




























4.2 The Operations 

slave 

operations 

slave () 

ext rd m [BName) 
wr n [BName) 
wr s BName 

pre true 

post n = s 

The interaction between invariant and externals is interesting. Here, read access to m is required 
although m is not referred to in the specification. This is because m is linked to s via the invariant 
and the value of s which is not fully determined by the post-condition: any implementation will 
need to read m in order to ascertain what value it is valid to assign to s. 

Thus rather than think of the externals clauses as giving information about the variables men­
tioned in the specification, we see them as giving details of what access to state variables an 
implementation of that operation can be allowed to make. This distinction separates their se­
mantic role giving information about access to state variables from the syntactic role they play 
in binding the free variables of the pre- and post-condition. 

acquire 

acq (1: MName) 

ext wr ms : M Name-set 
wr n, m : [BName) 

pre l tt ms 1\-. ( n = nil 1\ m = nil) 

post ms = ms u {I} 1\ 

(ms i= { } => m = m 1\ n = n) 1\ 

(ms = { } => m = n 1\ n = nil) 

Interestingly, the last conjunct of this postcondition could be considered to be redundant. When 
ms = { } and thus m is nil, then ms = { l} and so m must be assigned a non nil value. Now, 
as read access to s is prohibited, the only buffer that we can be sure is not already in use is 
that previously assigned to n. So any implementation that respects the frames of reference must 
assign this buffer to m. Then the only remaining possible value for n is nil. However, to hide so 
much information in the externals clause seems to be counter-productive. 
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release 

rel (l: MName) 

extwr ms MName-set 
wr n, m : [BName] 

prelEms 

post ms = ms- {1} 1\ 

(ms -=1- {} => m= m 1\ n = n) 1\ 

( ms = { } 1\ n -=1- nil => n = n 1\ m = nil) 1\ 

( ms = { } 1\ n = nil => n = m 1\ m = nil) 

5 The improved MSMIE 

As mentioned earlier, Bruns and Anderson observe that, as it stands, the three buffer MSMIE can 
exhibit an undesirable behaviour. That is, it is possible for a series of overlapping reads, each 
beginning before the last ends, to lock-out indefinitely the latest data. They suggest an improved 
protocol that uses a fourth buffer to eliminate this possibility. 

Surprisingly, although this new protocol exhibits the same external behaviour as the earlier one, 
there is no formal refinement relationship between them. To understand why this is, we recall 
that the part of the system modelled only concerns itself with the assignment of processors to 
buffers and so does not model the actual transfer of information from slave to masters. Thus, the 
values assigned to the status flags have no externally visible effect and all the machinations of 
the state can be seen as purely an implementation bias in the model. 

However, the four-buffer version is a refinement of the most abstract specification given earlier, 
which gives another important reason for considering those abstractions. In particular, validations 
of the abstract model will carry over to both the three and four buffer versions. 

Of course, in this case, it is the internal properties of the model itself that are of interest, as it is 
these properties that influence the "freshness" of the data read by the masters. In this respect, 
the four buffer protocol is indeed better behaved as it would lead to a system where the delay in 
information transfer is at worst equal to that of the three buffer version. 

In the four buffer version of MSMIE, there is also an extra status possible for buffers. o is used 
to denote a buffer that is still being read but no longer contains most up-to-date information. 

Thus: 

s as before, is a buffer that is reserved for writing 

n as before, is a buffer that contains the latest data but is not being read (waiting for 
read) 
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m is a buffer being read, (and the newest such) 

o is a buffer being read (but there is also a newer one being read) 

ms is the set of masters reading m 

os is the set of masters reading o. 

New masters are always assigned to the n or the m buffer. m buffers are "demoted" to o status 
in a way that ensures that the o buffer will periodically become idle. In this way the protocol 
avoids the "refresh" problems of the three-buffer version. Again detailed descriptions of the 
mechanisms used to achieve this is given accompanying the formal text. 

It might help to think of the status transitions i -+ s -+ n as the write phase of a buffer and the 
transitions n -+ m -+ o -+ i as the read phase. We will see that this variant of MSMIE always 
has two buffers in write phase and two buffers in read phase. 

5.1 The state 

types 

BName = {1,2,3,4} 

state E4 of 
s BName 
n [BName] 

m [BName] 
o [BName] 

ms MName-set 
os MName-set 

inv mk-E4(s, n, m, o, ms, os) b. 

