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Abstract. Retrenchment is a flexible model evolution formalism that compensates
for the limitations imposed by specific formulations of refinement. Its refinement-
like proof obligations feature additional predicates for accommodating design data
describing the model change. The best results are obtained when refinement and
retrenchment cooperate, the paradigmatic scheme for this being the commuting
square or Tower, in which ‘horizontal retrenchment rungs’ commute with ‘vertical
refinement columns’ to navigate through a much more extensive design space than
permitted by refinement alone. In practice, the navigation is accomplished via
‘square completion’ constructions, and a full suite of square completion theorems
is presented and proved.
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1 Introduction

As a design and development technique, (a given, specific, incarnation of) model
based refinement (see eg. [de Roever and Engelhardt (1998)] for a survey) can some-
times fall short of what is desired, as regards treating specific requirements issues in
an ideal way. Retrenchment was introduced as a means for addressing such awkward
requirements issues, with the aim of allowing them to be treated in a formal manner,
whilst at the same time not interfering with the benefits of a perhaps over-idealised
refinement development. In [Banach, Poppleton et al. (2007)] there is a comprehen-
sive and broadly based overview of retrenchment. In that paper, background and con-
text are extensively discussed, some key issues that arise with retrenchment are de-
scribed, and some case studies are explored. We will not repeat all that here.! In-
stead, this paper is concerned with a key technical topic, the interworking of
retrenchment and refinement.

The issue is the following. Retrenchment, as conventionally presented, is extremely
permissive. So using it as sole formal technique in a development process can let
through a whole host of design deviations that might be considered undesirable, and
that could derail the development process. This possibility can in turn demand con-
siderable self-discipline, and intensive investment in validation, to ensure that the de-
velopment stays on track. However, using retrenchment in a controlled way in con-
cert with refinement considerably alleviates this situation, as a good deal of what
would otherwise be validation burden, can be delegated to the guarantees that (some
particular notion committed to, of) model based refinement offers, especially when
backed up via an appropriate tool.

1. See [Retrenchment Homepage] for the latest developments.



How then to arrange for such fruitful cooperation between the two notions? The par-
adigm investigated in this paper, is to see retrenchment and refinement as orthogonal
directions in a development landscape which enjoys a higher ‘dimensionality’ than
one in which development is seen as being the only possible means of progress.
Thus, one can visualise refinement as proceeding ‘downwards’ from abstract to con-
crete (this being the only possible means of progress in a conventional formal devel-
opment world), and can visualise retrenchment as proceeding ‘horizontally’, bridg-
ing between refinement strands that would remain isolated from one another without
the use of retrenchment. This architecture is given solidity by demanding that diverse
paths through this two dimensional landscape between the same two system models
should be related in a composable and understandable way. And this in turn can be
realised if we establish a sufficient store of ‘square completion’ constructions, each
of which fills in a missing piece in an incomplete square of horizontal retrenchments
and vertical refinements. One thing that this achieves is to allow us to interchange
suitable retrenchment/refinement pairs, and thus by repeated application, to morph
one path between the two system models into a different one. Going further, the au-
tomatic construction of systems afforded by such square completion constructions,
widens the scope for ‘system building by theorem’, from the pure refinement para-
digm,2 to a wider gamut of requirements issues that include ones that become formal-
ly addressable only by means of retrenchment. This is the aim of the present paper.

The rest of the paper is as follows. In Section 2 we recall the basics of retrenchment,
and give a fairly general purpose formulation of refinement for interworking with it.
The refinement notion is one that can be instantiated to capture a range of existing
refinement formulations in the literature.> Section 3 covers the compositions of re-
trenchments and refinements that we need in the sequel. Section 4 outlines the main
results of the rest of the paper, summarising the theorems, and indicating their use in
the Tower Pattern [Banach et al. (2005)] — it can be used for convenient overview.
The remaining sections focus on the technical details of the specific theorems, one by
one. Section 5 covers the Lifting Theorem. Section 6 covers the Lowering Theorem.
Section 7 covers the Postjoin Theorem. Section 8 covers the Prejoin Theorem. Ad-
hering to a rather categorical paradigm, all of these results are proved up to notions
of equivalence, which amount to inter-simulability, inter-retrenchability, or inter-re-
finability, as appropriate, and as described in detail in each relevant theorem. This
gives a precise definition of the way that each of the results obtained is characterised,
beyond the details of the explicit construction given. This in turn is good for replac-
ing the explicit construction by something equally useful but more appealing from a
system requirements point of view. Readers less concerned with the technical details
can skip over the proofs in these four sections. Section 9 discusses associativity, gen-
eral tower constructions and system engineering, sketching how the above technical
material might be applied. Section 10 concludes.

2. This is exemplified at the time of writing by toolsets such as Rodin [Rodin] (and others),
each designed for the formal development of systems via (some specific notion of) refinement.
3. In a further paper [Banach (2009)], a number of specific real world refinement formulations
are examined in order to infer the most appropriate way to design retrenchment notions, and
the insights of the present paper are used to reinforce the conclusions drawn. In turn, the for-
mulation of refinement used here is designed to be capable of realising various specific notions
examined in [Banach (2009)]. Thus, there is strong cross-fertilisation between the present pa-
per, [Banach (2009)], and [Banach, Poppleton et al. (2007)].



This paper readdresses results and constructions investigated in depth originally in
[Jeske (2005)]. The results in [Jeske (2005)] took a particular stance on how the con-
structions should be approached, and strove for the greatest degree of generality pos-
sible from that perspective. While this aim appeared at the outset to be innocuous
enough, it led, in the end, to some ferociously complicated results — results whose
overwhelming technical convolutedness certainly proved to be an impediment to
their widespread application. The aim of the present paper is to revisit these issues,
employing the wisdom of hindsight, and to give counterparts which are much more
approachable and thus more readily applied. Although a comparison of the present
work with [Jeske (2005)] shows many detailed technical differences, the debt this pa-
per owes to [Jeske (2005)] cannot be overstated.

Assumption 1.1 We work in a set theoretic and relational framework, in which re-
lations are manipulated using logical operations on the predicates that define their
bodies. To avoid a proliferation of pathological cases, we assume henceforth, that
any set or relation mentioned in the hypotheses of a construction or theorem is non-
empty, so that, for example, a mentioned putative choice of some element from it can
actually be made.

2 Transition Systems, Retrenchment and Refinement

In this section we give our basic definitions and notations. At any single moment, we
will typically be dealing with a pair of systems in a development activity, the first, in
some sense, more ‘abstract’ than the second, which is more ‘concrete’. We model
systems as transition systems which are organised as follows. Focusing on the ab-
stract system Abs, it has a set of operation names Ops 5, with typical element Op 4.
An operation Op works on the abstract state space U having typical element u (the
before-state), and on an input space |, with typical element i. Op will produce an
after-state typically written «” and once more in U, and an output 0 drawn from an
output space OOp - Initial states satisfy the predicate Init A(u') (allowing initial states
to be viewed as results of an initialisation operation if need be).

Individual steps of Opy are written u -(i, Opa, 0)-> u’. Their totality constitutes the
step relation stpg,,, (u, i, u', 0) of Op,. Aggregating over all of Ops,, we obtain the
complete transition relation for the Abs system, stpp =\, e Ops,SPPop,» Where
the union is necessarily disjoint since the relevant Op 5 name is part of every execu-
tion step.

Later, we will have several systems in play simultaneously, so we use similar nota-
tional conventions for them. We set out our generic notions using a pair of concrete
systems which we name Concy and Concg. For Concr, the operation names are
QI’C e.Op§C. State's.are veV, inputs j € JO’pC’ outputs p € P, .. Initial states sat-
isty Initc(v"). Transitions are v -(j, Opc, p)-> V', elements of the complete step relation
SPopcVs J, V', p). For Concg, let us say the operation names are also Opc € Opsc,
ggtttklljel: variables are w € W, inputs k € Ky, ., outputs g € QOPc’ the rest being pre-
ictable.

