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Lecture - 16
Liveness Properties

In the last module we saw a kind of property called safety property. Safety properties
were useful to say that something bad does not happen. In this module we will see what
are called liveness properties.
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Safety: Something bad never happens
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Liveness: Something good happens infinitely often
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As I said a safety property ensures that something bad never happens. In particular for a
safety property there is a set of bad prefixes that it avoids. Liveness property comes with
a different flavor a liveness property says that something good happens infinitely often.
Here for example the good is the green state the liveness says that the green state appears
infinitely often we will see examples.
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G p: Always p
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F p: Sometime p
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G l:;:: Infinitely often p
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Let us see how do we specify liveness properties first. When we say G p that means p
should be always true this is always p. When we say F p sometime during the execution p
is true. How do we say infinitely often something is true not necessarily everywhere but

not just once but infinitely often like this.

To specify a property like that you can combine G F to say G F p this just says that in
every state there is a possibility of going to p. So see F p says that from the initial state
sometimes you reach p. G F p says that from every state F p is true that means from every
state there is a future state where p is true that means infinitely often p. So, here F p is
true, here F p is true because of this, here F p is true because of this state itself, here F p is
true because of this state, here F p is true because of this state and so on.
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Whar should the protocol be so that every philosopher can cat infinitely
often?

How do we use G F? Let us now finally recall the dining philosophers problem with
which we started in module 1. We had philosophers and sticks a philosopher can eat only
if he has access to both the sticks on his sides. The question was what should the protocol
be so that every philosopher can eat infinitely often? This is the question with which we
started with.
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Philosopher

req_left

sticks([i] :=4 sticks[i-1] :=i

return
sticks[i]l=ires Lj

sticks[i=1)=free

* NuSMV code for the protocol
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{think, thisk, think, unuj]

(bave_left, have_left, bave_left, h;v._lutt)]

What properties should be checked in order to reveal the deadlock?

G F (phil0.location=eat) & G F (phill.location=eat) &
GF (phil2.location=eat) & G F (phil3.location=eat)

We saw an example of a protocol we wrote the protocol in NuSMV. If you remember we
had a deadlock scenario from the initial state where every philosopher is in think state
there was a situation where each of them went to the have left. Let me recall the transition

system representing philosopher initially philosopher is in the think state.

At some point he can non deterministically choose to go either left or right that means he
can either request for the left stick or he can make a request for the right stick. If he is
here that means if he has requested for the left stick and if indeed the left stick is free then
he can have the left stick. In the process he makes an assignment saying that I have the

left stick that means sticks of i is equal to philosophers number i.

If he has the left stick he waits for the right stick and if the right stick is free he can go to
the eat state. In the process he sets that the right stick is in my possession this is a
symmetric path he can eat as long as he wants. And then when he is about to return he
goes to the return state from the return state he has to go back to think. In the process he

sets both the sticks to be free.

The problem with this protocol was it could lead to deadlock scenario where all of them
are having the left stick and waiting for the right stick forever. We identified this deadlock

scenario by forcefully simulating certain paths but in general given a transition system



what properties should be checked in order to reveal the deadlock. Here we will make use

of liveness; we will check if infinitely often each of the philosophers can eat. Let us see

what happens when we checked this condition on this model.
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next(left) i= case

esac;
next(right) = case

MODULE main

VAR
sticks: array @ ..

e5ac;

locatlonereq left & leftefree: i
locat lonereturn : free;
location=have_right & leftsfreer &
TRUE: left;

locationwreq right & rightefree: i;
lacation=return @ free;

locat ionshave_left & rightsfree: i;
TRUE: right;

e8]

3 of {tree, 9, 1, 2, 31

phil®: process philosopher(®, sticks[®], sticks[3]);

phill: process philosopher(l, sticks(l],

sticks[8]);

phild: process philosopher(d, sticks(2], sticks[1]);
] phild: process philosopher(d, sticks[3], sticks[2]);

ASSION

i Get Help & WriteDut
i Justify

K Exit

initi{sticks[®]) := free;

Read File
Where Is

Prev Page
Next Page

Cut Text Cur Pos
UnCut Text To Spell

Here is the philosopher demo dot smv which implements the philosopher transition

system that we saw in the slides. These are locations these are the transition edges and in

the main we are calling 4 philosophers using the keyword process we saw this code in

module 1. Let us now try to check the property if infinitely often each of the philosophers

can eat.
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wxxs This version of NuSMV is Linked to the MimiSat SAT solver.
#ws See http://wed, 5. chalmers. se/Cs/Aesea rch/FormalMethods/MiniSat
wen Copyright (c] 2003-2005, Niklas Een, Niklas Serensson