(m = nil <=? ms = { } ) 1\ 
( o = nil <=? os = { } ) 1\ 

( ms n os = { } ) 1\ 
( nil-or-different([s, n, m, o])) 1\ 
(m = nil 1\ n = nil :::} o = nil) 

inita4 b. a4=mk-E4(1,nil,nil,nil,{},{}) 
end 

The last conjunct in the invariant, which rules out the states corresponding to { s,o,i,i}m. is the 
result of the way that readers of m are released which, as in the earlier specifications, ensures 
that there is always an m or an n buffer remaining. 
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A validation property for the state 

The invariant only allows the following states corresponding to the following 7 combinations of 
buffer status: 

{s,i,i,i}m, {s,i,i,n}m, {s,i,i,m}m, {s,i,m,n}m, {s,i,m,o }m, {s,i,n,o }m, {s,m,n,o }m 

5.2 The Operations 

slave 

slave () 

ext rd m, o (BName] 
wr n (BName] 
wr s BName 

pre true 

post n = s 

As before the implementation will require access to m and o in order to be able to set a valid s. 
That is: 

sE BName- {n, m, o} 

This access requirement is recorded in the externals even though the predicates do not mention 
m and o. 

The descriptions of acquire and release, given via case analysis, are rather unwieldy. As different 
variables change in the different cases, the operations have to have wide write access and hence 
require a lot of clauses saying which variables do not change in that case. Thus we introduce a 
notational shorthand used in postconditions to say that certain state components are unchanged2: 

Id: A*---+ B 
.._ 

Id(l) b. ViE inds 1· l(i) = l(i) 

2Note that this should be seen as a syntactic "macro". rather than an auxiliary function. 
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acquire 

Acquire behaves in a manner very similar to before: a reader is assigned to either the n or the 
m buffer as appropriate. The only extra consideration is in the case where there is an n buffer 
waiting, an m buffer already being read, but no o buffer. In this case, where previously the new 
reader would have been assigned to the m buffer, it is now possible to begin the read on the 
n buffer, hence the improvement to the freshness of the data exchanged. The buffer that was 
already being read is marked as o, and correspondingly the record of processors reading that 
buffer, ms, is moved to os; and the new read begins on the buffer that was n, thus making it into 
a new m and the new reader is recorded in ms. No more masters will be assigned to the o buffer 
until it has been through the write cycle again. 

acq (I: MName) 
ext wr ms, os : M Name-set 

wr n, m, o : [BName] 
pre l rl. ms U os 1\ -. ( n = nil 1\ m = nil) 

post ( ms u os = ms u Os u { l}) 1\ 

('m =nil :::} m= n 1\ n =nil/\ Id([ o, os])) 1\ 

release 

Cm =I= nil/\ {o =I= nil V n =nil) :::} Id([ m, n, o, os])) 1\ 

(m =I= nil/\ o = nil 1\ n =I= nil 
:::} 0 = m 1\ m = n 1\ n = nil 1\ os = ms 1\ ms = { 1}) 

Release behaves exactly as before but with the extra case that it is possible to release a buffer 
that is reading o. When the last o reader releases, the o buffer becomes idle. 

rei (/:M Name) 
ext wr ms, os : MName-set 

wr n, m, o : [BName] 
pre lE ms U os 

post ms u os = ms u Os - { l} 1\ 

({l} c ms :::} Id([m,n,o,os]))l\ 
({1} = ms 1\ n =nil :::} Id([o, os]) 1\ n =m 1\ m= nil) 1\ 

({l} = ms 1\ n =I= nil :::} ld([n, o, os]) 1\ m= nil) 1\ 

({I} C os :::} Id([ m, n, o, ms])) 1\ 

( {l} =os :::} Id([m, n, ms]) 1\ o =nil) 

In fact, in several places, parts of acq and rel give more detail than is required. For example, 

the last conjunct o =nil is redundant because we know os = { }. Similarly, the clause o = o 
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implicit in the use of Id in the penultimate line is also redundant. As before, the redundant 
clauses are left in for the sake of clarity. 

Retrieve function 

As stated earlier this version is a data refinement of the most abstract model. The retrieve function 
is straightforward: 

retr4-0 : E4 -+ LO 

retr4-o(mk-E4(s, n, m, o, ms, os)) !:::. 
mk-LO(n =nil/\ m= nil/\ o =nil, ms U os) 

We have seen five specifications which exhibit the same external behaviour. All except for the 
most abstract incorporate some degree of implementation bias. However, it is this very bias 
that is the subject under investigation. In [BA92] validation conditions are expressed in the 
modal JL-calculus that describe some desirable global properties of the protocol. For the purposes 
of comparison of the two notations considered in this paper it is sufficient to note that neither 
provides a formalism to express such conditions. 

