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1 Introduction

As we saw in the note about Monitors and Semaphoresd@dlockis a common
phenomenon when dealing with concurrency. Actually, orte@most common errors
in concurrent systems are deadlocks. Deadlock is the fipét twe deal with in this
lecture.

The second topic isafety propertiesThey are properties stating that “something bad
never happens”. Mutual exclusion is an example of a safeipety (no undesired
interleaving is going on) and so is absence of deadlock.

Part of this note and some of the examples in this note ar@auspy [5].

The examples of models to be run in MWB in this note are preskwith emphasis on
readability and may thus not compile due to extra line breaks

2 Deadlock

On the Internet you may find the following definition of deazko

deadlock: n. 1.

[techspeak] A situation wherein two or more processes aablerto pro-
ceed because each is waiting for one of the others to do somgetiA

common example is a program communicating to a server, whiai
find itself waiting for output from the server before sendamything more
to it, while the server is similarly waiting for more inpubfn the control-
ling program before outputting anything. (It is reportedittthis particular
flavor of deadlock is sometimes called a starvation deadlttdugh the



term starvation is more properly used for situations whepeogram can
never run simply because it never gets high enough pridkitgther com-
mon flavor is constipation, in which each process is tryingand stuff to
the other but all buffers are full because nobody is readiryghéng.)

In terms of modeling we saw in [3] that in the very first casehsd hested monitors
there was a deadlock since in

agent SemaphoreO(u,d) = u.Semaphorel<u,d>
agent Semaphorel(u,d) = u.Semaphore2<u,d> + d.Semaphore0 <u,d>
agent Semaphore2(u,d) = u.Semaphore3<u,d> + d.Semaphorel <u,d>
agent Semaphore3(u,d) = d.Semaphore2<u,d>

agent Spaces(u,d) = Semaphore3(u,d)
agent Items(u,d) = Semaphore0O(u,d)

agent Buf(p,g,s_d,s_u,i_d,i_u) =
p.’s_d.’i_u.Buf<p,g,s_d,s_u,i_d,i_u>
+ g.'i_d.’s_u.Buf<p,g,s_d,s_u,i_d,i_u>
agent BB(put,get) =

(" s_d,s_u,i_d,i_u)( Buf<put,get,s_d,s_u,i_d,i_u>
| Spaces<s_u,s_d> | Items<i_u,i_d> )

the system deadlocks ifget , was first provided as input. So in terms of models a
deadlock is the same as stuck in a state, or in other wordsadlalked state is one
with no outgoing transitions.

2.1 Examples
Let us look at a simpler example. Lete defined by

agent P(a,b) = a.(b.P<a,b> + a.0)

Issuing then in MWB the commardkadlocks P<a,b> resultsin

Deadlock found in O
reachable by 2 commitments

meaning that a deadlock fércan be found in 2 steps from its initial state in that the
inactive process can be reached doing &®in a row.

If we askdeadlocks BB<put,get> whereBB is as defined above we would get
as answer that a deadlock was found in one step.

Exercise Actually MWB tells there is also a deadlock reachable in Bpst a dead-
lock that we (probably?) overlooked in the correspondimvgdaogram in the previous



lecture. What is the deadlock? Try to execdéadlocks BB<put,get> defined
in ErrBoundBuf in MWB.

This is an example of one of the benefits of automatic modediihg tools, sometimes
they give you new insight of the actual system based on a tighr@nalysis of the
model.

2.2 Deadlock dueto concurrency

One thing is that a sequential process, ldeom above, may deadlock all by itself but
the most difficult deadlocks to detect occur in systems ddilpelrinteracting processes
as inBB.

Consider a system consisting of two usé&sand Q that both want to use a printer
Printer and a scanne8canner . The model may look like this

agent Printer(acq,rel) = acq.rel.Printer<acq,rel>
agent Scanner(acq,rel) = acq.rel.Scanner<acq,rel>
agent PS(acqP,relP,acgS,relS) =

Printer<acqgP,relP> | Scanner<acqgS,relS>

agent P(acgP,relP,acgS,relS,copy) =

'acqP.’acqS.’copy.’relP.’relS.P<acqP,relP,acqS,relS ,copy>
agent Q(acgP,relP,acqS,relS,copy) =

'acgS.’acqP.’copy.’relP.’relS.Q<acqP,relP,acqS,relS ,copy>
agent PQ(acqP,relP,acqS,relS,copyP,copyQ) =

P<acqP,relP,acqS,relS,copyP> | Q<acgP,relP,acqS,relS, copyQ>

agent Sys(cP,cQ) =
(" aP,rP,aS,rS)(PQ<aP,rP,aS,rS,cP,cQ> | PS<aP,rP,aS,rS >)

Asking deadlocks Sys<copyP,copyQ> tells us that the system deadlocks in

two steps. The deadlock occur if firBtgetsPrinter  and thenQ getsScanner
beforeP does.