NuSMV > go
WARNING === Processes are still supported, but deprecated. e
WARNING === In the future processes may be no longer supported. e

WARNING =cox Thé mooa]l contains PROCESSes or ISAS. s
WARNING === The HRC hicrarchy will not be usable, s=s

NuSMV = check_Ltlspec -p "G F (phil®. locat ion=eat) & (G F phill.lscation=eat]) & (6 F phild.lscatisn=eat) & G F (phild.1

ocationseat) *

== specification ([{ G [ F phild. location = eat) & G [ F phill.locaticn =

F phild,lscation = eat)) is false
as desoastrated by the following execution sequence
Trace Description: LTL Counterexample
Trace Type: Counterexample
== Loop starts here
-» State: 1.1 <-
sticks[8] = free
sticks (1] =wree
sticks (2] = free
sticks (3] = free
phild. location = think
phill. location = think
phil2. location = think
phil3. lecation = think
-» Ingut: 1.2 ==
process_selector_ = main
Funaing = TRUE
phild. rusning = FALSE
phil2, running = FALSE
phill, rumning = FALSE
phile. running = FALSE
> State: 1.1 <
Nus¥y = ]

eat)) & G [ F phild.locotion = eat)) & G [



NuSMYV, so the specification would be check 1tl spec G F philosopher 0 dot location
equal to eat and G F philosopher 1 dot location equal to eat and same for the other 2
philosophers. And finally, let us now check the specification it says that the specification

is false there is an execution where the philosophers do not get to eat infinitely often.

Let us have a look at the counterexample; this is the initial state now in state 2 so there is
a loop here state 2 is the same state but that is because the process selected is the main
process. This is a counterexample where the philosopher processors are not even

scheduled.

This is a counterexample due to the main process being scheduled. This is a not a
satisfactory counterexample because the scheduler is being unfair it is not even
scheduling the philosophers. We can try to get rid of such counterexamples by adding the
following keyword that I am going to save.
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location=return: think;
TRUE: location;
esac

nextileft) |= case
locationsreq_left & lefisfree |
location=return ; free,
location=have_right & left=free: i;
TRUE: left;

esac;

next(right) := case
location=req_right & right=free: i
|location=return | free;
location=have_left & right=free: i;
TRUE: right;
esac;

FAIRNESS running

MODULE main

VAR
sticks: array 0 .. 3 of {free, 0, 1, 2, 3);
phild: process philosopher(0, sticks[0], sticks[3]);
phill: process philosopher(l, sticks[1], sticks[0]);
phil2: process philosopher(2, sticks[2], sticks[1]);
phil3: process philosopher(3, sticks[3)], sticks[2]);

ASSICN
init(sticks[0]) := free
Palinagher daieg vy A% 1] 00 el T S

|
So, here is the code we want every philosopher to be scheduled infinitely often it should
not be the case that the scheduler does not give the philosopher a chance to take the next
step. Such a situation where the philosopher is not even given a chance rather in general

the process is not even given a chance is called starvation.



We do not want to starve a process so we will add in the module this statement saying
fairness running. When we say fairness running the module which contains this keyword
is scheduled infinitely often.
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phil2. lecation = have_right
-> Input: 1.12 <-

—process_selector_ = phill
phill. rusning = FALSE
phill. running = TRUE

» State: 1.12 =

= Input: 1.13 =
_process_selector_ = phil3
phild, ruaning = TRUE
phill.rusning = FALSE

> State: 1.13 <
phild. location = req_right

» Input: 1.14 =
Loop starts here

» State: 1.4 «
sticks(2] = 3
phild. location = have_right

=» Input: 1.15 ==

_process_selector_ = phil2
phil3. rusning = FALSE
philZ. running = TRUE

== Loop starts here

» State: 1.1% «

» Input: 1.16 <
process_selectar_ = phild
phill. running = TRUE
phil2. running = FALSE

— Loop starts here

-+ State: 1.16 =-

=» Inpu «A7 ==
process_selector_ = main
running = TRUE

phild, running = FALSE
Loop starts here

» State: 1.17 ©

+ Input: 1.18 <
_process_selectar_ = phil®

Let us see the effect of this so still there is a counterexample to this property. Let us see
what the counterexample is it says that initially all of them are thinking and the sticks are
free. Now, the philosopher process 0 is selected and he goes to request right then

philosopher 1 is selected.