2.1 Retrenchment

Given the above context, a retrenchment from Abs to Concr is defined by three facts.
Firstly, Opsp N Opsc = Opsac # O, i.e. the abstract and concrete operation name



sets have some elements in common. Secondly, we have a collection of relations as
follows: there is a retrieve relation G(u, v) between abstract and concrete state spaces;
and there is a family of within, output, and concedes relations for each common op-
eration name Op € OpS,c: Pop(i,j, u,v), Oop(o, p ',V 0L, u, v), Cop(u’, Vv, 0, p;
i,Jj,u,v) respectively.4 These relations are over the variables shown, i.e. the within
relations involve the inputs and before-states, while the output and concedes relations
involve predominantly the outputs and after-states, though inputs and before-states
can also feature if required (the semicolon cosmetically separating these additional
possibilities). The relations are collectively referred to as the retrenchment data, and
for brevity, we refer to the retrenchment as G,P,0,C. Note that we suppress the ‘A’
and ‘C’ subscripts on Op in these relations since they concern both levels of abstrac-
tion equally.

Thirdly, a collection of properties (the proof obligations or POs) must hold. The in-
itial states must satisfy:

Initc(v') = @ u’ * Inita\(u') A G, V")) 2.1

and for every corresponding operation pair Op, and Opc, the abstract and concrete
step relations must satisfy the operation PO:

G(u, v) A Pou(i, j, u, v) A Spop Vs s Vi,p) =
Au',o- St op (U 1 u,0) A(GW', V) A Ogp(0, p; u, V', i, u, v)) v
COp(u,a V,, 0, p; isjs u, V))) (22)

For an Op € Opsc, an important counterfoil to the operation PO is the operation’s
simulation relation. This holds for an abstract step u -(i, Opy, 0)-> u” and a corre-
sponding concrete step v -(j, Opc, p)-> V', the two steps being in simulation, iff:

G(u, v) A Poy(i, j, s v) A stpop(v, J, Vi,p) A St op (U 1 u',0) A
(GW', V') A 000, p; w, v, i, ], u,v)) v COP(u’, Vv, 0,p;ii,J, u, v)) 2.3)

holds. We write this succinctly as (u -(i, Opa, 0)-> u’) x! (v -(, Opc, p)- V), where
the retrenchment data are understood.

A retrenchment (with retrenchment data as above) is a biretrenchment iff, along with
(2.1) and (2.2), we also have:
Inita(uw') = @V * Initc(V') A G, V")) (2.4)

G(u, v) A Pop(i j, u, V) A stpop (U 1, u',0) =
@V, p e stpopjs V', p) A (G, V') A Ogylo, ps ', V', i, j, u, v) v
COp(“’; V,, o, p; i9j3 u, V))) (2'5)

Thus in a biretrenchment we can exchange the roles of abstract and concrete systems
with impunity using the same data.

4. This confirms that the ‘A’ and ‘C’ and (later) similar subscripts on operation names are meta
level tags, suppressed when it is convenient to do so and it does not cause confusion. Usually,
Ops, c Opscis assumed; we will be more general here. Also, nothing prevents arbitrary cor-
respondences between (otherwise unrelated) names in Ops, and Opsc being set up via suit-
able mappings. Though it would just add clutter theoretically here, such a thing is highly
desirable in the context of an industrial strength tool, to add flexibility.



Going further, if we only have (2.4) and (2.5) (and not (2.1) and (2.2)), then we call
such a setup a converse retrenchment (i.e. a converse retrenchment is characterised
by having the signatures of the constituent relations the opposite way round to what
we would normally expect).

Finally, suppose that we simply have some relations defined on two transition sys-
tems and appropriately indexed by operation names as above, which have the signa-
tures required to qualify as retrenchment data, but we cannot (or choose not to try to)
establish (2.1) and (2.2). Then the relations G(u, v) and:

G(u, v) A Pop(i, j, u, v) A
((G(u,$ V’) A OOp(()’ p; ula V,’ ia j, u, V)) %4 COp(M,’ V’? o, p; i’j’ u, V)) (2'6)

(the latter from u, i, ', 0, to v, j, V', p, with Op € OpS ), constitute a pseudoretrench-
ment. In a pseudoretrenchment we evidently have the simulation relations (2.3) with-
out the abstract and concrete transitions.

2.2 Refinement

Now, given two systems Abs and Concg, we set up refinement as a relationship be-
tween the operations with identical names. In this paper we assume that for a refine-
ment, the abstract and concrete operations name sets are identical.’ The refinement
data will consist of a retrieve relation G(u, w), and a family of input and output rela-
tions for each common Op € Ops: In,(i, k) and OutOp(o, q). These latter relations
are over the variables shown, i.e. just tﬁe I/O variables. For brevity, we refer to the
refinement as G,In,Out.

The POs are, for initialisation:
Initc(W’) = @ u’ * Inita(u') A G’, w')) 2.7
and for the operations:

G(u, w) A Ingy(i, k) A stpop(w, k, w', g) =

Au',o- St op (U 1y w,0) NG, W) A Out (0, q)) (2.8)
In addition to (2.7) and (2.8), many notions of refinement feature additional criteria,
typically expressed via subsets of the before- and input spaces, that control the de-
tailed semantics of operations. Often they have names such as: domain conditions,
preconditions, guards, etc. To mimic these generically, we let each common opera-
tion Op € Ops have an associated applicability set: APP(,, for Op, and APP,, . for
Opc. The typical conditions such sets have to satisfy are either:

APPopA(u, DAGu,w) A Inop(i, k) = APPOPC(W, k) 2.9)
or:
APPg, (u, 1) & G(u, w) A Ing)(i, k) A APP g, (W, k) (2.10)

(since some theories insist on weakening, and others on strengthening such applica-
bility criteria). As a shorthand below, we refer to both (2.9) and (2.10) using:

APPGy, (i, 1) A Glu, w) A Ingy(i k) S Glu, w) AIng, (i, k) A AP, (w, k) (2.11)

5. We could of course opt for greater generality on this point, along the lines of footnote 4.



In (2.11) the symbol < represents the two separate cases in (2.9) and (2.10). Thus
(2.7), (2.8) and (2.11) represent three species of refinement theory. The first has (2.7)
and (2.8) alone. The second has (2.7), (2.8) and (2.9). The third has (2.7), (2.8) and
(2.10).

The simulation relation corresponding to these notions of refinement is:

G(u, w) A Ing,(i, k) A [APPg,, (ut, 1) A APP(, (W, ] A
St ope (W, k, w,q) A Stpop (U 1, u',0) NG, w) A Outg,(0, ) (2.12)

We write this as (4 -(i, Op, 0)-> u’) = w-(k, Opc, ¢)-> w’) and again we say that the
two steps are in simulation. In (2.12), [APPy A(u, DA APP(), (w, k)] is bracketed to
indicate that it is not relevant for the simple formulation of refinement.

As for retrenchment, if in addition to (2.7) and (2.8) we also have:
Inita(w') = @w * Initc(W) A G, w')) (2.13)

G(u, w) A Inop(i, k) A stpopA(u, iu,o0) =
AW, q*stpopw, k, W', @) A G, W) A Out (0, 9)) (2.14)

then the refinement is a birefinement. If we are dealing with a notion of refinement
requiring the use of APP sets, then in the corresponding notion of birefinement we also
insist on:

APPq,, (i, 1) A G(u, w) A Ingy(i, k) © G(u,w) A Ing,(i, k) A APPgp, (W, k) (2.15)

Going further, if we only have (2.13), (2.14), and the converse of (2.11) if appropriate
(and not (2.7), (2.8), and (2.11) if appropriate), then we call such a setup a converse
refinement.

Finally, suppose that we have three relations defined on two transition systems and
appropriately indexed by operation names, which have the signatures required to
qualify as refinement data, but we cannot (or choose not to try to) establish (2.7), (2.8)
(and (2.11) if appropriate). Then the relations G(u, w) and:

G(u, w) A Ing,(i, k) A [APP(,, (U, ©) A APPgp, (W, ] A
Gu', w) A Out,(0, q) (2.16)

(the latter from u, i, u’, 0, to w, k, w’, g, with Op € Ops), are referred to as a pseudo-
refinement. As for a pseudoretrenchment, a pseudorefinement omits the transitions
from the simulation relation.

3 Compositions

Below we will make much use of compositions of relationships between systems.
The relationships are retrenchments, refinements, their converses, their pseudo- ana-
logues, and so on. Various notions of composition involving the basic retrenchment
and refinement concepts are thoroughly studied in [Banach et al. (2008)], so we just
review the relevant results here. It turns out that these notions of composition are all
based on various compositions of relations, so they readily extend to the converse and
pseudo- variants. We principally need vertical composition of retrenchments (and re-
finements), and disjunctive fusion composition.