Exercise Rundeadlocks Sys<copyP,copyQ> and explain in detail from the
transitions performed by the model above the deadlock tegor

3 Avoiding Deadlocks

Below we see examples of how to avoid deadlocks.

3.1 Letresourcesbeordered

The order in which the resources are allocated by the usdteiexample above is
crucial for the potential of a deadlock. If for instance theaurces are always taken in
precisely the same order by the two users we would have ndatda®ay,



agent P(acgP,relP,acqS,relS,copy) =

‘acgP.’acqS. copy.’relP.relS.P<acqP,relP,acqS,relS ,copy>
agent Q(acgP,relP,acqS,relS,copy) =
‘acgP.’acqS. copy.’relP.’relS.Q<acqP,relP,acqS,relS ,copy>

Exercise Explain why there is no deadlock in the revised model. CheitkgyMWB
that there is no deadlock.

3.2 Introduce a time-out

Yet another solution may be to let the users release theaimdd resource in case
they do not succeed in acquiring the next resource aftertaiseamount of time (a
time-out), say

agent P(acgP,relP,acqS,relS,copy) = 'acqP.GetS<acqP,re IP,acqsS,relS,copy>
agent GetS(acqP,relP,acqS,relS,copy) =
'acqS.’copy.’relP.’relS.P<acqP,relP,acqS,relS,copy>
+ t.’relP.P<acqP,relP,acqS,relS,copy>

Exercise Explain why there is no deadlock in the revisionQyfs with a time-out.

Exercise Why is it sufficient to let only one dP andQhave a time-out?

Both of these solutions of how to avoid deadlock raises hewawother problem; that
of one of P and Q never makingorogress The topics of progress arsarvationare
dealt with in the note [2].

4 Deadlock Conditions
There are four necessary and sufficient conditions for aldeltb occur.

¢ Resources arserially reusable
¢ Processes alloimcremental acquisition
¢ No pre-emptiorof resources

e The exists avait-for cycleof processes

All four conditions must hold in order for a deadlock to occHence, to avoid dead-
locks, make sure that at least one of the conditions is nisfisat



4.1 Serially reusable resources

Serially reusable resources are resources shared andtivepetised under mutual
exclusion.

A database tablean be a shared resources used repetitively under mutuakexc
as far as writing to the table is concerned. If for instanceaaloase table could be
accessed by several writing processes at the same time It woti cause deadlock
(but how would the database content then look like?).

Clearly, monitors as well as semaphores are also a sergalBable resource.

4.2 Incremental acquisition

Incremental acquisition means that processes hold on togranted resources while
they are waiting to obtain the additional resources theyreles

Incremental acquisition is the problem we encounteredémibsted monitor problem
(see [3]) where the consumer holds the lock of the monitotenibis waiting for the
producer to deliver a character.

One way to avoid incremental acquisition is to require thatacess allocates all of its
resources before it continues; or to be more precise thab@eps is only allowed to
request (all its) resources when it has none. This is theafltee so-called two-phase
commit in database systems.

Incremental acquisition is denied by the time-out in th@feti-scanner system above.

Both of these solutions clearly results in low resourceasilon, and potential starva-
tion.

4.3 No pre-emption

No pre-emption means that resources acquired by a procesmbyr voluntarily re-
leased by it, i.e. they cannot be forcibly pre-empted.

As an example, suppose a process is waiting for yet anotbeuree, if it then happens
(say due to the operating systems) that all its allocatesuress are pre-empted then
deadlock cannot occur.

4.4 A Wait-for-Cycle

A Wait-for-Cycle is acycleof processes where each process holds a resource its suc-
cessor in the cycle is waiting for.

Exercise The printer-scanner system above has a wait-for-cycleingea circle rep-
resent a process and letting a box represent a resource Hloyowdraw the wait-for-



cycle for the printer-scanner system? To ease the readitige aycle you may choose
to write 'has a’ and "awaits’ on the arcs in the cycle.

