particular case study because:

(1) It is not too complex; otherwise it would take the emphasis away from
translating and comparing and make the modeling unnecessarily difficult.

(2) It is complex enough in the sense that it contains many interesting fea-
tures to model, such as parallelism and time.

(3) It is a case study that has been used before [13], making it possible for
us to look at existing models and extend them.

(4) We have access to a physical turntable system and we can use it to
perform physical experiments.

In this document, we show how the turntable model can be mapped to the
input languages of the mentioned tools and how it can be verified in those
environments. We do not cover translations of general x models and rather
focus on the turntable only, but it should be clear that the same story holds for
a large class of y specifications. Of course, models resulting from a translation
of x models might be very different from those made from scratch. Our aim
is to have translations resemble the original y model closely so that possible
verification errors in these translations can be related back to the original
model. We show that many interesting properties of the turntable can be
verified but that none of the three tools can easily express all of them. We
also compare experiences of working with the tools and results such as the
number of states generated.

The structure of the document is as follows. First, the turntable device is
explained. Then, we give an introduction to x and present the model of
the turntable. The next three sections are devoted to each tool. We give an
overview of the input language and the verification mechanism, we explain how
we deal with the translation problems and we present the verification of the
turntable in detail. The last section gives some comparisons and conclusions.
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Fig. 1. The turntable system

2 Turntable description

The turntable system is an example of a real-life manufacturing system rep-
resenting the application domain of (real-time) control research [13,3,12].

The turntable system consists of a round turntable, a clamp, a drill and a
testing device (Figure 1). The turntable transports products to the drill and
the testing device. The drill drills holes in the products. After drilling a hole the
products are delivered to the tester, where the depth of the hole is measured,
since it is possible that drilling went wrong. To control the turntable system,
sensors and actuators are used. A sensor detects a physical phenomenon, and
changes its state. The controller reads the state of the sensor, and sends output
to actuators. The actuators translate output from the controller to a physical
change in the machine.



The turntable has four slots that can hold a product. Each slot can hold at
most one product and can be in input, drill, test or output position. There are
three sensors attached to the turntable: the sensor sl at the input position (to
detect if a product has been added by the environment), the sensor s3 in the
output position (to detect if a product has been removed by the environment)
and the sensor s2 that detects whether the turntable has completed the turn.

The drilling module consists of the drill and the clamp. Every product should
be locked before drilling and unlocked afterwards. To detect whether the clamp
is locked or not two sensors are used (cl and ¢2 respectively). The drill also
has two sensors to detect whether the drill is in its up (d1) or down (d2)
position. These sensors are located above the surface of the turntable, so it is
not possible to say whether the product has been drilled successfully or not.

In the testing position there are two sensors to detect whether the tester has
reached its up (¢1) or down (¢2) position. If the tester has reached its down
position the test result of the product is good and if the sensor at the down
position did not send a signal during a certain amount of time the test result
of the product is bad.

The turntable control system consists of the main controller, turntable con-
troller, drill controller, and tester controller. The main controller supervises
the other controllers and the environment. It stores current information about
products and operations being performed and based on this information it
issues commands to the other controllers and the environment to start opera-
tions. When operations are completed the main controller updates the infor-
mation about the products.

The turntable controller gets signals from the turntable sensors and passes
them to the main controller. It also starts rotation of the turntable at the
command of the main controller.

The drill controller supervises the drill and the clamp. It switches the drill
on/off and commands to lock/unlock the clamp or to start or stop drilling.
The drill controller also gets signals from the drill and clamp sensors.

The test controller sends a signal to the tester to start the operation. Then
it waits for a signal from the sensor at the down position. If the hole is not
deep enough, the sensor is not activated and the current product should be
rejected.

The operation-routing sequence of each product is following: add a product
to the input position, make a turn (now product is in the drilling position),
lock the clamp, switch on the drill, drill, switch off the drill, unlock the clamp,
make another turn (now product is in the test position), test, and make a turn
again (product is in the removing position).



No product can be added if the adding slot is not empty. No drilling, testing or
removing can be performed if the corresponding slot is empty. The turntable
can treat up to four products at the same time, that means that the operations
can be done in parallel.

Design rules and assumptions Creating the model we consider only
"good weather” behavior, i.e. the assumption is that the system works with-
out faults and there is no product loss. The initial state is defined as follows:
all slots are empty and no operation is started.

For reasons of simplicity, we decided to concentrate on the control system.
That means that we do not model material flow as this information can be
obtained from the information stored by the main controller.

We assume that the main controller sends messages to the environment to
allow adding and removing of products and the environment informs the main
controller when the operations are completed. The environment can skip the
adding or removing operations. A product can be removed from the removing
position only if it has been drilled properly. If a product has a good test result
and it has not been removed, it should not be drilled and tested again. If a
product has a bad test result it must be drilled and tested again. That means
that the information whether product has been added or removed is necessary
only after the rotation of the turntable.

When the other sensors change their states, the control system must be no-
tified immediately. For instance, if the clamp sensor does not report that the
clamp is locked, the drill cannot start drilling. This difference causes different
implementation of the sensors. The turntable sensor states are checked by the
control system just before a turn, while the other sensors inform the control
system about their state changes immediately.

We also assume that the order of starting and ending of the adding, drilling,
testing and removing operations is not known in advance.

The execution of each turntable operation requires a certain amount of time.
Because the duration of the turntable operations has not been defined any-
where, we have decided to use the delays, that have been defined in other
turntable models, like [13]. We assume that the environment needs 2 time
units to perform adding or removing of a product. The clamp needs 2 time
units to lock or unlock a product. The drilling operation takes 3 time units and
returning the drill to its up position takes 2 time units. Testing and returning
the tester to its initial (up) position require 2 time units each.



Verification properties Traditionally, verification properties have been
classified into safety and liveness properties. Safety is usually defined as a
set of properties that the system may not violate, while liveness is defined as
the set of properties that the system must satisfy [27]. Safety, then, defines
that something bad will never happen, and liveness defines that eventually
something good will happen. It can be argued what kind of property the ab-
sence of deadlock is, but here it is considered a liveness property, due to the
fact that a deadlock situation trivially satisfies all safety properties, but does
not satisfy deadlock freedom [22].