6 The specification using B 

A similar series of specifications and refinements was constructed in B. In preference to present­
ing this material in full, we present only those parts that highlight the notational and stylistic 
differences between VDM and B which arose in this example. 

This development was carried out using the current alpha-release of the B Toolkit [Abrial92a]. 
Although this has meant that the specifications have been required to conform exactly to the 
language supported by the machine3, it has given us the advantages of automatic consistency 
checking that the toolkit provides. In this paper, we present the B machines as they were entered 
in the toolkit, though in some places syntactic sugaring may have made them more readily 
digestible. 

We first present the most abstract specification of MSMIE using B, as a machine bO. This 
corresponds to the VDM specification with state 0• The machine is parameterised by a set 
MNAME of master names (assumed to be non-empty): 

3In the VDM specifications, we have tried to follow the draft BSI standard as far as possible, but have allowed 
at least one notational extension in the Id function in the previous section. 
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MACHINE 

bO(MNAME) 

The state consists of two variables: 

VARIABLES 

bO, 
ms 

Unlike VDM, the typing information for the state variables is given in the invariant. Here, the first 
two clauses give "static" (decidable) typing, and the third clause gives subtyping information: 

INVARIANT 

bO E BOOL 1\ 
ms E P(MNAME) 1\ 
bO = FALSE => ms = 0 

The initialisation is given as a generalised substitution: 

INITIALISATION 

bO: = FALSE 11 
ms:=0 

At this level, the operations are very similar to the VDM ones presented earlier. 

OPERATIONS 

slave ..::. 
bO:= TRUE; 

acq(11) ..::. 
PRE 

11 E MNAME 1\ 
bO =TRUE 1\ 

11 ft ms 
THEN 

ms: = ms U {11} 
END; 
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rel( 11) ::. 

END 

PRE 

11 E MNAME 1\ 

11 Ems 
TIIEN 

ms: = ms- {11} 
END 

The major syntactic differences from VDM are that the types of the arguments are given explicitly 
as predicates. Also, the read and write frames of the machine operations are implicit. The read 
frames are always the full state of the machine, and the variables written are determined by the 
generalised substitution (for example, those that appear on the left side of a simple substitution). 
Framing is addressed further in the closing discussion. Thus, the operation slave writes bO, and 
acquire and release write ms. 

6.1 One buffer status 

The first reification b 1 of bO is presented as a B refinement. It corresponds to the VDM 
specification with state 1• This highlights the fact that the B method makes a notational distinction 
between refinements and other specifications. 

REFINEMENT 

bl(MNAME) 

REFINES 

bO 

SETS 

STATUS = {SII, SIN, SIM, SNM} 

The new state also has two variables. By repeating the ms variable name, we are saying that the 
variable is the same as the one in the abstract spec. 
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VARIABLES 

bl, 
ms 

Reification is handled by giving an extension of the state and a coupling invariant that relates 
the new components to the old, as for example in [Mor91]. State variables include those of the 
abstract state and any added here. However, the variables of the abstract machine are subject 
to full hiding, i.e. they cannot appear in definition of operations (unless they are explicitly 
repeated, as is done with ms ). The relationship between abstract and concrete variables is given 
via a coupling relation. In this example, the coupling relation appears as the last conjunct of the 
invariant: 

INVARIANT 

bl E STATUS 1\ 
ms=0{:}(b1E{SII,SIN}) 1\ 
bO =FALSE{::} (bl =SI!) 

INITIALISATION 

bl: =SI! 11 
ms:=0 

As in bO, the operations are similar to those of the corresponding VDM specification. 

OPERATIONS 

slave .:::. 
bl E {SI!, SIN}===> bl : = SIN 
[] 
bl E {SIM, SNM} ===> bl : = SNM; 
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acq( l1) .::. 
PRE 

l1 E MNAME 1\ 
bl # SII 1\ 
l1 rt ms 

THEN 

ms: = ms U {11} 
11 
IF ms = 0 THEN 

END 
END; 

bl:= SIM 

rei( l1) .::. 