Let us first just look at the locations so philosopher dot look philosopher 0 goes to have
right then philosopher 1 requests right he goes to have right, philosopher 2 requests right
then philosopher 2 goes to have the right, philosopher3 requests right and then a loop
starts where philosopher 3 has right and then there is no change in the state. So, there are
multiple loop starts here you should see the 1 in the top most the first place where loop

starts here is the beginning of the loop.

Now, all the philosophers are in the have right situation lets see what is there inside the
loop. All the processes are being scheduled in the loop philosopher 0,3,2,1 etcetera but
there is no change in the state. This is exactly what we wanted a situation where all the

philosopher philosophers go to the have right state and all of them are being scheduled.



So, the scheduler is being fair and still there is no change in the state this is representing a
deadlock. And how did we detect this? We gave the property is it possible for the
philosophers to eat infinitely often. So, here eating is the good part and we asked if this is

good thing can happen infinitely often.

In the case of processes execution are going to the critical section would be the good part
and we would want to ask if the process can go to the critical section infinitely often. And
this model does not let the philosopher eat infinitely often because of this counterexample
here where everyone goes to have right and then there cannot be any change in the state
this is a kind of counterexample that we wanted.
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» If counterexample is due to only main process being

scheduled

» Not a fair scheduler

» Add a FAIRNESS running in the philosopher module

NuSMV demo

Let me summarize the part about the counterexample which we saw the first
counterexample that we saw was due to only the main process being scheduled and this is
not a fair scheduler. We should add fairness running in the philosopher module so each
time the module is instantiated the variable or the process that instantiates this module

will be scheduled infinitely often.

After doing this we got a counterexample which was actually due to a problem with the
model and not because of a problem with the main process being scheduled in an unfair

manner. We saw a NuSMV demo of this.
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Coming next: Another solution for the dining philosophers
problem

Let us now see another solution to the dinning philosophers problem where this deadlock
can be avoided.
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So, here is the scenario we want to prevent the scenario where each philosopher has one
stick. How do we prevent this? Initially stick sO can be accessed by the philosophers to its
right, stick 1 by the philosopher to its left which is 2, stick 3 by the philosopher to its
right rather sorry stick 2 by the philosopher to its right which is 2 and finally stick 3 by
the philosopher to its left which is 0.



What does this allow? This allows philosopher 0 and philosopher 2 to eat after they eat
they set the availability of stick O to 1, availability of stick 1 again to 1, stick 2 to 3 and
stick 3 to 3 this is the scenario. So, essentially stick O is initially available to its right and
then available to its left. In an alternate way stick 1 is initially available to its left and

then available to its right and so on.

So once philosopher 1 and 3 finish eating the sticks accessibility are changed. Stick 0 is
with philosopher 1 now what he does is he makes stick 0 available to philosopher 0, stick
1 is also available to philosopher 1 he sets the availability of stick 1 to 2 and so on. This
can be continue and alternately philosopher 2 and 0 and 2 and 1 and 3 can be eating. This
will avoid a deadlock system scenario. We can see a demo of this in NuSMV now.
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MODULE philosopherti, left, right)

VAR
location: (think, req_right,req_left, have_right, have_left, eat, return);

ASSIGN

init(location) ;= think;

next{location) := case
location=think: {think, reg_left, req_right},
location=req_left & left=i: have_left;
location=have_left & rightsi: eat;
location=req_right & right=i. have_right;
location=have_right & lefu=0: eat;
location=eat: {eat, return}
location=return: think;
TRUE: location;
S5al;

nextileft) ;= case
location = return & | < 3.1+ 1
location = return & (=3: 0
TRUE: left

e5ac,

next{right) := case
location = returning & 1> 001 - 1;
location = returning & i=0: 3;
TRUE: right;

esac;
FAIRNESS running
,F". :-n:-rm Top IRA1 et e Spanng)

So, here is the modified code for this new solution let me explain the modifications.
Firstly the arrays sticks can take only 0, 1, 2, 3 it cannot take the word free. The initial
allocation of the 0 th sticks is with process 0. The first stick goes to 2, the second stick
goes to 2 and third stick goes to 0. This is along the same lines as here initially sticks 0 is
with 0, 1 is with 2, 2 is with 2 and 3 is with 0. How do we change it? In the next

transitions there are some changes as I will describe now.