Given those assumptions we want to verify the following properties:

(1) The system does not contain a deadlock, i.e. it cannot come to a state
from which it cannot continue operating (liveness).

(2) If drilling (testing, adding or removing) is started then it is also finished
and the turntable does not rotate in the meantime (liveness and safety).

(3) If the product has a bad test result then the product remains on the table
and is drilled again (liveness).

(4) If the product has a good test result then the remover will be called to
remove the product (liveness).

(5) No drilling (testing or removing) takes place if there is no product in the
slot and no adding is performed if there is a product in the slot (safety).

(6) Every added product is drilled in the next rotation (liveness).

) Every product eventually leaves the table (liveness).

(8) When a product is added it takes between 21 and 30 time units to get
its test result (liveness).

The property 7 is a liveness property that requires a fairness principle, which
makes this property the most complicated one.

First, a product can be removed only if it has a good test result. However, the
remover can always decide not to remove and the tester can always generate
bad test results. This can happen because the choices whether the product
will be removed and whether the test result of the product is good or bad are
non-deterministic. In order to verify this property we must put some notion
of fairness to the verification process, i.e. exclude unfair paths, in which a
product yields a bad test result infinitely often.

Second, since there are at most four products on the table it can happen that
one of the products stays on the table while the other ones are drilled properly
and removed. In order to verify that every product will eventually be removed
we must identify them in some way. The most common solution is to give
colors to the products, for instance, red and white, and change the adder so
that it adds (non-deterministically) zero or more white products, then one
red, and then again zero or more white ones. We want to make sure that if a



red product is added then a red one will leave the table eventually. Another
solution would be to assign unique identifiers to products or use some other
way to distinguish them.

The fairness constraints can be expressed syntactically in linear temporal logic
(like PLTL), but not in branching temporal logic (like CTL). In p-calculus
fairness properties can be expressed very efficiently [35].

The last property (so-called bounded liveness) also requires identification of
the products. First we calculate manually the time interval within which a test
result of a product is known based on the assumptions. After that we check
this interval automatically.

3 The turntable model in x

3.1 The x language

The x language was designed as a hybrid, modeling and simulation language.
Since we are interested only in discrete-event models and verification, we
present here just a part of the language, disregarding features that are used
for simulation and to model hybrid behavior. For a complete reference of Yy,
see [5]. The discrete-event subset of x is described in [6].

Data types The y language is statically strongly typed. Every variable has
a type which defines the allowed operations on that variable. The basic data
types are boolean, natural, integer and real numbers and enumerations. The
language provides a mechanism to build sets, lists, array tuples, record tuples,
dictionaries, functions, and distributions (for stochastic models). Channels
also have a type that indicates the type of data that is communicated via the
channel.

Time model The time in yx is dense, i.e. timing is measured on a continuous
time scale. The weak time determinism principle, or sometimes called the time
factorization property, (time doesn’t make a choice) and maximal progress (a
process can delay only if it cannot do anything else) are implicit. The time
additivity (if a process can delay first ¢; and then immediately following ¢, time
units then it can delay t; + ¢ time units from the start) is not present. Delaying
is enforced by the delay operator but some processes can also implicitly delay,
e.g. send.



Atomic processes The atomic processes of y are process constructors and
they cannot be split into smaller processes. They are:

(1) The assignment process (x := e). It assigns the value (must be defined)
of expression e to variable z. It doesn’t have the possibility to delay.

(2) The skip process. It performs the internal action 7 and cannot delay.

(3) The send process (m!e). It sends the value of the expression e via channel
m. It is able to delay arbitrarily long.

(4) The receive process (m?z). It receives a value via the non-empty channel
m and assigns it to the variable x. It is also able to delay arbitrarily long.

(5) The delay process (Ae). It delays a number of time units equal to the
value of the expression e or less. The value of e must be a positive real
number.

Communication model Communication in x is synchronous, meaning that
a send and a receive action on a same channel cannot happen individually but
only together, as a communication action.

Operators Atomic processes can be combined by means of the following
operators. We present each one of them together with their (informal) seman-
tics.

(1) The guard operator ( — ). A process b — p behaves as p if the value of
the boolean expression (guard) b is true, otherwise it deadlocks.

(2) The alternative composition operator ([[). A process p [ ¢ represents a
non-deterministic choice between p and gq.

(3) The sequential composition operator ( ; ). A process p; ¢ behaves as p
followed by the process q.

(4) The repetition operator (). A process xp behaves as p infinitely many
times.

(5) The parallel operator ( || ). A process p || g executes p and ¢ concurrently in
an interleaved fashion, i.e. the actions of p and q are executed in arbitrary
order. If one of the processes can execute a send action and the other one
can execute a receive action on the same channel then they communicate,
in other words p || ¢ executes the communication action on this channel.

(6) The scope operator (|[|]|). A process [ s | p ]| behaves as p in a local state
s. The state s is used to define local variables and channels visible only
to the process p. It is recursively defined as the empty state or as dcl, s’
where s’ is a state and dcl is a variable declaration (x : type[= val]) or a
channel declaration (m : ? type for receiving and m : ! type for sending).



Process definitions The language x provides the possibility to define pro-
cesses. We don’t give a syntax definition here but rather an example:

proc p(c:?nat, b:bool )= x:nat | b— c?z]

The process p has two arguments, a channel ¢ that can transport natural
numbers and a boolean variable b. It has only one local variable, x. The process
can now be instantiated (e.g. p(m,y > 7)) inside another process.

3.2  The turntable model

The turntable system architecture is depicted in Figure 2. The mechanical
components are represented by means of the processes tester, drill, clamp
and turn_table. These components are controlled by switching commands:
cDrillOnOff switches the drill on/off, e¢DrillUpDown instructs the drill to
start or stop drilling, cClampOnOff instructs the clamp to lock or unlock
the product, and cTesterUpDown instructs the tester to start or stop testing.
The other signals that are used are cRotate (commands the turntable to start
turning), cEnvCanAdd, cEnvCanRemove (inform the environment that it can
perform adding or removing operations respectively). As already mentioned,
the sensors are implemented in several ways (more explanations are given in
the descriptions of the corresponding processes).