END 

PRE 

l1 E MNAME 1\ 
11 Ems 

THEN 

ms: = ms- {ll} 
11 
IF ms = 0 THEN 

END 
END 

bl:= SIN 

6.2 3 buffer status 

Now we proceed with a refinement b2 of b 1. This corresponds to the VDM specification with 
state 2, i.e. our original specification. The data model (including the invariant) is similar to that 
of the VDM specification, and the refinement coupling is similar to the retrieve function retf'2-I· 

REFINEMENT 

b2(MNAME) 

REFINES 

bl 
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SETS 

STATUS// = {S2, 12, N2, M2}; 

VARIABLES 

b2, 
ms 

INVARIANT 

I* typing *I 
b2 E seq(STATUSII) 1\ 
ms E P(MNAME) 1\ 
I* subtyping *I 
size( b2) = 3 1\ 
card(b21>{S2})=1 1\ 
card(b21>{M2})E{O, 1} 1\ 
card(b21> {N2}) E {0, 1} 1\ 
card(b21> {M2}) = 0 {::} (ms = 0) 1\ 

I* coupling *I 
(card(b21> {N2}) = 0 1\ card(b21> {M2}) = 0) {::} (b1 =SI/) 1\ 
(card(b21> {N2}) = 1 1\ card(b21> {M2}) = 0) {::} (b1 =SIN) 1\ 
(card(b21> {N2}) = 0 1\ card(b21> {M2}) = 1) {::} (b1 = SIM) 1\ 
(card(b2 1> {N2}) = 1 1\ card(b21> {M2}) = 1) {::} (b1 = SNM) 

INITIALISATION 

b2: = [S2, 12, /2] 11 

ms:= 0 
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OPERATIONS 

slave = 
( /* Find a buffer that was N and set it to I *I 

) ; 

@(z1).(z1 E {1, 2, 3} 1\ b2(z1) = N2 ===} b2 : = (b2 <t {z1 f-+ /2} )) 
[) 
I* but if you can't find one that was N then don't worry*/ 
V z2.(z2 E {1, 2, 3} =? b2(z2) :f. N2) ===}skip 

I* Then find a buffer that was S and set it to N 
(there will be exactly one)*/ 

@(z3).(z3 E {1, 2, 3} 1\ b2(z3) = S2::::::} b2 : = (b2 <t {z3 1-+ N2})); 
I* Then, find one that is I and set it to S 

(there will be one or two of these) *I 
@(z4).(z4 E {1, 2, 3} 1\ b2(z4) = /2::::::} b2 : = (b2 <t {z4 1-+ S2} )); 

The notation"@( v ).S", where v is a variable and S a generalised substitution, represents an 
unbounded choice substitution. In the above it is used in conjunction with a guarded substitution, 
in the form"@( v ).( P( v) ::::::} S)"; this can be read operationally as, "if there is any v such that 
P( v ), then apply the substitution S for one such v". 

Here we see a significant difference in style encouraged partly by the different treatment of 
invariants in B and VDM and partly by the differences between the relational postconditions and 
generalised substitutions. In B, the definition of an operation has to be strong enough to show 
that the resultant state satisfies the invariant. In this example we have given a definition of slave 
which provides more explicit algorithmic information than its VDM counterpart, giving it a more 
"programmatic" flavour. 

A similar change in style is reflected in the definitions of acquire and release, which for brevity 
are not included here. 

6.3 The "improved MSMIE" version 

The following B machine snmo corresponds to the VDM specification of the 4-buffer MSMIE 
solution. (The 3-buffer "inverted map" version has been omitted from this paper, because the 
same issues arise with this machine.) 

A major difference from the VDM version is that because the write frame is implicit there is no 
need for the Id clauses that appear in the VDM version. 
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REFINEMENT 

snmo(MNAME) 

REFINES 

bO 

VARIABLES 

sb, nb, mb, ob, 
ms4, os4 

INVARIANT 

I* typing *I 
sb E 1 .. 4 1\ 
nb E seq(1 .. 4) 1\ 
mb E seq(1 .. 4) 1\ 
ob E seq(1 .. 4) 1\ 

ms4 E P(MNAME) 1\ 
os4 E P(MNAME) 1\ 

I* subtyping *I 
size(nb) E {0, 1} 1\ 
size(mb) E {0, 1} 1\ 
size( ob) E {0, 1} 1\ 

mb = [] <* (ms4 = 0) 1\ 
ob = [] <* ( os4 = 0) 1\ 
[sb] -=/:- nb 1\ 
[sb] -=/:- mb 1\ 
[sb] -=/:- ob 1\ 
nb = mb <* ( nb = [] 1\ mb = []) 1\ 
nb = ob <* ( nb = [] 1\ ob = []) 1\ 
mb = ob <* ( mb = [] 1\ ob = []) 1\ 
mb = [] 1\ nb = [] ::::> ob = [] 1\ 
I* coupling *I 
ms = ms4 U os4 1\ 

bO =FALSE<* (nb = [] 1\ mb = [] 1\ ob=[]) 
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INITIALISATION 

sb:= 1 11 
nb: = [] 11 
mb:= 0 11 
ob:= [] 11 
ms4:= 0 11 
os4:= 0 

OPERATIONS 

slave = 
nb: = [sb] 11 
sb: E {1, 2, 3, 4}- {sb}- ran(mb)- ran( ob); 

acq(11) = 
PRE 

11 E MNAME A 

11 ~ ms4 A 
conc([nb, mb]) # [] 

TIIEN 

SELECT mb = [] TIIEN 

mb: = nb 11 
nb: = [] 11 
ms4: = {11} 

WHEN mb -j. [] A nb -j. [] A ob = [] TIIEN 

ob:= mb 11 
mb: = nb 11 
nb: = [] 11 
os4: = ms4 11 
ms4: = {11} 

ELSE 

ms4: = ms4 U { l1} 
END 
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rel(ll) .:::. 