3.1 Vertical Composition

Suppose we have a system Sys,, which is retrenched to a system Sys;, and that Sys;
is further retrenched to a system Sys,. Assuming that the granularity of the individ-
ual transitions in these models does not change, Sys, and Sys, are related by a ver-
tical composition. Subscripting the retrenchment data for the two original retrench-
ments ‘1’, and ‘2’ respectively, and subscripting the retrenchment data for the com-
position ‘(1,2)’, we find:

Gup = G156, (3.1
Pop12) = (G1APop 1)§(G2AP ), 2) (3.2)
O0p,12) = 00p,1800p,2 (3.3)
Cop,12) = (G'1AO00p 18C0p2) v (Cop18G 2100, 2) vV (Cp 18Cop2)  (34)

In (3.1)-(3.4) the forward relational composition § is via the relevant variables of the
intermediate system. Thus the composed retrieve relation is straightforwardly the
composition of the two retrieves; likewise for the composed output relation. The
composed within relation is the composition of the two withins, but strengthened by
the composed retrieve. Lastly the composed concession has the most complex form:
either the after-state retrieve and output relations for the first retrenchment, composed
with the concession for the second holds; or the converse holds; or the composition
of the two concessions holds. Since much will depend on this composition, we next
give a precise statement. It also explains what was signified by ‘we find’ just before
(3.1) — it referred to a soundness result, since the proof of Proposition 3.1 requires
that the hypothesised retrenchment data do in fact satisfy the POs (2.1)-(2.2).

Proposition 3.1 Let Sys, (with variables u, i, 0g) be retrenched to Sys; (with var-
iables uy, iy, 01) using Gy, {Pop 1, Ogp.1> Cop,1 | Op € Opsy;}, and Sys; be re-
trenched to Sys, (with variables uy, ir, 05) using Gy, {Pg, 2, Ogp2, Copa | Op €
Opsj,}. Then Sys is retrenched to Sys, using retrieve, within, and concedes rela-
tions G(I,Z)’ {Pop’(]’z), 00]7,(1,2)’ COp,(l,Z) | Op (S OpsOl M Opslz}, Where:6

G1,2)(ug, up) = (Fuy * Gy(ug, uy) A Gy(uy, uy)) (3.5)

Pop,1.2)igs B2, ug, ) = (Fuy, iy ® o o
Gl(uo, Ml) AN Gz(ul, I/tz) AN POp,l(lO’ 11, Up, Ml) AN POp,Z(ll’ 1y, Uy, Mz)) (36)

L ’ . _ , .
00p,(1,2)(00, 02 U, U2, T, in, U, uy) = (T u'y, 04, uy, iy ®
’ ’ e . o ’ . .
00[1,1(00’ 015U 0> U 1,105 11, U, “]) N 00p,2(0]’ Oy U |, U9, 11,19, Uy, uz)) (37)

COp,(l,2)(u,O’ u'y, 0, 095 i, Iy, Uy, Up) = @ u'(, 01, Uy, iy ®
{[G1W o, u'1) A Opp,1(0g, 015 Wo, 'y, g, iy, g, uy) A
COp,Z(u,l’ 1/2, 01, 07; il, i2, Uy, Mz)] \
[Cop’l(ulo, u'y, 09, 013 g, i, U, Up) A
G2(I/t,1, l/tlz) A 00p,2(01’ 07; l/tll, 1/2, il’ iz, Uy, Mz)] \4
[COp,l(ulo’ Lt,l, 00, 015 io, il’ Up, Ml) A
Cop,z(ull, u'y, 01, 093 iy, ip, uy, up)1}) (3.8)

6. In (3.8), and below, we use braces to delimit large disjunctions (especially those which are
not at top level), delimiting individual large disjuncts using square brackets.



The above deals with the composition of two retrenchments. The composition of a
retrenchment (first) with a refinement (second) follows by defaulting the data for the
second retrenchment. In more detail: the retrieve relation (3.5) remains unchanged,;
(3.6) has Py, , replaced by Ing,, 5, which is the relevant input relation; (3.7) has O, »
replaced by Out, »AG'3AIng, 2AG,, which is the relevant output relation strength-
ened by the retrieve relation (in both the after- and before- values) and the input rela-
tion (all this in order to match with all of the ‘1’ variables of Oop,1); (3.8) has Cop
set to false and Opp,> replaced as just described. We can summarise the result as:

G = G156, (3.9)
Pop2) = (Gl/\POp,l)S(GZ/\I”Op,Z) (3.10)
Oop,1,2) = O0p,18(0ut, :nG s AN, 27G) (3.11)
Cop,1.2) = Cop,18(0ut g, snG'rAIn g, 2 7G) (3.12)

Note that the result is a retrenchment; so there is no APP),, data to worry about — the
APPy, from the refinement (if applicable) is simply discarded. Moreover, if we have
a refinement (first) composed with a retrenchment (second), then we simply inter-
change the roles of the two in the preceding.

If we have two refinements, the reasoning is relatively familiar. It is easy to prove
that the following data yields a sound composed refinement:

G = G186, (3.13)
Ingp 12y = Ingp18ngp 2 (3.14)
Outpp1.2) = Outgy180utg), o (3.15)

From these it is also easy to show that any relevant ‘APP(),” criteria, either two in-
stances of (2.9) or two instances of (2.10), compose in a sound way.

3.2 Disjunctive Fusion Composition

The fact that retrenchment is phrased via a PO whose top level structure is an impli-
cation, together with the fact that A = B and C = D implies A v C = B v D, yields
a strategy for composing different retrenchments about the same pair of abstract and
concrete systems: disjunctive fusion composition. (Since one could replace ‘v’ by
‘A’ in the preceding, there also is an alternative, conjunctive variant. This will play
a much smaller role below than the disjunctive case — we allude to it in a couple of
places, as needed.)

If the retrenchment data for the first retrenchment are subscripted ‘1’ and for the sec-
ond ‘2’, we will subscript the composed data ‘(1v2)’. In outline, the retrenchment
data for disjunctive fusion composition is as follows:

Gav) = G1vG, (3.16)
Pop.va) = (GvPgp2) A (P, 1VG) A (Pop 1VPop2) (3.17)
Oop,v2) = (G'1VOgp2) A (Opp 1VG) A (Ogp VO 2) (3.18)
Cop,v2) = Copa1VCop, (3.19)

In more detail, the basic soundness result is as follows.



Proposition 3.2 Let Absbe retrenched to Concusing Gy, {Pg,.1, Ogp 1 Cop.110p
€ Opsc} (with the usual variables). Let Abs also be retrenched to Cp nc using G,,
{Pop2s Oopos Copa | Op € Opsyc} (with the usual variables). Then ADbS is re-
trinched to Conc also via G(l\/Z) and {POp,(l\/Z)’ OOp,(IVZ)’ COp,(l\/Z) | Op e OpSA}
where:

Gavoyu, v) = Gi(u, v) v Gou, v) (3.20)

Popva)is js u, v) =
(G1(u, v) v Popo(i, J, u, v)) A
(Pop,1(i, j, u, v) v Go(u, v)) A
(Pop,1(s j, u, v) v Py, 5(i, J, u, v)) (3.21)

00p,(lv2)(03 P M,, V,, i’ j’ u, V) =
(G, V') v Ogp (0, ps ', V', i, i, u, v)) A
(Ogp,1(0, p; WV, 0, u, v) v Gy, V) A
(OO[),I(O, ps M’, V,, i’ j’ u, V) Vv 0017,2(09 p’ l/l,, V’, i’j’ u, V)) (322)

COp’(l\/z)(u,a V,, o, p; i7j’ u, V) =
COp’l(u,a V,, o, p; i7j’ u, V) \% COp’Z(u,» V,’ o, p; i’ j» u, V) (3'23)

4 Square Completions

In this section we outline the main results of the ensuing four sections in a schematic
fashion, for easier digestability of the details to follow.

The main idea is ‘square completion’. Consider the left hand side of Fig. 1. It con-
sists of two triangles. Focus on the upper one. The two filled boxes are two given
systems and the solid arrow is a retrenchment between them (with given retrench-
ment data). The hollow box is another system, its hollow nature illustrating that it is
to be constructed from the given data. The Lifting Theorem (Section 5) shows that
the to-be-constructed system can indeed be constructed from the given data in a ge-
neric way, and that moreover, it can be connected to the given systems via the dashed
arrows, the horizontal one being a retrenchment and the vertical one being a refine-
ment (with the retrenchment and refinement data for these again being constructed
from the given data in a generic way). Not only this, but the constructed retrenchment
and refinement compose via (3.9)-(3.12) to yield an equivalent of the original (solid)
retrenchment. Furthermore the construction is unique up to inter-refinability. The
latter point is important since the generically constructed system (in this and subse-
quent theorems) is frequently unnatural-looking from an application perspective. So
the opportunity to replace it with something that is theoretically equivalent but more
intuitively appealing application-wise is highly desirable from a system engineering
vantage point. See Section 9 for more extensive discussion of this point.