The control system model consists of the main controller, drill and clamp con-
troller, tester controller and turntable controller which are modeled by means
of the processes main_control, drill_control, tester_control and TTC respec-
tively. The processes env_add and env_remove represent the environment.

Below we explain all processes in detail. Of each process, a description is given
followed by the x code that models the component.

The turn_table process In the turn_table process we define three boolean
variables representing the turntable sensors. The variables bS7 and bS53 cor-
respond to the sensors at the adding and removing positions respectively. The
variable 552 corresponds to the turntable sensor that detects whether the
turntable is rotating or not. The current states of the sensors are sent via
channels ¢S1, ¢S2, ¢S3. The sensor states are updated by the environment
when a product is added or removed (cEnvAdded, cEnvRemoved). In the real
system the states of these sensors are automatically updated while turning.
To achieve this we add two more channels (cUpdateS1, cUpdateS3). A dif-
ferent way to model a change of the sensor states can be found later in the
description of the main_control process. When the turn_table gets the signal
cRotate it performs a delay. Reading and updating the sensors are ’atomic’
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and instantaneous actions. The control system is modeled in such a way that
it is not possible to perform those actions in parallel. This allows us to use
alternative composition instead of the parallel one and reduce the state space.

proc Turn_table( cEnvAdded, cEnvRemoved
, cRotate, cUpdateS1, cUpdateS3 : 7 bool
, ¢S1, ¢S2, ¢S3 :!bool
)=
|| 6S1 : bool = false, bS2 : bool = false, bS3 : bool = false, z : bool
| %( ¢S1!10bS1
[ ¢S21b52
| ¢S3!10b53
| cEnvAdded? bS1
| cEnvRemoved ? x; bS3 := false
| cUpdateS17?bS1
| cUpdateS3 7 bS3
| cRotate? bS2; A4.0; bS2 := false
)

]

The clamp process The clamp has one actuator that is used to switch it
on/off (¢ClampOnOff). The clamp also has two sensors to detect if it is locked
or unlocked. When the states of the sensors are changed, the process clamp
reports to the control system via the channels cLocked and cUnlocked.

proc Clamp( ¢ClampOnOff : 7 bool
, cLocked, cUnlocked : ! bool

):
[ = : bool
| #( cClampOnOff 7 z; A2.0; cLocked ! true
; cClampOnOff 7 z; A2.0; cUnlocked ! true
)
[

The drill process The drill is controlled by two independent actuators.
One of the actuators is used to switch the drill on/off (¢DrillOnOff). The
other one (c¢DrillUpDown) instructs the drill to start drilling or to return in
its initial (up) position. The states of the sensors are detected through the
channels cDrillDownDone, cDrillUpDone. The commands are handled inde-
pendently, that is why we use the parallel composition in the drill process. On
the other hand, both actuators are the parts of the one physical component
(the drill) and that is why we do not represent them by means of two separate
X processes, instead, we combine them into one process.
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proc Drill( ¢DrillUpDown, ¢DrillOnOff : ? bool
, cDrillUpDone, cDrillDownDone
, ¢DrillOnDone, c¢DrillOffDone : ! bool
):
[ = : bool
| *( ¢DrillUpDown ? z; A3.0; c¢DrillDownDone ! true
; ¢DrillUpDown ? x; A2.0; cDrillUpDone! true

)
| *( ¢DrillOnOff ? z; cDrillOnDone ! true

; cDrillOnOff 7 x; cDrillOffDone ! true
)
[

The tester process The tester is controlled by one actuator (cTesterUp-
Down) that is used to start or stop testing. It has two sensors as well. One of
them is used to detect a test result of a product. The other one detects whether
the tester is in its initial (up) position. Possible test results are implemented
by non-deterministic choice. When the test result of a product is good the
process tester sends a signal via the channel cTesterDownDone. Otherwise,
the process tester waits for the command to move up to the initial position
(cTesterUpDown) and, then, sends a signal through the channel ¢TesterUp-
Done.

proc Tester( cTesterUpDown : 7 bool
, cTesterUpDone, cTesterDownDone : ! bool
):
[  : bool
| #( cTesterUpDown ? x
; A2.0
; (cTesterDownDone ! true | skip)
; cTesterUpDown ? x
; A2.0
; cTesterUpDone ! true
)
[

The main_control process The main_control process keeps track of the
slot states and operates the other controllers. We use four integer variables
(p0, p1, p2, p3) to describe the state of every slot. The variable values range
from 0 to 4 (0 means that there is no product in the slot, 1 - there is a
product in the slot and it is not drilled, 2 - a product has been drilled, 3 - a
product has been tested and has a bad test result, and 4 - a product has been
tested and has a good test result). First, the main_control process checks the
states of the slots and starts corresponding processes (adding, drilling, testing
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and removing). As we assumed, the order of starting and finishing of these
operations can vary and is not known a priori. In order to implement it, we
use nested parallelism. The operations (cEnvCanAdd, cStartDrill, cStartTest,
cEnvCanRemove) are started according to the following rules:

e The environment is allowed to add a product if there is no product in the
slot.

e Drilling can be performed if there is a product in the slot and it has not
been drilled yet or it has a bad test result.

e Testing is allowed if there is a product in the slot and it has been drilled.

e The environment is allowed to remove a product if there is a product in the
slot and it has a good test result.