The wait-for cycle condition cannot be fulfilled if resouscare always allocated in
some specific order, as it was the case for the example witbcmener and the printer
above. A formal argument for this goes as follows: Suppesesources that are
ordered

r<ro<...<rn

Assume a wait-for-cycle among the processes. ., pi, such that:

p1 has r| awaits v, implies 7| < 1}
D2 has vl awaits v5  implies 1 < 14

D has 7, awaits vy implies ), < 1}

It then follows that] < ry < ... <7, <r] and we have a contradiction.

5 The Dining Philosophers

Perhaps one of the most famous and most well analyzed dégutiollems is the one
about theDining Philosophersyet sufficiently simple it is at the same time subtle
enough to be challenging.

Suppose five philosophers sitting at a circular table. E&dlogopher has
the same simple life cycle consisting of only two activitifsey alternate
betweerthinkingandeating On the table there is a plate in front of each
philosopher and there are five forks placed such that thesaddork to
the right and one fork to the left of each plate. A philosopheas pick up
the fork to his left and the fork to his right, but only one a& time. At the
center of the table there is a large plate of spaghetti (wenasst is never
empty). A philosopher needs two forks to eat the spaghetti.

Exercise Make a drawing of the system consisting of the five philosephtheir
forks, and the plates.

The problem is to develop a system where a philosopher ebt#f she has two forks
in the mutual exclusion hypothesis that no two philosopineay hold the same fork
simultaneously.

The system consisting of the five dining philosophers, thksfcand the plates can be
modeled by:



agent Fork(get,put) = get.put.Fork<get,put>
agent Forks(g1,92,93,94,95,p1,p2,p3,p4,p5) =
Fork(gl,pl) | Fork(g2,p2) | Fork(g3,p3) | Fork(g4,p4) | For k(g5,p5)

agent Phil(getL,putL,getR,putR,eat) =
‘getL.’getR.eat.’putL.’putR.Phil<getL,putL,getR,put R,eat>
agent Phils(g1,92,93,94,95,p1,p2,p3,p4,p5,e1,e2,e3,e 4,e5) =
Phil(g1,p1,95,p5,e1) | Phil(g2,p2,91,p1,e2) | Phil(g3,p 3,02,p2,e3)
| Phil(g4,p4,93,p3,e4) | Phil(g5,p5,94,p4,e5)

agent Table(el,e2,e3,e4,e5) = (" g1,92,93,94,95,01,p2,p 3,p4,p5)
(Forks(g1,92,93,94,95,p1,p2,p3,p4,p5)
| Phils(g1,92,93,94,95,p1,p2,p3,p4,p5,el1,e2,e3,e4,e5 )

where we have chosen not to have an explicit action for a pbjlber being in the
thinking mode.

It will not be an easy task to carry out a deadlock analysisuaby on the example
above. However, if we ask the questid@adlocks Table<el,e2,e3,e4,e5>

in MWB we get the answers that five deadlocks where found in 288, 200, 210,
and 50 steps respectively. It seems that MWB (for efficieeagons?) terminates after
having found five ways of reaching deadlocked states.

A careful analysis reveals although that the five deadloegented occur in exactly the
same state (so it is the same deadlock) where each of the flesg@bhers have taken
the fork to their left. In principle this can be establishaanly 5 steps but there is no
guarantee that MWB finds the smallest path to a deadlock.

Exercise Give an example of five steps Trable(el,e2,e3,e4,e5) that leads
to a deadlock.

Exercise According to the deadlock conditions presented in sectitihhede must be
a wait-for-cycle among the processesliable(el,e2,e3,e4,e5) . What is the
wait-for-cycle in your solution to the previous exercise.

Suppose we didn’t perform a careful deadlock analysis buit staight ahead imple-
menting the Dining Philosophers, in that case it may be eetg difficult to find the
deadlock by just running the program. Confer this weeks anogning lab or

Exercise As an illustration, try to run the applet from:

http://java.sun.com/docs/books/tutorial/essential/t hreads/deadlock.html

5.1 How to avoid deadlock?

Of the four necessary and sufficient conditions for a de&diooccur it is often con-
venient to try to break the condition about the existencewéi-for-cycle.