Consider now the lower triangle of the left hand side of Fig. 1. It shows a vertical
refinement followed by a horizontal retrenchment. The composition of these (via the
dual of (3.9)-(3.12)) yields a retrenchment, the hypotenuse of the lower triangle. We
may suppose that this retrenchment is the starting point of the construction we have
just discussed in the upper triangle. Therefore the Lifting Theorem enables us to
complete the ‘L shape’ in the lower triangle to a square. Doing this, permits the in-
terchange of the order of a refinement and retrenchment in a composition, in such a
way that the result of the two compositions, either way round, yields the same re-
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Fig. 1. Illustrating the lifting and lowering constructions. Vertical arrows
are refinements while horizontal and diagonal arrows are retrenchments.
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trenchment (i.e. the diagonal). The fact that the construction only needs the diagonal
as input data, means that many of the details of the specific refinement and retrench-
ment are not relevant to the carrying out of the interchange.

Consider now the right hand side of Fig. 1. It also consists of two triangles. Focus
on the lower one. The two filled boxes are two given systems and the solid arrow is
a retrenchment between them (with given retrenchment data). The hollow box is an-
other system, its hollow nature illustrating that it is to be constructed from the given
data. The Lowering Theorem (Section 6) shows that the to-be-constructed system
can indeed be constructed from the given data in a generic way, and that moreover, it
can be connected to the given systems via the dashed arrows, the horizontal one being
a retrenchment and the vertical one being a refinement (with the retrenchment and re-
finement data for these again being constructed from the given data in a generic way).
Again, the constructed refinement and retrenchment compose via the dual of (3.9)-
(3.12) to yield an equivalent of the original (solid) retrenchment. As previously, the
construction is unique up to inter-refinability, this being useful for the reasons previ-
ously stated. The upper triangle of the right hand side of Fig. 1 plays the same role
as its counterpart, the lower triangle of the left hand side of Fig. 1. It therefore shows
that we have another square completion, and shows that the order of a refinement and
retrenchment in a composition may be interchanged, but this time proceeding in the
other direction, and again yielding the same retrenchment.

All this covers the first two major results of the paper. For the remaining results, con-
sider Fig. 2. On the left is a square, part solid and part dashed. As previously, the
horizontal arrows are retrenchments and the vertical arrows are refinements, with the
dashed parts to be constructed out of the (given) solid parts. The Postjoin Theorem
(Section 7) shows that there is a generic construction which allows this to be done in
such a way that the composition of the given retrenchment with the constructed re-
finement, combines with the composition of the given refinement with the construct-
ed retrenchment (via disjunctive fusion composition), to yield a retrenchment (the top
left to bottom right diagonal, not shown) from the top left system to the bottom right
(constructed) system. The construction of the dashed system in the bottom right cor-
ner is again unique, but up to a weaker notion (inter-simulability this time, in the
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Fig. 2. Illustrating the postjoin and prejoin constructions. Vertical
arrows are refinements while horizontal arrows are retrenchments.
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sense defined in Section 2), which subsumes inter-refinability. (Thus using inter-re-
finability to police the replacement of the generically constructed system by one clos-
er to application concerns, remains acceptable.) Obviously we have another square
completion.

The square on the right of Fig. 2 is the dual of this construction. It shows that if we
are given a (vertical) refinement and (horizontal) retrenchment converging to the
same system, then we can complete the square generically to create a system, togeth-
er with a suitable refinement and retrenchment, such that the dual properties of the
postjoin construction hold. Thus we again have a retrenchment from top left to bot-
tom right given by a fusion composition of the two routes round the square, and the
universality of the basic construction is again characterised by inter-simulability,
again strengthening under suitable circumstances to inter-refinability.

5 The Lifting Theorem

In this section we consider the Lifting Theorem in detail. The relevant part of Fig. 1
is elaborated in Fig. 3. The given systems are Abs and Conc, with the usual retrench-
ment between them. The constructed system is Univ, and the universal nature of its
relationship with Abs and Conc is expressed by saying that whenever there is a sys-
tem Xtra, enjoying similar properties to Univ, then Xtra is more abstract than Univ,
i.e. there is a refinement from Xtra to Univ.

Theorem 5.1 Let Abs (with variables u, i, 0) and Conc (with variables v, j, p) be
two systems, and let there be a retrenchment from Abs to Conc with retrenchment
data G, {Pg,, Ogp, Cop, | Op € Opsycl where Opsc is the set of common names
of related operations ofp Abs and Conc. Then we have the following.

(1) There is a system Univ (with variables ¢, h, n), with operation name set Opsy,
where Opsyy = Ops, such that:

(i) there is a retrenchment from AbSs to Univ (with retrenchment data
H'(u, 1), {Q"0p, N'9p» D’ | Op € Opspy} say);

11
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Fig. 3. The lifting construction in detail.

(ii) there is a refinement from Univto Conc (with refinement data
K'(1,v), {R" ), V'op | Op € Opsy} say), which is a birefinement;

(iii) the composition (in the sense of (3.9)-(3.12)) of the retrenchment
H',Q'.N',D" and refinement K°,R",V" yields the retrenchment G,GAP,0,C;

(iv) if the notion of refinement in question requires the use of APPg, sets,
then the APP(), sets of Univ are given by:
APPg, (1, h) = (3 v,j ¢ K'(1,v) AR gp(h, ) A APPp, (v, ) 3.1

Whenever there is a system Xtra (with variables 7, h~, n™), with operation name
set Opsy where Opsy = Opsc, with a retrenchment from Abs to Xtra given by
H~,Q",N~,D~, with a refinement from Xtra to Conc given by K~,R™,V~, where
the composition of H~,Q”,N",D™ and K" ,R",V" yields G,GAP,0,C, then:

(i) there is a refinement from Xtra to Univ (with refinement data
K, 0, {R°0p, V°0p | Op € Opsy} say);
(i) H$K* & H and (H'AQ)§(K°AR®) & (H AQ") and
N §(K’AV'AR°AK®) & N" and D" $(K”AV'AR°AK®) &< D",
(i) KK =K and R°$R =R and V'3V =V".
Whenever a system Univ* has properties (1) and (2) above of Univ, then Univ
and Univ* are inter-refinable.

Proof. For (1), we start by completing the details of Univ, and of the retrenchment
H',Q",N',D" and refinement K",R",V'. Assuming the usual conventions for Abs and
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Conc, the state space of Univiste T =U x V. There are two cases for the input and
output spaces of Univ. If Op € Opsy; (in other words Op € Ops ), then we have
he Hp, =1, xJop, n € N, =0g, X Pg,,. However if Op € Opsy\ay (in other
words Op € (Spsc OpSAC Opsc\ac)s then h e Hp, =Jg,. n€ Np, =Py,

Initialisation in Univis given by:
Inity(@) = (' = W', V") A Inita(W') A Initc(V') A G', V")) (5.2)
The operations of Univ are given by:

St opy (s s Y,n) =
(=W V)yan=(,p) Ah=0, ) At=(uVv)A
{[G@u, v) A Pop(i, j, u, v) A stpop, (u, i, u',0) A St ope(Vs Js Vvi,p) A
(GW', V') A Ogp(0, p; W, v, i, ], u,v)) v COP(u’, Vi, 0,p;5 0, J, u, V)]V
[—(G(u, v) A Poy(is j, 4y V) A StPop (Vs s Vs I
if 0p € OpSAU
=W VYAn=pArh=jrt=u,v)A S op(Vs J» Vv, p))

if Op € Opsyay (5.3)

The retrenchment H",Q",N",D" is given by the data:’
H@u, 1) = (t=(u,v) A Gu,v)) (5.4)
Q'Op(i, hut)y=h=>0j)HAt=Wwv)A Pop(i, J> U, v)) 5.5)