If these operations have been started the main_control process waits till they
are completed (cEnvAddFinished, cEnvRemFinished, c¢Tested, cDrillEnded).
After that, it gives the command to the turntable controller (the process TTC')
to read the states of the sensors at the adding and removing positions (cGetS1,
cGetS3) and gets their current states (cSetS1, c¢SetS3). If their states have
been changed (that means that the products have been added or removed),
the main_control updates the information about current slot states. Then, it
sends the command to the turntable controller to rotate the turntable (¢Turn)
and waits till the turn is completed (c¢Turned). Then, the loop is repeated. In
the real system the states of the sensors at adding and removing positions
are automatically updated during the turn. To achieve this in the model we
send new states of the turntable sensors over the channel ¢Turn. In our model
main_control sends the value of the sensors after the turn over the channel
cTurn (the information is coded as an integer in following way: p = 0 means
that there is no product in the adding and removing positions, p = 1 means
that there is no product in the adding position and there is a product in the
removing slot, p = 2 means that there is a product in the adding position
and there is not product in the removing position, p = 3 means that there are
products in both slots). Another approach to update the sensor states is to
duplicate the information about all slots in the turn_table process [13]. This
approach allows one to separate the physical and control systems easier and
simpler but leads to a larger state space.
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proc Main_control( cDrillEnded, cTested, cTurned, cSetS1
, ¢SetS3 : 7 bool
, cEnvCanAdd, cEnvAddFinished
, cStartDrill, cStartTest
, cEnvCanRemove, cEnvRemFinished
, cGetS1, cGetS3 : !bool , cTurn : ! nat
):
[z, y:bool, p:nat =0, pp:nat =0,
p0 :nat =0, pl :nat =0, p2 :nat =0, p3 :nat =0
| #((
=0 — cEnvCanAdd ! true; cEnvAddFinished ? x
0 # 0 — skip
[ pl =1V pl =3 — cStartDrill! true; cDrillEnded? x; pl := 2
(p1 =1V pl =3) — skip

|

p2 # 2 — skip

3 =4 — cEnvCanRemowve !l true; cEnvRemFinished ? x
8 # 4 — skip

(p
[ p
)
(
)
| ( p2 =2 — cStartTest!true; cTested ?y; (y — p2:=4] -y — p2 :=3)
[
)
I(p
[ p
)

)

; ( p0 =0 — cGetS1 true; cSetS1 7z
; (x — p0:=1] —z — skip)
0 # 0 — skip

3 =4 — cGetS3 true; cSetS37x; (- — p3 :=0[ = — skip)
p3 # 4 — skip

’

0=0—(p8=0—-p:=0]p3#0—p:=1)
p0 #£0— (p8=0—p:=2]p3 #0— p:=3)

7

[ p
)
(p
H)
; 1(929 = p3; p3 = p2; p2:=pl; pl :=p0; p0 :=pp
[
)

; cTurn!p; cTurned? x

The drill_control process The process drill_control gets the command to
start drilling from the main_control over the channel c¢StartDrill. Then, it sends
a signal to lock the clamp (cClampOnOff) and waits for the reply from the
clamp sensor (cLocked). When the clamp is locked the drill_control uses the
other switching command (¢DrillOnOff ) to start drilling and waits for the con-
firmation (cDrillOnDone). Then, it gives a signal to start drilling (e¢DrillUp-
Down), waits for confirmation from the sensor (cDrillDownDone), sends a sig-
nal to return the drill in its initial (up) position (c¢DrillUpDown), and waits for
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confirmation from the sensor (¢DrillUpDone). Then, the drill_control switches
the drill off (¢DrillOnOff), and waits for confirmation (cDrillOffDone). After
that, the drill_control switches the clamp on again (cClampOnOff), waits for
the signal from the clamp sensor (c¢Unlocked) and reports to the main_control
that drilling is completed (c¢DrillEnded).

proc Drill_control( cStartDrill, cLocked, c¢Unlocked
, cDrillUpDone, cDrillDownDone
, ¢DrillOnDone, cDrillOffDone
, ¢DrillEnded : 7 bool
, cClampOnOff, c¢DrillUpDown

, ¢DrillOnOff : ! bool

)_
[ z : bool
| *( cStartDrill ? x
; cClampOnOff 'true; cLocked 7
; cDrillOnOff 'true; c¢DrillOnDone? x
; eDrillUpDown ! true; cDrillDownDone ? ¢
: cDrillUpDown ! true; cDrillUpDone? x
; cDrillOnOff 'true; ¢DrillOffDone ? x
; cClampOnOff 'true; cUnlocked ? x
: c¢DrillEnded ! true

The tester_control process Tester_control gets a command to perform
testing from main_control (cStartTest) and switches tester on (cTesterUp-
Down). To perform the testing operation, tester needs 2 time units. If the
tester has reached its down position within 2 time units, the test result of the
product is good (c¢TesterDownDone) and if the sensor does not react in 2 time
units, the test result of the product is bad. However, in our model tester_control
waits for the signal from the tester for 4 time units instead of 2. The reason
for this is that if tester and tester_control delay for the same amount of time,
there is a possibility that tester_control would make its choice before tester.
So, in order to ensure that tester always makes its choice before tester_control
the latter delays longer. In that case, tester makes a choice in 2 time units and
after that tester_control has no choice anymore. Then, tester_control stores the
test result (01stRes), switches tester off (c¢TesterUpDown), and sends the test
result to main_control over the channel cTested.

16



proc Tester_control( cStartTest, cTesterDownDone
, cTesterUpDone : 7 bool
, cTesterUpDown, cTested : ! bool
):
[ z, bTstRes : bool
| #( cStartTest? z
; cTesterUpDown ! true
; (cTesterDownDone ? bTstRes
[ A4.0; bTstRes := false
)
; cTesterUpDown ! true
; cTesterUpDone? x
; cTested ! bTstRes

)
]

The TTC process The process TTC (the turntable controller) gets com-
mands from main_control to perform the turn or update sensor information.
When the turn is completed TTC sends a signal to main control over the
channel cTurned.

proc TTC( cTurn : ?nat, ¢S1, ¢S2, ¢S3
, cGetS1, cGetS3 : 7 bool
, cSetS1, c¢SetS3, cUpdateS1, cUpdateS3
, cRotate, cTurned : ! bool
):
| z : bool , bSI : bool = false
, bS8 : bool = false, ss:nat =0
| *( cTurn? ss; cRotate!true
; cUpdateS1!ss =2V ss=3
; cUpdateS3'ss =1V ss=3
; ¢S27x; cTurned ! true
| cGetS1 ?x; ¢S17b51; cSetS1!bS1
| cGetS3 7 x; ¢S37bS53; cSetS3!bS3
)
[

The environment processes There are two environment processes in the
model: adding and removing. They get appropriate signals from main_control
to add or remove a product (cEnvCanAdd, cEnvCanRemove). After perform-
ing (or skipping) the operations the environment processes notify main_control
that they have finished (cEnvAddFinished, cEnvRemFinished). If a product is
added or removed the environment processes send corresponding messages to
the turn_table process through the channels (cEnvAdded, cEnvRemoved).