First of all, if the philosopher in his is in his request left location he can have the left
stick only if the left stick takes the value i. In the previous case we had set free now it
will be i. Similarly, he can have the right stick only if the value of the right is i now these
are the changes here. Now, how does the left stick change once he returns the stick.

(Refer Slide Time: 18:38)

MODULE philosopherti, left, right)

VAR
location: (think, req_right,req_left, have_right, have_left, eat, return);

ASSICN

init{location) := think;

nexiflocation) ;= case
location=think: {think, req_left, req_right};
location=req_left & left=i: have_left;
location=have_left & right=i: eat;
location=req_right & right=Ii: have_right;
location=have_right & left=|: eat;
location=eat; {eat, returnj
location=return: think;
TRUE: location;
[25 4

nextileft) |= case
location = return & | < 3.1 + 1
location = return &il=3: 0
TRUE: lefr;

esac;

next{right) := case
location = returning & i > 0:§ - 1;
location = returning & i=0 : 3,
TRUE: right;

esac;
FAIRNESS running
B e

Tow (1A est e metarant

|
Look at philosopher 2 for instance; initially he has position to the left stick and the right

stick. The left stick is S2 and the right stick is S1 after he eats he should pass the left stick
to P3 and the right stick to P1 we get this. Once he wants to return the left stick is made i
plus 1 and the right stick is made i minus 1.
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VAR
location: (think, req_right.req_left, have_right, have_left, eat, return}

ASSICN

init{location) ;= think;

nextilocation) = case
location=think: {think, req left, req_right};
location=req_left & left=i: have_left;
location=have_left & right=i: eat;
location=req_right & right=i: have_right;
location=have_right & left=|: eat;
location=eat: {eat, returnj
location=return: think;
TRUE: location;
esac;

nextileft) .= case
location = return & | < 3.1+ 1
location = return & j=3: 0
TRUE: left

esac;

nextiright) = case %
location = return &i > 0:i-1
location = return|& i=0: 3;
TRUE: right;
esac;

FAIRMESS running

it g el gy 8 (0401 (T S S



Just for the special case when i equal to 3 for i equal to 3 his left stick is S3 so once he is
done with S3 his left stick should go to 0 not 3 plus 1 its 3 plus 1 modular 4 so that is
why we have this statement. If it is the philosopher 3 whose returning then he should

return the stick to 0.

Similarly, the right stick goes to i minus 1 on return so this should be return. Just in a
particular case when i is 0 then the right stick goes to 3 this is similar to this scenario.
This is the changed philosopher according to the second solution we already have the
fairness running here. So we want to see that if the philosophers are executed infinitely
often will they get to eat infinitely often let us check this.

(Refer Slide Time: 19:51)

I
phild. lecation = req_right
- Input: 1.6 <-
process_selector_ = main
Funaing = TRUE
phild.rumnimg = FALSE
Loop starts here
= Stater 1.6 <
== Input: 1.7 <-
_process_selector_ = phild
running = FALSE
phild. running » TRUE
== Loop starts here
= State: 1.7 «
== Input: 1.8 =
process_selector_ = phill
phill.rusning = TRUE
phild, running = FALSE
= Loop starts here
- State; 1.8 <~
== Input: 1.9 =
_process_selector_ = phild
phil2.rusning = TRUE
phill.running = FALSE
Leop starts here
» Stater 1.9 <
> Input: 1.18 <
_process_selector_ = phild
phild.running = TRUE
phil2.running = FALSE
== Loop starts here
> State: 1.10 <
=» Input: 1.11 <
process_selector, = main
running = TRUE
phild, running = FALSE
> State: 1.11 <
NuSMV = |}

So, here is the specification from the slides we would expect that this specification is true
let us check this. However, it says that the specification is false that means there is an
execution where the philosophers do not get to eat infinitely often.
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location: {think, req_right,req_left, have_right, have_left, eat, return;

ASSICN

init{location) .= think.

nextilocation) (= case
location=think; {think, req_left, req_right};
location=req_left & left=i: have_left;
location=have_left & right=I: eat;
location=req_right & right=i: have_right;
location=have_right & lefi=i: eat;
location=eat: {eat, return}
location=return: think;
TRUE: location;
esac;

next(jeft) ;= case
location = return & i < 3:i + 1
location = return & i=3: 0
TRUE: left

3acg,

nextiright) .= case
location = return & | > 0: i -1
location = return & 1=0: 3;
TRUE: right;
#54C;

FAIRNESS running
FAIRNESS I(location=eat)
FAIRNESS '{location=think)

Ui et dvad by 8L (T S Sl
A ey i

Let us now check it and see what is the thing that is going wrong? Initially all of them are
thinking then philosopher 1 goes to request right, philosopher 3 goes to request right and
then a loop starts. There is no change in state that means some philosophers are still
thinking. Why does this happen like this? If you remember we had this possibility if a
philosopher is in think he can non-deterministically choose to either think or request left

or request right no one is prohibiting him from just staying in the think state.