N'Op(o, nyu,t, i, hyut) =

=W, Vyan=(,p)Ah=>{J) At=u,v) A

Ogplo, p; u', V', i, j, u, v)) (5.6)
D'Op(u’, f,ooniihyut) =

=W, Vyrn=(,p)Ah=0J)) ~nt=(u,v) A

Cop(u', Vv, 0,p; i, J, U, V) (5.7
The refinement K°,R",V" is given by the data:
K@t v) = (t=(u,v) (5.8)
R op(h, j) = (h=(,)) if Op € Opsy
(h=)) if Op € OpPSyAL (5.9)
Vop(n,p) = (n=(0,p)) if Op € Ops,y
(n=p) ifOpe Opspay  (5.10)

For (1).(i), we need to check that H",Q°,N",D’ is a retrenchment. It is easy to check
that with the G,P,0,C retrenchment initialisation PO, (5.2) and (5.4) give the needed
H',Q",N'.D" initialisation PO. For the operation PO, assume H", 0"(),,, and the Op €
Ops,y case of (5.3) (of which only the G/\PO subcase is needed). It is easy to see
that one can produce a 1’ and an o (the «” and o 1n51de the ¢’ and n in (5.3)), for which
stpop, and (G AOpp)vCo (which are also in the GnPg, subcase) hold. Repackag-
ing the G’ AOq,into H' /\]\fop, and repackaging C,, into D op» We get what we need.

7. Equation (5.4) in fact abbreviates H'(u, 1) = (t = (u, v) A u = u A G(u, v)) (and then applies
the one-point rule). We use this kind of shortcut extensively in the rest of the paper.
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For (1).(ii), we need to check that K,R",V" is a refinement. For the initialisation PO,
assume Initc(v'). By (2.1), V" € ran(G); so we can find a #” and hence a ¢’ that makes
(5.2) true; this ¢ is obviously related to v' by K. For the operation PO, there are two
cases, depending on whether Op € Ops sy or Op € Opsy\ay; and the Op € Ops,y
case itself sphts into the GAP(,, and ﬂ(G/\PO ) subcases. For the Op € Ops AU Case,
assume K°, R"¢,, and stpg,.. Given K'AR ¢, either GAPy, holds (for the i, j, u, v,
inside the  and h chosen for K" AR’ Op)s Or it does not. If it does then since we have
G/\Pop/\stpopc, we can apply the G,P,0,C retrenchment’s operation PO (2.2) to get
satisfying u” and o values that make the G,P,0,C retrenchment’s simulation condition
GAP gpASIP 0p ST 0p A(G'AO )V Co)) true. This gives a stpg,,, transition ac-
cordmg to the GAP(, Subcase of the Op € Ops,y case of (5.3). If it does not, the
—(GAPop) subcase of (5.3) offersus a SIPOpy transition, —|(G/\P0p)/\stp0pc, based on
the stp ), which we assumed. In either case, all that we require of this transition is
the pI‘O]CCthIl K" /\V'O which is immediate given the first two clauses of (5.3). The
argument for the Op € OpSU\AU case is similar to the previous one, except that the
KAV g, projection is simpler.

For the birefinement claim, we need to check the converse refinement. For the ini-
tialisation PO, assume Inityy(¢"). The ¢’ obviously projects under K" to a v’ for which
Init-(v") holds. For the operation PO, let 1 -(h, Opy, n)-> t’ be a step of Univ. If r and
h project to v and j under K°AR"(,,, then ¢" and n project to v’ and p under K"AV'(,
and (5.3) confirms that v -(j, Opc, p) > V' is a step of Conc since every case of (5. g)
includes stp ., discharging the PO.

For (1).(iii), we need to check that the composition of H*,Q",N".D" and K*,R",V" (ac-
cording to (3.9)-(3.12)) yields G,GAP,0,C. But this is obvious given that K*,R",V" are
simple projections.

For (1).(iv), we note that since K'AR" (), is a total function from T X Hy,, onto V x J,,
it follows that (K"TAR™T ) ) § (K°AR® op) =1dyyy,, . Consequently, the definition of the
APP(, sets of Univ in (517 1) satisfies the stlpulatlon in (2.15) regarding the K",R",V’
blreﬁnement This completes (1).

For (2), we start with the data for the refinement K°,R°,V° which is given by:

K1) = @ve K, v) AK (V) (5.1D
R'oph™,h) = @j* R gp(h7, ) AR g,(h, ) (5.12)
Vop™,n) = @p*V,(n", p) AV 0,1, p)) (5.13)

For (2).(1), we start with the initialisation PO. Assume Inity;(¢") which gives InitcAG’
which gives InitcAK” when projected to Conc. From Init- we can derive InitxAK™’
from the K™,R™,V" refinement initialisation PO. So we have InitxA(K~'AK") which
gives InityAK"’, which is what we need. For the operation PO we argue as follows.
Let 7 -(h, Opy, n)-> ¢ be a step of Univ, and suppose that K°(1", ) AR’ op(h™, h) holds.
This implies: firstly, K~(t”, v) A K'(¢, v) for the unlque v that ¢ prOJects to under K';
and secondly, R™g,(h", j) A R op(h, j) for the unique j that i prOJects to under R". As
in the birefinement proof above, we derive a v -(j, Opc, p)-> v’ step of Conc to which
t-(h, Opy, n)-> ¢ projects. With this, and K~ /\R op» and the K™,R™, V" refinement op-
eration PO, we derive a 1™ -(h”, Opx, n")-> 1™ step of Xtra such that K’AV",, holds
for  and n~. Altogether, from step ¢ -(h, Opy, n)-> t and K°AR° op We have der1ved
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step 1~ -(h~, Opx, n™)-> £ such that K’AK’AVOPAVOP, or in other words K°'/\V°0p,
holds. This is what we need.

Beyond this, if the notion of refinement requires the use of APP(, sets, then we must
show that if a dependency like (2.9) or (2.10) holds between the APP), sets of Conc
and those of Xtra in the context of the K~,R™,V™ refinement, then a similar depend-
ency holds between the APP, sets of Univ and those of Xtra in the context of the
K°,R°,V° refinement. For thls we note that the (2.15) stipulation means that, for a
(2.9) type dependency, if APPq, (1", h™) A K™(1", v) A R™ op ) = APP(), v )
holds, then APP(), (t ) A K°(p t) /\R oph™s h) = APP(), (t h) will also hold by
composing K~ /\R op With K T/\R'T . Similarly, for a (2. 10) type dependency, again
by composing K~/\R op with K'T /\R op> 1fAPP0 ) =K, v) AR op ()]
A APP(, S(V , j) holds, then APPg, (17, h~ )<=K (r, l)/\R Op(h* h)/\APPOp (1, h) will
also hol

For (2).(ii), since K° = K" §K' T and H"$K™ = G, then H §K° = H §K 3K T = G3K'T
< H'. The last implication holds because while every 7 = (u, v) with =G(u, v) is in
ran(K’T), no such ¢ is in ran(H"). The remaining results are similar.

For (2).(iii), since K* = K §K'T, then K°§K" = K" §K'T$K" = K~ §1dy = K~ (since K'T
is an inverse function). The remaining results are similar. This completes (2).

For (3), we note that Univ itself satisfies the criteria demanded of Xtra. Therefore, if
we have a system Univ* with the properties (1) and (2) of Univ, then Univ* satisfies
the criteria demanded of Xtra too. Hence we can construct two instances of Fig. 3 as
follows. In the first, Univ is in its conventional place and Univ* replaces Xtra, and
there is a refinement K°,R°,V°, from Univ* to Univ. In the second, Univ* replaces
Univ, and Univ replaces Xtra, and there is a refinement K* ,R*,V* from Univ to
Univ#. So Univto Univ* are inter-refinable. We are done. ©

5.1 Remarks

Remark 5.2 Referring to the last clause of Theorem 5.1, the composition of
K* R* V* with K°,R°,V°, yields a refinement from Univ to itself (similarly for
Univ#*). There is no necessity for this refinement to be the identity. In particular, if
the Univ system contains internal symmetries of a suitable kind, then K*§ K" may
permute ‘similar’ states, or worse, map some of them to the same state, etc. Our no-
tion of ‘inter-refinable’ does not prevent this. Of course, if it is a permutation, then
composing it suitably with one of the two refinements yields a birefinement.