17



proc Env_add( cEnvCanAdd : ?bool , cEnvAdded
, cEnvAddFinished : ! bool

)=
[ « : bool
| *( cEnvCanAdd? x
; (skip | cEnvAdded !true)
; cEnvAddFinished ! true
)
]

proc Env_remove( cEnvCanRemove : ?bool , cEnvRemoved
, cEnvRemFinished : ! bool
):
[ = : bool
| #( cEnvCanRemove ?
; (cEnvRemoved !true | skip)
: cEnvRemPFinished ! true

)
]

The state space As already mentioned, there is no tool available for y
yet. Therefore we have generated the state space in the y, toolset with the
following results: the number of states is 32570 (6839 states after minimization
under strong bisimulation).

4 Promela/Spin
4.1 Introduction to PROMELA /SPIN

The full presentation of PROMELA, a very complex language, is beyond the
scope of this paper. We give here only a brief overview mentioning only those
parts of the language that we are interested in. For more information, see
[27,21,26] or consult the SPIN’s web page http://spinroot.com.

PROMELA’s syntax is derived from C [29], with communication primitives
from CSP [25] and control flow statements based on the guarded command
language [15]. It has many language constructs similar to y, constructs.

A common specification consists of global channel declarations, variable decla-
rations and process declarations with possibly one special init process. Pro-
cess declarations specify behavior, channel and variable declarations define the
environment in which the processes run. PROMELA has a rather limited set of
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data types, only bool, byte, short, int (all with the unsigned possibility)
and channels. It also provides a way to build records and arrays and to de-
fine macros (processed by the C language preprocessor). Message channels are
declared, for instance, as chan m = [2] of {int} meaning that the channel
is buffered and it can store (at most) two values of type integer (has only
one field of type int). Channels can also be of length 0, i.e. unbuffered, to
model synchronous communication. They can also have more than one field,
not necessarily of the same type.

Every variable must be declared before use. The exception is the special
dummy variable > which is a predefined write-only variable, that can be
used to store scratch values. The type of this global variable is int. It is an

error to use or reference its value.
Process declarations are of this form:

proctype name(parameters) {
local variables and channels;

body
b

Local variables and channels specify the local state of the process and they
are not visible to other processes. The same rules as for global variables apply
here. The body is a list of statements, itself a statement. Any expression
can be used as a statement, enabled precisely if it evaluates to a non-zero
value. Assignments are also statements and have the usual semantics. The
skip statement executes the action (1) and has no effect on variables. The
send statement (m!e_1,...,en) sends a tuple of values of the expressions e_i
to the channel m. The receive statement (m?E_1,...,E n) retrieves a message
from the non-empty channel m, for every E_i that is a variable assigns a value
of e_i to it and for every other E_j makes sure that its value matches the value
of the e_j. If the channel is buffered, a send is enabled if the buffer is not full; a
receive is enabled if the buffer is non-empty. On an unbuffered channel, a send
(receive) is enabled only if there is a corresponding receive (send) that can
be executed simultaneously. There are also many variants of these statements
(message can be left in or removed from a channel after receiving, send/receive
can only be offered etc.)

There are several ways to combine statements. The alternative composition is
defined by the selection statement:

if
.. statements

.. statements
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fi.

It selects one among its options and executes it. An option can be selected
if its first statement is executable. A selection blocks until there is at least
one selectable option. If more than one option is selectable, one will be chosen
non-deterministically. The repetition is achieved by the statement

do
.. statements

:: statements
od.

It is similar to the selection statement except that the choices are executed
repeatedly, until control is explicitly transferred to outside the statement by
break or the goto statement. The break terminates the innermost repetition
statement in which it is executed and cannot be used outside a repetition.

Another way to combine statements is to use sequential composition denoted
as p;qor b => p. The latter is usually used to emphasize that a process p is
guarded by the conditional expression/statement b.

The original version of PROMELA/SPIN is untimed but there is a discrete time
extension, called DTPROMELA/DTSPIN [14]. The idea is to divide time into
slices and then frame actions into these slices. The time between actions is
measured in ticks of a global digital clock. By having a variable t declared as
timer, setting its value to some expression that evaluates to a natural number
(by doing set(t,e)) and waiting for t to expire (by stating expire(t)) a
process can be enforced to postpone its execution for n time slices (where
n is the value of e). When DTSPIN executes the timeout action, all timers
synchronize and time progresses to a next slice. This action is executed only if
no other actions can be executed, meaning that maximal progress is implicit.
Deadlock is recognized when timeout is about to happen and all timers are
off (not set or already expired).

PROMELA provides two constructs, atomic{stmt _1;...;stmt n} and
d_step{stmt_1;...;stmt n} that can be used to model indivisible events and
to reduce a state space. Their purpose is to forbid the statements from inside
to interleave with other statements in the specifications. The difference is that
additionally d_step executes all statements as one (one state in the state
space). These constructs are very useful but have a limitation: statements
other than the first may not block and the d_step cannot contain send/receive
statements on unbuffered channels.

Once declared every process can be started by the PROMELA process cre-
ation mechanism, the run statement. The special init process, if present, is
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automatically instantiated once, and is often used to prepare the true initial
state of a system by initializing variables and running the appropriate process-
instances. Processes can be started with different parameters. Once started
they execute in parallel with the interleaving semantics. This is the only way
to achieve parallelism because there is no explicit parallel operator. Processes
communicate with each other through global variables and channels.

4.2 The turntable model in PROMELA

Translation of y constructs like assignments, skip statement, sequential and
alternative composition and repetition is straight-forward since they have ob-
vious equivalents in PROMELA.

The data types used in the turntable model are also present in PROMELA.

Both languages have a notion of channels. Communication in y is synchronous
and consequently all channels in the PROMELA translation are of length zero.
For example, channel cRotate is declared as chan cRotate = [0] of {bool}.