Similarly, if a philosopher is in the eat state he can continue eating we want to avoid the
scenarios where the philosopher keeps thinking infinitely often or eating infinitely often.
In the sense he keep staying he keeps taking this transition always from eat to eat or from
think to think.
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location: {think, req_right,req_left, have_right, have_left, eat, return};

ASSICN

init{location) .= think

next(location) |= case
location=think: {think, reg_left, req_right};
location=req_left & left=i: have_left;
location=have_left & right=i: eat;
location=req_right & right=i: have_right,
location=have_right & left=i: eat;
location=eat: {eat, return]
location=return: think;
TRUE: location;
esac

next{left) .= case
location = return & i < 3.0+ 1
location = return & i=3: 0
TRUE: left

e3ac,

next(right) ;= case
location = return & | > 00 i = 1
location = return & 1=0: 3
TRUE: right;
E3ac;

FAIRNESS running
FAIRNESS llocation=eat)
FAIRNESS [location=think)

T e el 8 (0 (s

|
This we can specify by saying that fairness is not the case that location equal to eat and
fairness is not the case that location equal to think. This will reduce all the executions
where the philosopher does not keep thinking infinitely often in sense he does not keep

staying in the think state forever.

And similarly, he does not keep staying in the eat state forever fairness not of location
equal to eat means let us look at the executions where the location is not equal to eat
infinitely often. Let us look at the executions where the location is not equal to think
infinitely often that means we are looking at executions where the face where the
philosopher is thinking or eating is finite. Let us now check the same specification on this
modified code.
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srivathsan:MuSMV sri$ NuSMV -int philosopher-desol.sav

w=x This is NuSMV 2.5.4 (compiled on Fri Nov 23 21:36:86 UTC 2012]
#ss Enabled addons are: compass

«s For mgre information on NuSMV see <htip://rusev. fbk,eu>

wen oF eagil to <AUBmV-uBErSBLLSE. 10K, du,

wes Please report bugs to <nusav-users@foh.euw

#% Copyright (c) 2010, Fondazione Bruno Kessler

s This version of NuSMV is linked to the CUDD Library versiom 2.4.1
wes Copyright (c] 1995-2004, Regents of the University of Colorade
wss This wersion of NuSMV is Linked to the MiniSat SAT solver.
e See hitp://www,cd,chalsers.se/Ca/Research/Fornaliethods /Ninisat
was Copyright (c) 2003-2085, Niklas Een, Niklas Serensson
NuSMV = go
WARMING ==+ Processes are still supported, but deprecated.
WARNING ss= In the future processes may be no longer supported. wes
WARNING === The model contains PROCESSes or ISAs, ===
WARNING === The HRAC hierarchy will not be usable. ===
NuSMV = check_Ltlspec -p ®(G F phild. \ocation=eat) & (G F phill.location=eat] & (G F phill. location=eat) & (G F phild.l
ocationseat)
specification (({ G ( F phild.\ocation = cat) & G ( F phill.location = cat)) & G ( F phill.locotion = eat)) & G (
F phild.location = eat)} is true
NusMV > |

__________________________________________________________________|]
Here we are let’s check the specification of the modified code and NuSMYV says that the

specification is true. So along all parts where the philosopher doesn’t get stuck in the eat
and think state this specification is indeed true. So, if you do not allow them to do these
unrealistic things the specification holds and there is no deadlock so this solution is
deadlock free.
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This solution is deadlock-free
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Liveness properties

Good happens infinitely often

FAIRNESS running

Let us now summarize this module. We introduce what are called liveness properties
where you can check if something good happens infinitely often. While doing this we
need to take care of fair executions we will not want to take care of executions where the
process is not being scheduled at all or the process stays in some state infinitely often just

because of the way the transitions are modeled.

If you remember from think we had a possibility of staying in think so it should not be
this case which is creating problems. Hence, we gave fairness running and fairness not of
location equal to eat and fairness not of location equal to think. This reduce the
executions to realistic scenarios where the processes are being scheduled and they do not

keep staying in their critical sections forever.