Remark 5.3 The last clause of Theorem 5.1, in effect, presents a notion of system
equivalence, namely ‘inter-refinability’. It is important to be aware that this is poten-
tially a rather weak notion of equivalence, related to notions of bisimilarity, and much
weaker than, say, set theoretic isomorphism of transition systems. Much hinges on
how strong or weak the retrieve relation connecting the state spaces is. If it is strong,
and relates a state in one system to few states in the other, then the correspondence
established can be precise and informative. If it is weak, and relates a state in one
system to many states in the other, then the correspondence established can be rather
vague. In our particular case, we had a retrieve relation that was a projection — such
a relation completely ignores what may or may not be going on in the ‘orthogonal’
component of the projected system. As a consequence of all this, the fact that a cer-
tain system might be appropriate for a certain set of requirements, does not automat-
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ically imply that a system inter-refinable with it is equally appropriate for those re-
quirements — unless one takes great care over what one means by ‘requirements’ and
‘appropriate’.

Remark 5.4 It is tempting to think that® the K°,R°,V°, arrow in Fig. 3 is the wrong
way round. Looking at the diagram, and the relative dispositions of Abs and Conc
within it, it seems that the most natural property of the Univ system to ask for is that
it furnishes the most abstract system that accomplishes the factorisation. In such a
case there ought to be a refinement from Univ to the system Xtra that accomplishes
any alternative factorisation. This was the strategy pursued in [Jeske (2005)] and ear-
lier investigations. However, looking into the mathematics of this approach, the de-
tails are neither simple nor do they suggest a straightforward integration with the oth-
er results we pursue in this paper in terms of characterising the notion of universality
that composite constructions might enjoy. The alternative, described here, focuses on
the most concrete system that accomplishes the factorisation. Now, the technical dif-
ficulties that plagued the earlier approaches just melt away. Furthermore, the com-
posite constructions that one might imagine are much more understandable. For in-
stance, imagine a commuting square of retrenchments and refinements (as occurs in
Fig. 2) abutting the Abs to Univ retrenchment of Fig. 3. Then, in a natural way, Univ
refines the system (call it Xtra) directly above it. Composing the converse refinement
directly above Abs, with the retrenchment across the top of the square, yields, in be-
nign cases, a retrenchment from Abs to Xtra which, with the Xtra to Univrefinement,
can be understood to yield an instance of Fig. 3. The alternative approach, with Univ
as the most abstract system, does not enjoy such natural properties. Another reason
to prefer the current approach, is that it allows a very natural decoupling of the APP,,
sets discussion from the remainder of the construction, giving a very generic feel to
this aspect of the theory. Again, this smooth genericity does not emerge using alter-
native approaches. In the end, the argument between ‘most abstract’ and ‘most con-
crete’ is not one that can be resolved unequivocally on meta- criteria alone, and it is
the persuasiveness of the mathematics that sways our treatment in this paper.

6 The Lowering Theorem

In this section we consider the Lowering Theorem in detail. It can be seen to be dual,
in a suitable sense, to the Lifting Theorem. The relevant part of Fig. 1 is elaborated
in Fig. 4. The given systems are Abs and Conc, with the usual retrenchment between
them. The constructed system is Univ again, and the universal nature of its relation-
ship with Abs and Conc s expressed by saying that whenever there is a system Xtra,
enjoying similar properties to Univ, then Xtra is more concrete than Univ, i.e. there
is a refinement from Univ to Xtra.

Theorem 6.1 Let Abs (with variables u, i, o) and Conc (with variables v, j, p) be
two systems, and let there be a retrenchment from Abs to Conc with retrenchment
data G, {Pg,, Ogp, Cgp, | Op € Opsyc} where Opsac is the set of common names
of related operations of Abs and Conc. Then we have the following.

(1) There is a system Univ (with variables ¢, h, n), with operation name set Opsy,
where Opsy; = Ops,, such that:

8. Translation: ‘For a long time the authors thought that ...".
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Fig. 4. The lowering construction in detail.

(i) there is a refinement from Abs to Univ (with refinement data
K'(u, 1), {Rgp» V' | Op € Ops,} say), which is a birefinement;

(ii) there is a retrenchment from Univ to Conc (with retrenchment data
H'(t,v), {Q"0p» N'op> D"0p | Op € Opsyc} say);

(iii) the composition (in the sense of the dual of (3.9)-(3.12)) of the
refinement K*,R*,V" and retrenchment H*,Q°,N°,D’ yields the
retrenchment G,GAP,0,C;

(iv) if the notion of refinement in question requires the use of APPg, sets,
then the APP(), sets of Univ are given by:

APPg, (1,h) = Fu, i« K'(u, 1) AR 0,(i, h) A APPg, (1, 1) 6.1)

(2) Whenever there is a system Xtra (with variables 7, h~, n™), with operation name
set Opsyx where Opsy = Ops,, with a refinement from Abs to Xtra given by
K~,R™,V", with a retrenchment from Xtrato Conc givenby H™,Q™,N~,D~, where
the composition of K~,R™,V" and H™,Q",N",D" yields G,GAP,0,C, then:

(i) there is a refinement from Univ to Xtra (with refinement data
Kc(ls IN)’ {ROOP, VOO[) | Op € OpSU} Sa)’)§

(i) K°SH < H" and (K°AR")§(H AQ") & (H'AQ") and
(K’AV°AR°AK)SN & N and (K”AV°AR°AK*)§D™ < D,

(i) K'$K° =K and R"§R° =R and V'§V° = V",
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(3) Whenever a system Univ* has properties (1) and (2) above of Univ, then Univ
and Univ* are inter-refinable.

Proof. For (1), we start by completing the details of Univ, and of the refinement
K',R",V" and retrenchment H',Q°,N",D°. Assuming the usual conventions for Abs and
Conc, the state space of Univiste T =U x V. There are two cases for the input and
output spaces of Univ. If Op € Opsyc (in other words Op € Ops,c), then we have
he Hp, =1, xJop, n € N, =0g, X Pg,,. However if Op € Opsyyyc (in other
words p € 6pSA — OpSAC = OpSA\AC)’ then h € HOP = IOp’ ne NOP = OOp'

Initialisation in Univ is given by:
Inity (1) = (' =W, V') A Initpa(1)) (6.2)
The operations of Univ are given by:

Stpopt hs s n) =
(=W V)Arn=(o,p) Nh=(,j) At=(u,v) Astpg,, W, i, u, 0))
if Op e OpSUC
=W, VYAn=0oArh=int=(u,v)A Stpop (U, 1, u', 0))

if Op € Opsyywc (6.3)
The refinement K°,R",V" is given by the data:
K@t = (t=(u,v)) (6.4)
R op(i, h) = (h=(,)) if Op € Opsyc
(h=i) if Op € OpsywC 6.5)
Voplo,n) = (n=(o,p)) if Op € Opsyc
(n=0) if Op € Opsy\wc (6.6)
The retrenchment H*,Q°,N",D" is given by the data:
Ht,v) = (=, v) AGu,v)) 6.7)
Qoop(h, Jtv)y = (h=>0)At=Wv)A Pop(i,j, u,v)) (6.8)

Nop(n, pit, VvV, hj,t,v) =
=W VYAn=(,p)Ah={, ) At=(u,v) A
O0p0, p; w, Vv, i,j,u,v)) (6.9)

D'OP(I’, VvVion,pih,j,t,v) =
(=W V)yAan=(,p) Ah=(,)) At=(u,v)A
Cop(u', Vi, 0,p;i,J,u,v)) (6.10)

For (1).(i), we need to check that K°,R",V”" is a refinement. For the initialisation PO,
suppose Inityy(¢') holds. Since this implies Inita(u”) for the «” inside ¢, and K" projects
¢ to u’, the PO is discharged. For the operation PO, suppose we have a step of Univ
t -(h, Opy, n)-> t', and K'(u, 1) A R'Op(i, h). The Univ step clearly contains an Abs
step, u -(i, Opa, 0)-> u’, in which u” and o are the projections of ¢ and n under
K”AV" - The latter is regardless of whether the projections R, and V"¢, belong
to the Op € Opsyc or Op € Opsyyc cases. This gives us what we need.

Regarding the birefinement claim, for the initialisation PO, let Init,(4”) hold. Then
K'(«', ) holds for any v where ¢’ = (u’, V"), which is enough for (6.2), discharging the
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PO. For the operation PO, suppose that we have a step u -(i, Op, 0)-> 1’ of Abs, and
Ku,HAR op(is h). The Abs step extends to any Univ step, t -(h, Opy, n)-> ¢ such
that ¢ and n prOJect via KAV’ 5, to u” and o, discharging the PO. Again, this works
regardless of whether the projections R’ op and V'Op belong to the Op € Opsyc or
Op € Opsyyyc cases.