END 

PRE 

ll E MNAME 1\ 
ll E ms4 U os4 

TiffiN 

SELECf { ll } C ms4 TiffiN 

ms4: = ms4- {ll} 
WHEN {/1} = ms4 1\ nb = (] THEN 

nb: = mb 11 

mb: = [] 11 

ms4: = ms4- {ll} 
WHEN { [1} = ms4 1\ nb =/= (] THEN 

mb: = [] 11 
ms4: = ms4- {ll} 

WHEN { [1} C os4 TiffiN 

os4: = os4- {ll} 
WHEN { 11} = os4 TiffiN 

END 
END 

ob:= [] 11 
os4: = os4- {ll} 

7 Discussion 

As stated in the introduction, this example highlights three areas where the notations encourage 
different approaches. This closing section gives a brief discussion of some of the points that 
arose from our study of the MSMIE protocol. 

Invariants 

In both notations, the invariant is useful for quickly conveying an understanding of the reachable 
values of the state. However the use of invariants in operation definitions differs. In B, 
postconditions (in the form of generalised substitutions) have to be written as to ensure the 
maintenance of the invariant. In VDM the state invariant is effectively part of the state typing 
information, and as such is assumed to be maintained in addition to the postcondition. 

VDM's implicit maintenance of the invariant led to the choice discussed earlier of how much 
of the information in the invariant is repeated in a postcondition. There was often some tension 
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between the most concise form that relied on properties of the invariant for its correctness, and 
a longer, but more explicit form, that included some redundant information. This choice can be 
seen as an opportunity to prove the stronger forms from the weaker. Which form is chosen may 
make a significant difference to the complexity of the proofs: the form that most clearly conveys 
the information may not be the form that will be most usable in proofs. Indeed, the stronger form 
is more likely to be helpful when the specification is being proved to be a reification of another, 
and the weaker form when it is itself being reified. 

In the B notation, on the other hand, one always has to write operations that imply the preservation 
of the invariant. This may encourage a tendency to describe how the invariant is maintained, 
which may lead to less abstract specifications. 

Operation definitions 

The greater programmatic feel of the B notation is reinforced by the use of generalised sub­
stitutions, as opposed to VDM's relational post-conditions. Although the two forms have the 
same expressive power, in some cases (as for example in slave in the b2 machine) we found 
it convenient to give greater algorithmic detail in the B version. This would appear to imply 
that the B notation is more useful for the development of algorithms. Indeed, the process of 
operation decomposition has been given greater attention in the B methodology than for VDM. 
By contrast, perhaps VDM's relational postconditions give a greater facility for non-algorithmic 
specifications of complex operations. 

Framing 

As stated earlier, the read and write frames are given explicitly in a VDM operation, whereas in 
B the variable access and modification is implicit in the form of the generalised substitution. 

In VDM operations, the semantic role of the read frame is often underplayed. Typically, it is 
interpreted as merely providing syntactic scoping for variables appearing in the precondition or 
postcondition. Alternatively, it could be interpreted as a constraint on implementations, restricting 
which state components can be read. Thus rather than think of the externals clauses as giving 
information about the variables mentioned in the specification, we see them as giving details of 
what access to state variables an implementation of that operation can be allowed to make. (See 
[Bic92] for further discussion of this point.) 

In B, similar restrictions can be given through the hiding principles inherent in the different forms 
of machine structuring. For instance in this example, where we were able to narrow the read 
frames in the later VDM specifications, in the B counterparts there is a potential to structure the 
overall machine as aB "implementation" in terms of simpler machines (one for each status flag). 
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In the above we have emphasised three areas where our experiments have suggested that the 
notations of VDM and B encourage different specification styles. Each style may have its own 
advantages at different stages of the development process. In this example we found that the 
process of developing implementation code was better addressed in B 's abstract machine nota­
tion. However, we also found VDM's relational postconditions more convenient for expressing 
wholly implicit specifications of operations, particularly when the data model involved complex 
interdependencies. 
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