In general proc definitions of x are translated to proctype definitions of
PROMELA and init process is used to run them all.

For example, the drill_control process is translated as
proctype drill_control() {
do
:: cStartDrill?_,1;
cClampOnOff!'!1l; cLocked?_;
cDrillOn0Off!1; cDrillOnDone?_;
cDrillUpDown!1l; cDrillDownDone?_;
cDrillUpDown!1; cDrillUpDone?_;
cDrillOn0ff!1; cDrill0ffDone?_;
cClampOnOff!1l; cUnlocked?_;
cDrillEnded!1

od;
}

Since in the drill_control process we use channels only for synchronization, af-
ter receiving we don’t need the value of x so we replace it by the dummy vari-
able _. The additional parameter ’,1’ in cStartDrill?_,1 will be explained
later.

We now present features of which translation requires a more careful consid-
eration.
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Guards Statements of type b — p, in general cannot be just translated as b
=> p. This is due to the fact that, since in PROMELA operator -> is equivalent
to the sequential operator and the boolean expression b is also a statement, if
the value of b is true, SPIN will execute the action (1) (e.g. it will pass the
guard) even though process p cannot execute anything. This is different from
x which looks for both b to be true and for p to be executable before taking
the step.

However, if p in b — p is an atomic process there is a way to translate. The
guarded assignment such as b — z := e is translated as d_step{b; x = e}.
With the d_step operator we force the statement to be executed as one action
like in . If the value of b is false the statement is blocked and if it is true,
since an assignment is always executable, the statement will execute only one
action. Translation is similar for a guarded skip.

In order to translate guarded send/receive actions we must apply a different
trick because those actions can block and therefore cannot be put inside the
d_step statement. For a channel that has send/receive actions involved in
guarded statements we first change the declaration by adding another field
argument to it, one of an integer type. We need the extra argument to syn-
chronize on guards and we translate b — m!e to m!e,b and B — m?x to
m?x,eval (2-B). We use 2-B instead of just B because the communication
between a guarded send and a guarded receive should not take place if both
guards evaluate to false (2-B = b is equivalent to B=1 and b=1). The eval func-
tion is used to force the evaluation of the expression 2-B. SPIN does not do this
automatically in receive statements because the expression can be a variable in
which case it should not serve as a match but instead it would be assigned the
incoming value from the message field. If a communication action, for example
m 7 x, is not used in the guarded context but its counterpart send is, then it
should be translated to m?x, 1. This goes similarly for m!e when a correspond-
ing receive is guarded. For example, in the main_control process a send action
on the channel ¢StartDrill is guarded, p; = 1V p; = 3 — cStartDrill ! true,
and this statement is translated as cStartDrill!1l,(pl == 1 || pl == 3).
The corresponding receive action, cStartDrill? x in the drill_control process,
is not guarded and therefore translated as cStartDrill?_,1.

In case of the main_control process not only atomic processes are guarded,
but also, for example, we see

p0=0—(p8=0—p:=0] p8#0—p:=1)
lp0 #0— (p3=0—p:=2[ p3#0— p:=3)

To translate this fragment we use the fact that by — (by — p) is equivalent
to (by A bg) — p and that b — (p || q) is equivalent to (b — p) [ (b — ¢). This
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assures that we can distribute guards over the operators and have the equiv-
alent process with guarded atomic processes only. The PROMELA translation
is therefore:

if
:: d_step{(p0 == 0 & p3 == 0) -> p = 0}
:: d_step{(p0 == 0 && p3 !'= 0) -> p = 1}
:: d_step{(p0 !'= 0 && p3 == 0) > p = 2}
:: d_step{(p0 !'= 0 && p3 !'= 0) -> p = 3}
fi;

Time Note that in the turntable model all the delays are natural numbers
so we don’t think that much is lost when switching from continuous to dis-
crete time. The A n statement is translated to the DTPROMELA statement
expire(t), where t is timer, previously set to the value of n. In cases where
An is not involved in a choice, set(t,n) can be present immediately be-
fore the expire(t). This is, indeed, the case in the translations of the clamp,
turn_table, drill, tester, env_add and the end_remove process. However, in the
tester_control process there is an alternative composition of delaying and re-
ceiving:

cTesterUpDown ! true
; (cTesterDownDone ? bTstRes
| A4.0; bTstRes := false)

; cTesterUpDown ! true

In order to prevent time from making a choice, the set (t,4) must be moved
to some place ’safe’, i.e. outside of the alternative composition. That is be-
cause it is always executable and therefore always available as a choice, while
expire(t) is a boolean expression/statement that is blocked until 4 time slices
later. The discussed fragment of the tester_control process is translated as:

proctype tester_control(){
bool bTstRes;
timer t;

do

:: cStartTest?_,1; set(t,4);
cTesterUpDown!1;
if
:: cTesterDownDone?_; bTstRes = 1
:: expire(t); bTstRes = 0
fi;
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od

Parallel operator In PROMELA there is no explicit parallel operator. Since
processes drill and main_control contain it, we encounter a problem when
trying to translate them.

In the drill process no variables are shared (except the dummy z that is re-
moved in the PROMELA translation anyway) and the parallel operator is not
used in the context of other operators. This means that drill can be split into
two smaller processes that can be translated separately:

proctype drill1() { proctype drill2() {
timer t;
do
do :: cDrillOn0ff?_;
:: cDrillUpDown?_; cDrillOnDone!1;
set(t,3); expire(t); cDrillOn0ff7_;
cDrillDownDone!1; cDrill0ffDone!1l
cDrillUpDown?_; od
set(t,2); expire(t); T
cDrillUpDone!1
od
}

The drilll and drill2 are executing in parallel when started in the init
process.

On the other hand, in the main_control process, the parallel operator is used
within a repetition and a sequential composition context. To solve this problem
we use PROMELA’s process creation mechanism. The parts of the main_control
process that run in parallel are translated to separate process definitions,
namely MC1 (), MC2(), MC3 () and MC4 (). These processes should not be started
in the init process since they are not available from the beginning. The
part that comes after the parallel composition (together with the loop) is
also translated to the new process but with the additional statement at the
beginning of the loop whose role is to start the new processes. This process is
called main_control and it must be started in the init process.