For (1).(ii), we need to check that H",Q",N°,D" is a retrenchment. For the initialisation
PO, suppose Initc(v') holds. Then by (2.1), there is a u” such that Initp(u") A G(u’, V')
holds. But this equivalent to Inify;(t') A H'(¢, V') for the obvious ¢, discharging the
PO. For the operation PO, suppose that we have H" and Q" op and sipg,, .. Then we
combine the G and P, inside H and Q" op With stpg, . and the G,P,0,C retrenchment
operation PO (2.2), to derive a step u -(i, 0p A» 0)-> u of the Abs system for which
(G’ A00p)vC0p holds. Repackaging the G’ AOg), into HYAN' op» and repackaging
Cp, into D’ op» We get what we need.

For (1).(iii), we need to check that the composition of K*,R",V" and H",Q",N°,D" (ac-
cording to the dual of (3.9)-(3.12)) yields G,GAP,O,C. But this is obvious given that
K',R",V" are simple projections.

For (1).(iv), since K"TAR™ 5, is a total function from T x Hy), onto U x l5,,, we have
(K'AR0,) 8 (K'TART ) = Idel Consequently, the definition of the APP), sets of
Univ in (6 1) satisfies the stlpulatlon in (2.15) as regards the K",R",V* birefinement.
This completes (1).

For (2), we start with the data for the refinement K°,R°,V° which is given by:

K@t,t)= QueK(u,)AK 1)) (6.11)
Rooph, 1) = @ie R gplis 1) AR 0, 7)) (6.12)
Voop(n,n™) = 3o Vyo,n) AV g,(0,n7)) (6.13)

For (2).(i), we must show that K°,R°,V° is a refinement. For the initialisation PO, let
us assume Initx(¢”™). Since K~,R™,V™ is a refinement, there is a u” for which Inits(u”)
AK (', ) holds. Since Initp(u’) holds, taking any v" and setting ¢’ = (u’, V'), we get
Inity(1) by (6.2). We also have K'(u’, '), so K°(, t”) holds by (6.11) and we are done.
For the operation PO, let 1™ -(h™, Opx, n™)-> £’ be a step of Xtra such that K°(z, 1) A

R’ gp(h, h7) also holds. From K°AR’,,, which is K'AK"AR AR p, We get a u and
i such that K"AR" ,, holds, Whereby, since K*,R™,V" is a reﬁnement we can find a
step of Abs, u -(i, OpA, 0)- u’ such that KAV~ holds for u” and 0. This Abs step,
and K"AR"(y,,, can be combined with the fact that K' R",V" is a birefinement, to derive
a Univ step t -(h, Opy, n)-> ¢’ for which K™ /\V'Op, and hence K’ AV op» holds for v
and n. This discharges the PO.

Beyond this, if the notion of refinement requires the use of APP(, sets, then we must
show that if a dependency as in (2.9) or (2.10) holds between the APP(), sets of Abs
and those of Xtra in the context of the K~,R™,V™ refinement, then a similar depend-
ency holds between the APP), sets of Univ and those of Xtra in the context of the
K°,R°,V° refinement. For thls we note that the (2.15) stipulation means that, for a
(2.9) type dependency, if APPg, (u, 1) A K™(u, 1) A R™ (i, )= APPg, (17, h)
holds, then APTO tW)AK(,t )/\R (h, )= APPg, (t h™) will also hold by
composing K~ AR TO with K°AR" op- § imilarly, for a (2.10) type dependency, by
composing K TAR™ TO with K°AR’ op again, if APPOpA(” N&EK u,t)AR Op(l h")
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A APP(, (7, h7) holds, then APP(y,, (1, h) < K@) A R°0p(h, h") A APPg,, (7, h7)
will also hold.

For (2).(ii), since K° = K’'TgK™ and K"§H™ = G, then K'§H = K'T3K SH = K'T3G
< H'. The last implication holds because while every ¢ = (u, v) with = G(u, v) is in
dom(K"T), no such 7 is in dom(H"). The remaining results are similar.

For (2).(iii), since K* = K'T§K™, then K'§K° = K"§K'T§ K~ = 1d7$K~ = K~ (since K'T
is a function). The remaining results are similar. This completes (2).

For (3), we note that Univ itself satisfies the criteria demanded of Xtra. Therefore, if
we have a system Univ* with the properties (1) and (2) of Univ, then Univ* satisfies
the criteria demanded of Xfra too. Hence we can construct two instances of Fig. 4 as
follows. In the first, Univ is in its conventional place and Univ* replaces Xtra, and
there is a refinement K°,R°,V° from Univ to Univ*. In the second, Univ* replaces
Univ, and Univ replaces Xtra, and there is a refinement K* ,R*,V* from Univ* to
Univ. So Univto Univ* are inter-refinable. We are done. ©

6.1 Remarks

The following mimic corresponding remarks in Section 5, so are stated briefly.

Remark 6.2 Asin Remark 5.2, the composition of K*,R*,V* with K°,R°,V° need not
be the identity. As there, if it happens to be a permutation, we can recover a birefine-
ment.

Remark 6.3 AsinRemark 5.3, the ‘inter-refinability’ notion of equivalence is weak-
er than a given requirements context might need, so should be used with care in an
applications scenario.

Remark 6.4 Asin Remark 5.4, it is tempting to think that the K°,R°,V" arrow in Fig.
4 is the wrong way round. However the comments in Remark 5.4 apply just as
strongly here, though in a suitably dual sense.

7 The Postjoin Theorem

In this section we consider the Postjoin Theorem in detail. The relevant part of Fig.
2 is elaborated in Fig. 5. The given systems are Abs together with Ref and Ref.
There is a retrenchment from Abs to Ret and a refinement from Abs to Ref, the data
for these being the usual ones. The constructed system is Univ, with a retrenchment
from Refto Univ and a refinement from Ret to Univ. The universal nature of the
relationship between Univ and the other systems is expressed by saying that when-
ever there is a system Xtra, enjoying similar properties to Univ, then Xtra is more
concrete than Univ, witnessed by ‘in simulation’ relationships between the transi-
tions of Univ and Xtra, strengthened under relatively benign conditions, to a re-
trenchment —and still further to a refinement— from Univto Xtra.

Theorem 7.1 Let Abs (with variables u, i, o, operation names Ops ) and Ret (with
variables v, j, p, operation names Opsy) and Ref (with variables w, k, ¢, operation
names Opsg) be three systems. Let there be a retrenchment from Abs to Ret with
retrenchment data H, {Q,, Nop, Doy, | Op € Ops zp} where Opsr is the set of com-
mon names of related operations of Abs and Ret. Let there be a refinement from Abs
to Ref with refinement data K, {Ry,, Vo, | Op € Ops, = Opsg} where Ops, is the
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Fig. 5. The postjoin construction in detail. The pseudoretrenchment
G*,G*AP*,0™,C* (not shown) connects Ret to Ref.

H, Q" ,N,D"

retrenchment

set of operation names of both Abs and Ref. Suppose, for all Op, that HAQ, is a
non-empty relation. Then we have the following.