In the case of the Dining Philosophers we may try to break thie-for-cycle by en-
forcing anasymmetryn the philosophers behaviour. For instance we may chargge th
definition of Phils  to

agent AsymPhil(getL,putL,getR,putR,eat) =
‘'getR.’getL.eat.’putL.’putR.AsymPhil<getL,putL,getR ,putR,eat>

agent Phil(getL,putL,getR,putR,eat) =
‘getL.’getR.eat.’putL.’putR.Phil<getL,putL,getR,put R,eat>

agent Phils(g1,02,93,94,95,p1,p2,p3,p4,p5,el,e2,e3,e 4,e5) =
AsymPhil(g1,p1,95,p5,e1) | Phil(g2,p2,91,p1,e2) |
Phil(g3,p3,92,p2,e3) | Phil(g4,p4,93,p3,e4) | Phil(g5,p 5,04,p4,e5)

where one of the philosophers is getting the forks in the sjtp@rder compared to
her fellow philosophers.

Exercise  Why will this asymmetric model not deadlock? Or, why is thetviar-
cycle broken?

Exercise  Why is it sufficient to let only one of the philosophers havgrametric
behaviour?

Notice, that the solution of introducing asymmetry in thample of the Dining Philoso-
phers corresponds closely to the solution we imposed inxample with the users of
the printer and scanner from above. There we foleehdQto take their shared re-
sources, th@rinter  and theScanner , in the same order. Or, we could say that we
imposed an ordering on the two resources.

In the solution to the Dining Philosophers we forced two @& ghilosophers to take
their shared resource (the fafork(g5,p5) ) as the first resource. This corresponds
actually to imposing an ordering on the forks and requirireg the fork with the largest
number (in terms of the indexin Fork(g ,p 7) ) is taken first.

Like for the example with the scanner and the printer we mag alvoid having a
deadlock by breaking incremental acquisition using time eug.

agent Phil(getL,putL,getR,putR,eat) =
'getL.GetRPhil(getL,putL,getR,putR,eat)
agent GetRPhil(getL,putL,getR,putR,eat) =
t.’putL.Phil<getL,putL,getR,putR,eat>
+ ’'getR.eat.’putL.’putR.Phil<getL,putL,getR,putR,eat >

Another solution would be to let only four philosophers sitree table simultaneously.

Exercise  Why is that a solution? How to implement it?

5.2 Starvation and livelock

Any of the solutions proposed in detail above suffer fromivitial starvationof any
of the philosophers, i.e. although some of the philosopheag both be eating and



thinking none of the philosophers are ever guaranteed t@tiege(enter their critical
section). In the worst case it may always be the same two giplers that happens to
be eating.

Exercise Why are even the asymmetric solution subject of starvation?

Another problem which occur with the solution where the timg is used is a form of
deadlock known aBvelock i.e. there exists executions in which no philosopher ever
gets two forks (enter its critical section).

Exercise Why does the time-out solution suffer from livelock?

Exercise Why does the asymmetric solution not suffer from livelock?
We deal with avoidance of starvation and livelock in [2].

6 Safety Properties

In this section we first briefly touch upon the notion op@pertyin general, where
after we focus on the specific properties cakbedety properties

6.1 What are properties?
We may define the notion of a property of a process as follows:
A propertyfor a process is an assertion about the behavioutraf

By the behaviourof a process we mean every possible execution of the procegs,
be even more precise tlegecution treef a process.

Exercise What is the execution tree of the process

P(a,b) = a.(b.P<a,b> + a.0)

Exercise What is the execution tree of the (deadlock potential) systath the two
users of a scanner and a printer?

The most common properties feequential programare typically that:

¢ the program terminates

¢ theright resultis computed by the program (eg. insertietgtthg and searching
correctly, sorting correctly, ...)



However, concurrent (and reactive) programs are not alsagposed to terminate, so
for these we may like to express other properties, for ircgtan

1. The buffer is not always full (is not always empty).

2. After the printer is acquired it is released later on.

3. The Dining Philosophers don’'t deadlock.

4. When a philosopher is thinking he eventually gets the dppdy to eat.

A property may bevalid or invalid wrt. a process’s execution tree. For instance,

e The assertionP(a,b) deadlocks” is valid becaus&(a,b) has a finite trace
in its execution tree.

e The assertionSys(cP,cQ) doesn’t deadlock” is invalid with respect to the
model in Section 2.2 because it has a finite path in its exacutee of length
two (whenP has the printer an@the scanner)

e The assertion that “the printer is eventually released ifte taken” is valid in
the revised models of the printer and scanner system defingddtion 3.1 be-
cause in any state where the printer has just been takenisreefaite sequence
of steps to a state where the printer has just been returned.