There is one more problem to solve. After the main_control process starts its
subprocesses it should be waiting for them to finish, not run in parallel with
them as would be the case now. Therefore, some synchronization is needed.
We use a global variable WAIT of type integer, initially 0, which is incremented
at the end of each subprocess, and for which the main_control waits to be
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equal to 4, the number of subprocesses it started. Then, it sets the variable
back to 0 (for later use) and continues. Therefore, main_control is translated
as:

proctype main_control(){
bool x;
int p = 0, pp = O;

do
:: atomic{ run MC1(); run MC2(Q);
run MC3(); run MC4() };

d_step{ (WAIT == 4) -> WAIT = 0 };

od

Note that since variables pg, p1,p2 and ps are shared between parts that are
now separate processes in PROMELA, they must be declared in the global
scope.

Remark: Since parts of the main_control process that run in parallel don’t
communicate with each other the parallel operator here is just an interleaving
operator. In some cases the interleaving of actions in PROMELA could also be
achieved with one loop and few additional guards (boolean variables). The
idea is to associate one guard to each action. If there is a choice between two
actions they share the same guard. Only actions available from the start have
their guards initially set to true. When an action is executed, its guard is put
to false and the guard of the action that comes next is assigned true. This is
done in a loop that is exited when all the guards are false. To illustrate the
technique we give an example. The interleaving between a; b and ¢; (d || e)
can be expressed as:

bool bl,b2,b3,b4d;

d_step{ bl=1; b2=0; b3=1; b4=0; }

do

:: d_step{ bl->a; b1=0; b2=1 }

:: d_step{ b2->b; b2=0 }

:: d_step{ b3->c; b3=0; b4=1 }

:: d_step{ b4->d; b4=0 }

:: d_step{ bd->e; b4=0 }

:: 1(b1 || b2 || 3 || bd) -> break
od;
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The d_step is used to prevent state space from growing when introducing
extra actions.

However, this approach results in a PROMELA model that is not very similar
to the original x model so we use it only to compare the state spaces generated
by the x, toolset and SPIN.

4.3 Verification of the model in SPIN

In this section we first compare state spaces generated by SPIN and y, and
later show how we verified the properties of the turntable.

By performing an exhaustive search, SPIN’s verifier, almost instantly, reported
100995 states, 188724 transitions and 5.8975MB of memory used (3.342MB
for states). To compare this result to the size of the state space generated by
Xo (32570 states) we switch off all the optimizations of SPIN: like partial order
reduction, statement merging and state vector compression. Now the number
of states increases to 157576, the number of transitions to 455580. This shows
the importance of the optimization features.

The huge difference in the number of states generated by x, and SPIN is mostly
the result of the set actions and the statements used for process creation and
synchronizing in the main_control process. To show this we first force set
actions to be executed atomically with the action before. Since this action is
always send or receive we can’t use the d_step, only the atomic statement.
For example, in the turn_table process

cRotate?bS2; set(t,4);expire(t)
is changed to

atomicq{
cRotate?bS2;
set(t,4)

}; expire(t).

Similarly in other processes. The number of states drops to 119616 and the
number of transitions to 212876. Note that the fact that delays are always one
(special) action in x but can be more (timeout) actions in PROMELA and the
fact that we used atomic instead of d_step, also introduce 'extra’ states but
this is unavoidable.

Second, instead of using the process creation mechanism we use the other
trick (see the remark on page 25) to achieve nested parallelism. This results
in 48252 states with 114048 transitions (32768/59154 fully optimized), much
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closer to the x,’s result. In this case, 9.236MB (7.170MB for states) is needed;
3.132MB (1.026MB for states) when fully optimized.

There are several ways to perform verification of properties in SPIN but we
use only LTL formulae verification and trace-assertions. The LTL mechanism
checks properties expressed as linear temporal logic formulas over the values of
variables (state based). The trace-assertion mechanism assures that the behav-
ior of the system matches the behavior expressed as a deterministic automaton
(trace) with only send/receive actions on globally declared channels as labels.
In a case where communication is synchronous to prevent SPIN from checking
the send offers together with regular sending we use only receive actions as
labels.

Now we discuss how the eight properties from section 2.1 can be expressed in
a way SPIN understands them:

(1) The system does not contain a deadlock. Absence of deadlock is
verified in SPIN by performing an exhaustive search for invalid end states.

(2) If drilling (testing, adding or removing) is started then it is
also finished and the turntable doesn’t rotate in the mean-
time. To verify this property we introduce two new variables into the
PROMELA model, drilling and rotating, both initially 0. The idea
is to keep track of states in which the table is turning and the states
in which the drilling is going on. We set the drilling to 1 when the
master controller sends a message to the drill controller instructing it
to start drilling (d_step{cStartDrill!l; drilling = 1}), and set it
back to 0 when master controller is informed that the drilling is finished
(d_step{cDrillEnded!1; drilling = 0}). We do a similar thing for
rotating. The d_step is used to prevent the state space from growing
after the additional statement is added.

The property is now expressed as the LTL formula
[]1(drilling == 1 -> (rotating == 0 U drilling == 0))
Similarly, for testing, adding and removing.

(3) If the product has a bad test result the product remains on the
table and is drilled again (when it comes to the drilling posi-
tion). Since the result of testing is communicated through the channel
cTested and since it is easy to express the number of rotations we find
the trace-assertion mechanism more suitable to verify this property then
LTL. We must first rephrase this property so that it can be expressed
with receive actions only: if a bad test result is received then in the next
rotation the master controller doesn’t instruct the remover to remove and
in the next two rotations (when we are back to the drilling position) the
driller will drill the product again. Now we state this behavior as:
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cStartDrill

cEnvCanRemove

cRotate cRotate

cTested?0 cEnvCanRemove

cTested?1

cEnvCanRemove

trace{ stl: if
:: cEnvCanRemove?_,1
:: cTested?1 -> goto
:: cTested?0 -> goto
: cRotate?_ -> goto

-> goto stil;
stil;
st2;
stl

11 cStartDrill?_,1 -> goto stil
fi;
st2: if
: cEnvCanRemove?_,1 -> goto st2;
:: cRotate_1 -> goto st3
: cStartDrill?_,1 -> goto st2
fi;
st3: if
:: cTested?l -> goto st3;
:: cTested?0 -> goto st3;
: cRotate?_ -> goto st4
:: cStartDrill?_,1 -> goto st3

fi;
st4: if
:: cTested?l -> goto st4;
:: cTested?0 -> goto st4;
: cEnvCanRemove?_,1 -> goto sté4;
:: cRotate?_ -> goto stb

11 cStartDrill?_,1 -> goto st4
fi;
sthb: if
:: cTested?l -> goto stb;
:: cTested?0 -> goto st5;
: cEnvCanRemove?_,1 -> goto st5;
:: cStartDrill?_,1 -> goto st6

fi;
st6: if
: cTested?l -> goto st6;
:: cTested?0 -> goto st6;
: cEnvCanRemove?_,1 -> goto st6;
:: cRotate?_ -> goto stl

fi;
}

(4) If the product has a good test result the remover will be called
to remove the product. Similarly to the previous case we can rephrase
the property and come out with the following trace:

cRotate

cEnvCanRemove

cTested?1

cEnvCanRemove

cRotate cRotate

cTested?0

cTested?1

cEnvCanRemove

cTested?0

trace{ stil: if
:: cEnvCanRemove?_,1
:: cTested?0 -> goto

: cTested?1 -> goto

:: cRotate_1 -> goto
fi;

st2: if
:: cEnvCanRemove?_,1
:: cRotate?_ -> goto
fi;

st3: if
:: cTested?1 -> goto
: cTested?0 -> goto
:: cEnvCanRemove?_,1
fi;
st4: if

: cTested?l -> goto
:: cTested?0 -> goto
: cRotate?_ -> goto
fi;
}

-> goto stil;
stil;
st2;
stl

-> goto st2;
st3

st3;
st3;
-> goto st4

st4;
st4;
stl

(5) No drilling (testing or removing) takes place if there is no prod-
uct in the slot and no adding can be performed if there is a
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product in the slot. The LTL formula that represents this property is:
[1!'(pl == 0 && drilling == 1)

but the following event-trace can be used as well:

cRotate!1
trace{ stl: if
: cStartDrill?_,1 -> goto st2
:: cRotate?_ -> goto stl
fi;
cStartDrill!1
st2: if
:: cDrillFinished?_ -> goto st2;
cRotate!1 fi;
st3: if
cDrillFinished!1 :: cRotate?_ -> goto stil
fi
}

and similarly for other cases.

Every added product is drilled in the next rotation. This property
can be interpreted as: when you add and rotate afterwards then you must
drill before you rotate again. The corresponding automaton is:

trace{ sl: if
cRotate :: cEnvAdded_1; goto s2;
: cRotate_1; goto si;
:: cStartDrill?_,1; goto si;
cEnvAdded fi;

cStartDrill

s2: if
cStartDrill :: cRotate_1; goto s3;
11 cStartDrill?_,1; goto s2;

fi;
cRotate cRotate
s3: if
:: cEnvAdded_1; goto s3;
cEnvAdded 11 cStartDrill?_,1; goto sé4;
fi;
cStartDrill s4: if
: cEnvAdded_1; goto s4;
:: cRotate_1; goto si;
cEnvAdded fi;
}

Every product eventually leaves the table. To verify this property
we first introduce a variable pstn that can have values 0, 1, 2 and 3.
It represents the position of the turntable (or some mark on the rotat-
ing disk) with respect to the adding position. After every rotation the
value of pstn is changed by the rule pstn = (pstn + 1) % 4. Second,
variables removed and added are introduced. They keep track in which
position the product was removed (added). They have two extra values:
-1, meaning that the removing (adding) was skipped, and -2, a neutral
value. The variable removed (added) is set to the neutral value after the
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remover (adder) has made a choice, to remove (add) or to skip. To verify
the property we must now prove the following four LTL formulas:

[](added == 0 -> <> removed == 3)
[]1(added == 1 -> <> removed == 0)
[1(added == 2 -> <> removed == 1)
[1(added == 3 -> <> removed == 2)

We are sure that we are removing the same product we are adding since
added cannot become 0 twice if removed doesn’t become 3 in between
(in the first formula, similarly for the other three). That is because if the
product is not removed in 4k + 3 rotations then in the next rotation we
don’t add because there is already a product in the slot. To add fairness
we forbid the remover to always skip removing while in the position 3
(with a product to remove in place) and to always generate bad test
results in the position 2 (with a product to test in place). The extended
formula is:
(

[] (pstn==3 && p3==4 -> <> removed == 3) &&

[] (pstn==2 && p2==2 -> <> (bTstRes == 1 && pstn == 2)
) —> [](added == 0 -> <> removed == 3)

When a product is added it takes between 21 and 30 time units
to get its test result. For this property we must calculate the number
of clock ticks (timeout actions) between adding a product and receiving
its test result. To achieve this we must keep track of timeout’s somehow.
Since they are not communication actions, trace assertion mechanism
is ruled out. To use LTL mechanism we may try to add a special timer
that counts ticks (it decreases accordingly) but because DTSPIN does not
allow values of timers in LTL formulas this would not be of much help.
Another solution is to use timeout in formulas or to code the property
directly as a never claim but at this moment it is hard to see how this
can be done in an optimal and satisfactory way.

We here present a solution that is based on the fact that, if the product
is added in some position then no product is added in the same position
before the test result is known. Because we have to distinguish products
again, we use the same idea (variable pstn) as before. Here we check that
if adding happens in the position 0 then result is known in position 2 in
21-30 time units. Similarly for other positions.

We introduce a variable, called addedO, which becomes 0 when adding
does not happen (already a product in the slot) or is skipped (in the po-
sition 0), and 1 when product is added (in the position 0). When added0
becomes 1, we also set a special timer variable, called TT, to 30. The idea
is to check if TT has a value less or equal to 9(= 30 — 21) in a place where
test result is obtained (in the position 2) and adding has previously hap-
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pened (in the position 0). This is done by assertion mechanism of SPIN,
directly in code:
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