6.2 How to express properties?

Sometimes certain logics are used to express propertieg pbhacesses, and CCS is
equipped with a logic called Hennessy-Milner-logic (HML)is defined by

pu=tt|ffloNG|oV|(a)g]|lald

wherea € A is an action. We le® denote the set of all formulas defined with respect
to a finite set of actiongl.

The first two operators are true and false respectively. Weertext are the usual
logical connectives of conjunction and disjunction resgpety. The last two operators
are referred to amodalities i.e. they allow the logic formulas to assert statements
about the transitions leaving a state. HML is referred to emdal logic

Intuitively, a proces satisfy (a)¢ if there exists a transitiop —— p’ such thaty’
satisfy¢, p satisfy[a]¢ if for all p - p’ it holds thatp' satisfy.

The semantics of HML is formally defined relative to a labeieohsition systent =
(P, A,—) by arelation=C P x &

10



pEtt forany pe?P

pEff forno pe?P

pEONG ifandonlyif pl=¢ and pfE ¢

pEoVve ifandonlyif p=¢ or pE¢

p = {(a)¢ ifandonlyif thereexists p — p’ suchthat p' |= ¢

pl=[al¢ ifandonlyif forall p -2 p' itholdsthat p' |= ¢

Exercise Explain why(a)¢t intuitively means “can da” whereas[a]ff intuitively
means “can’tda”.

Exercise  Why is it thatp trivially satisfy [a]¢ if there exists ng = p'?

Exercise Explain why(a;) ... {an)tt characterizes processes that can perform the
tracea; ...a,,.

Exercise Explain why(ay) ... {an) ([01]1ff A ... A [bn]ff) is satisfied by a process that
can perform the trace, . . . a,, but then cannot engage in anyigf .. . . , b,,.

Exercise Explain whya.(b.0 + ¢.0) satisfy(a)(b)tt
Exercise Explain whya.(b.0 + ¢.0) satisfy[a](b)tt buta.b.0 + a.c.0 doesn't.
Exercise Give a property satisfied by.b.0 + a.c.0 but not bya.(5.0 + ¢.0).

Exercise Why arett and[a]tt the same? Why ar§ and(a)ff the same?

For further reading about HML see [1] and [4].

6.2.1 Tool support

We may readily check whether a CCS process satisfy a propeMVB by taking

care of using the proper MWB notion for HML formulas. The geat¢ranslation of an
HML formula ¢ into MWB notation we denote bf] and it is defined by:

11



[tt] =TT

L] = FF

[oA '] =Io] &[]
[ovel=1le11 [#]
[(a)¢] = <a>[4]
[lalo] = [a] [¢]

Define CCS processes

agent P(a,b,c) = a.b.0 + a.c.0
agent Q(a,b,c) = a.(b.0 + c.0)

We then may try for instance the following runs:

MWB>prove P<a,b,c> <a><b>TT
Model Prover says: YES!

(7 inferences)

MWB>prove Q<a,b,c> <a><b>TT
Model Prover says: YES!

(5 inferences)

MWB>prove P<a,b,c> [a]<b>TT
Model Prover says: NO.

(4 inferences)

MWB>prove Q<a,b,c> [a]<b>TT
Model Prover says: YES!

(5 inferences)

MWB>prove P<a,b,c> <a>[b]FF
Model Prover says: YES!

(4 inferences)

MWB>prove Q<a,b,c> <a>[b]FF
Model Prover says: NO.

(5 inferences)

MWB>prove P<a,b,c> <a>TT & [a](<b>TT | <c>TT)
Model Prover says: YES!

(18 inferences)

The information about the number of inferences has to do kil the model prover
works based on what is called inference rules. We shall netyguthis further here in

this note.

6.3 Recursive Formulas

The HML formulas defined above address only finite behavibery only state some-
thing about the behaviour until some finite level (the longesting of the modal op-

erators) in the execution tree.

There seems to be a need for working with properties that nigttalk about finite
behaviour, how for instance to define a property describiisgace of deadlock if only

12



finite HML formulas are allowed? Or, how to define a propertgaliing mutual
exclusion; for instance in the case with the Dining Phildeag it should not ever
happen that two philosophers sitting next to each otheratehe same time.

In both cases, if the finite formula checks until say layehen a potential failure may
may occur at a level after and hence nothing confirmative as to whether the property
holds or not can be assertained. Therefore, since HML candaiine properties about
finite behaviour we need something extra!

In order to being able to express properties dealing witlepilly infinite behaviour
MWB allows for recursively defined HML formulas. We shall repidy the fundamen-
tals of recursive formulas in detail it suffice with a goodiitibn.

Suppose we chandggfrom above to

agent P(a) = a.P(a)

meaning thaP has a repetitive behaviour. It would be nice to specify a priypsaying
that “P can repetitively d&”.

We can do so if we allow HML to be defined also with respect totabgariablesY
extending the syntax with

pu=...| X |vX.9d

whereX € X.

We are then allowed to write e.g.X.(a) X which intuitively is satisfied by all the
processes that can do an infinite numbed-dfansitions.

In MWB we may write
MWB>agent P(a) = a.P<a>
MWB>prove P<a> nu X.<a>X

Model Prover says: YES!
(5 inferences)

6.3.1 Maximal Fixed Points

In technical terme X .(a) X is amaximal fixed poindefined as the limit of

tt D {a)tt D (a){a)tt D ... {a)*tt D ...

where(a)* denotes a sequence bfa)-modalities and considering here a formula as
the subset of processes/nthat satisfy it. E.g#t denotes in that sense all processes in
P.

Intuitively, the set of processes satisfyind.(a) X is the largest set of processes that
is a solution to the equation

13



X ={(a)X

Clearly we should in this case not strive for the smallesbéptocesses satisfying the
equation, because that would be the empty set. The emptf/setaesses is a solution
because it may (following our convention from above) be deddy ff and because
1f semantically is the same &) ff

6.4 Safety Properties

Recall that safety properties are properties stating g@tnething bad never happens”.
This absence of badness must be checked in every state ofebeation tree.

A safety property isalwaystrue, i.e. it holds true in every state in the
execution tree.

It turns out that maximal fixed points are suitable for expieg safety properties. If
¢ is the property that must hold in every state then we may déffieeorresponding
safety property by

vX.(¢p A /\ [a]X) Safety (1)

a€A

Intuitively it means thaty must hold in the current state and no matter what the next
state isp must hold again. Clearly, it is crucial here théis finite because we cannot
have an infinite conjunction according to the syntax of HML.

6.4.1 Examplesof safety properties

Consider the deadlock free version of the example with tiarser and the printer
from Section 3.1. Since the users of the printers and thenstamre supposed to copy
under mutual exclusion a safety property could be defineeting

¢ =[cPIff v [cQlff

in the general formula (1).

Intuitively, ¢ means that in the current state at least one of the copyinmbattions
'eP and’eQ) cannot be performed, i.® andQcopy under mutual exclusion.

Running the prover in MWB yields:
MWB>prove Sys<cP,cQ>
nu X.((CcPIFF | [cQIFF) & ([tIX & [cPIX & [cQ]X))

Model Prover says: YES!
(122 inferences)
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Notice, the set of actions fBys<cP,cQ> beyondcP andcQ also includes the internal
actiont .

Absence of deadlock is a safety property. The formula to berted into the general
formula for safety properties must specify that in any stdtéeast one transition is
possible, hence

o=\ (ot
ac€A

In MWB we get

MWB>prove Sys<cP,cQ> nu X.((<’cP>TT | <'cQ>TT | <t>TT)
& ([t]IX & [cPIX & [cQ]X))

Model Prover says: YES!

(173 inferences)

7 Exercises

1. Go through the exercises we didn't make during the lecture

2. Make a deadlock free CCS model of the Dining Philosophérsaresonly four
philosophers may sit at the table at any one time. Hint: Usszaphore.

3. Do the programming lab about the Dining Philosophers.

4. Write a safety property for a deadlock free model of theijrPhilosophers
stating the two neighbouring philosophers eat under metx@usion. Prove the
safety property in MWB.

5. We may choose a weaker variant of the general format of dfetysproperty
presented above; instead of requiring that any state inxbeugion tree satisfy
¢ it may suffice only a single path in the tree doing so. Give a Hidimula
stating thaty holds in every state along some path in the computation tree.
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