(1) There is a system Univ (with variables ¢, &, n), with operation name set Opsy,
where Opsy; = Ops, such that:

(1) there is a refinement from Retto Univ (with refinement data
K'(v, 1), {Rop, V' | Op € Opsy = Opsy} say);

(ii) there is a retrenchment from Refto Univ (with retrenchment data
H.(W, l), {Q.Op’ N.Op’ D.Op | Op € OpsFU} Say);

(iii) the composition of the pseudoretrenchment H',QT.NT,DT with the
refinement K,R,V yields a pseudoretrenchment G*,G*AP*,0%,C%,
which is also given by the composition of the refinement K°,R",V*
with the pseudoretrenchment H'T,Q"TN*T,D'T;

(iv) each transition of Univ is in simulation with a transition of Ref, and if
Op € Opsgy, it is also in simulation with a transition of Ref, and in the
latter case, any such pair of Ret and Reftransitions are in simulation via
the pseudoretrenchment G*,G*AP*,0%,C*%;

(v) if the notion of refinement in question requires the use of APP), sets,
then the APP(, sets of Univ are given by:

APPq, (t,h) = (T v, j* K'(v, 1) AR ,(j, h) A AP, (1, ) 7.1
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(2) Whenever there is a system Xtra (with variables t~, 4™, n™), with operation
name set Opsy where Opsy = Opsr, with a refinement from Ret to Xtra
given by K~,R™,V~, with a retrenchment from Refto Xtra givenby H~,Q",N",D",
where the composition of the refinement K~,R™,V™ with the pseudoretrenchment
HT.0"TNT.D™T yields the pseudoretrenchment GX,G*AP*,0%,C, where
each transition of Xira is in simulation with a transition of Reft, and if
Opx € Opsgx it is also in simulation with a transition of Ref, and
where in the latter case any such pair of Retand Ref transitions are
in simulation via the pseudoretrenchment G*,G*AP*,0*,C*, then:

(i) there exis't refinement data, K°(¢, 1), { R°0p, V°0p | Op € Opsy} say,
from Univto Xtra, via which, every transition of Xtra is in simulation
with a transition of Univ;

(ii) there exist retrenchment data, H°(z, ), {Q°0p, N°0p, D°0p | Op € Opsy}
say, from Univ to Xtra, via which, every Opx € OpSgx transition of
Xtra is in simulation with a transition of Univ, and if it also holds that
(Vve3du,we—=H(u,v) A K(u, w)), then every other transition of Xtra
is also in simulation with a transition of Univ;

(iii) K'$K° =K~ and R°§R° = R™ and V'§ V" = V™

(iv) H"$H® = H™ and for Opx € Opsgx, (H'AQ")$(H° AQ°) = (H" AQ")
and N§N° =N and D'§D° < D~

(v) there exist retrenchment data, HK"(¢, t7), {QR°OP, NV°0p, DV"Opl

Op € Opsy} say, from Univto Xtra, via which, every transition of
Xtra is in simulation with a transition of Univ.

(3) Whenever a system Univ* has properties (1) and (2) above of Univ, then
Univ and Univ* are inter-simulable.

(4) There is a retrenchment from Abs to Univ (with retrenchment data G(u, 1),
{Pop, Oops Cop | Op € Opsay} say), given by the disjunctive fusion
composition of two retrenchments (a) and (b): (a) is the vertical composition
of H,Q,N,D with K°,R",V"; (b) is the vertical composition of K,R,V with
H, Q" N'.D".

(5) Suppose that:

(dom(KARAK' AV) SHAQAH AN)(u, v, i, j, ', V', 0, p) A

(dom(HAQAH'AN) < KARAK AV)(u, w, i, k, ', W', 0, @) A

(dom(KAR) <HAQ)(, j, u, v) A (dom(HAQ) < KAR)(i, k, u, w) =
(dom(KARAK' AV) SHAQAH AN)(u, v, i, j, ', V', 0, p) A
(dom(HAQAH'AN) < KARAK AV)(u, w, i, k, u', W', 0, q) (7.2)

(dom(KARAK' AV) SHAQAD)(u, v, i, j, u', V', 0, p) A

(dom(HAQAD) < KARAK' AV)(u, w, i, k, u’, W', 0, ¢) A

(dom(KAR) <HAQ)(, j, u, v) A (dom(HAQ) <KAR)(i, k, u, w) =
(dom(KARAK' AV) SHAQAD)(u, v, i, j, u’, V', 0, p) A
(dom(HAQAD) <{KARAK' AV)(u, w, i, k, u’, W', 0, q) (7.3)

then:
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(i) there is a retrenchment from Univ to Xtra, with the data given in (2).(v).
[N.B. If the relations mentioned in (7.2) and (7.3) are
functions (with Ret and Ref values as domain and Abs
values as range), then (7.2) and (7.3) are satisfied.]

(6) Referring to the data given in (2).(v), provided that (in addition to (7.2)
and (7.3)):

@ R 0" e stpop, (7, W7, 17, n7) A@Q L HK (£, 1) A
@A, hh,n,n" e DV°0p(t’, onnT h b)) =
HK({, 1) (7.4)

then:

(i) the retrenchment of (5).(i) from Univ to Xtra, strengthens to a refinement,
(with refinement data KK°(¢, 17), {RR°Op, VV°0p | Op € Opsy} say);

(i) if the notion of refinement in question requires the use of APPg, sets,
then the APP), sets of Xtra need to satisfy:

APP(, (1, h) A KK™(t,17) A RR g, (h, ™) s
KK*(1,1") ARR® g, (h, h™) A APPqy, (7, h7) (7.5)

(7) Whenever a system Univ* has properties (1) and (2) above of Univ, and
in addition the properties noted in (7.2)-(7.3) (further in (7.4), and if needed,
(7.5)), then Univand Univ* are inter-retrenchable, (resp. further inter-refinable).

Proof. For (1), we start by completing the details of UniV, of the refinement K*,R",V",
and of the retrenchment H*,Q°,N°,D°. Adapting the usual notational conventions in
the anticipated way for Ret and Ref, the state space of Univisre T=UXxV xW
(where U is the state space of Abs, V is the state space of Retand W is the state space
of Ref). Predictably, there are two cases for the input and output spaces of Univ. If
Op (S OpSFU OpSAT’ then h e HO = IO X JO X KOP andn e NO = OOp X PO
X QO However if Op € Opsyru» then /1 € HO =Jop-n€ Ng, = POp We start
by giving the data for the refinement and retrenchment

The refinement K°,R",V" is given by the data:

K1 = (t=,v,w) A Ku, w)) (7.6)
R oplis ) = (h= i, j, k) A Ropli, 1) if Op € Opspy
Vopp, n) = (n= (0, p, q) A Vg0, q)) if Op € Opsgy
(n=p) if Op € Opsy\ry (7.8)
The retrenchment H*,Q°,N",D" is given by the data:
Hw, 1) = (t=(u,v,w) A Hu,v)) (7.9)
Q'Op(k, how,t) = (h=0,j, k) At=(u, v, w) A Qop(i, J> U, v)) (7.10)

N.Op(q7 n; W’a t/’ ka h’ w, t) =
=, vy WAL=, Lk)At' =W vV, Ww)an=(0o,p,q) A
Noy(0, p; W, Vv, i, J,u,v)) (7.11)
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D'OP(W’, g,k hywt) =
t=w,vywW)Ah=>U,j LA =WV, W)an=(o,p,q) A
DOp(u,s V,’ o, p; i’ j9 u, V)) (712)

We need these relations to define the Univ system itself, so we start by checking
(1).(iii). We first calculate G*,G*AP*,0*,C* for Op € Opsgy, as the composition of
the pseudoretrenchment HT QT NT,DT with the refinement K,R,V. The fact that the re-
sult is also equal to the composition of the refinement K°,R*,V" with the pseudore-
trenchment H'1,Q"T,N"T,D"T follows by inspection.

GXv,w) = H'$K = us Hu, v) A K, w)) = K $H'T (7.13)

G*AP* 5, A((G AO™ )vCXOP)(v, w, kv, w,p,q) =
@p T 9&7 T T 0 d —
(H /\Q Op/\((H AN Op)\/D Op)) 9 (K/\Rop/\K /\Vop) =
Qu,i,u’, 0 Hu, v) A Qopis J, u, v) A
((HW', V') A Nop(o, p; w, Vv, i,j,u,v)) v Dap(u’, Vi,0,p;i,J, u, V) A
K(u, w) A Rop(i, k) A KW', w') A VO{Z(O, Q) =
(K°AR o AK AV )8 (HTAQ T o A(HVANT 5, )vD™ ) (7.14)

The Univ system itself is now given as follows. Initialisation in Univ is given by:
Inity (1) = (¢ =W, V', w') A Initp(V) A K (V' 1) A InitgW') A H(W, 1)) (7.15)
The operations of Univ are given by:

Stpopyt s s n) =

=, vy WAL=, kAt =W, V,w)an=(0o,p,q A

[5tP0p (Vs Vi, ) A K (0, ) AR 0, 1) A KOV, 1) AV (P, )] A

[StpOpF(W7 k’ W,’ ‘]) A H.(W’ t) A Q.Op(ka h’ w, t) A

((H.(W/’ t’) A N.Op(qa n; W’a t,, ka h9 w, t)) Vv D.Op(w/’ t,’ q, n; k, h’ w, t))])

if Op € OpSFU

=, vy WAh=jAL=0W ,V,W)An=pA

[StpOpT(V’ j’ V,’ p) A K(V, t) A R.Op(j’ h) A K’(V’, t’) A vOp(p, n)])
if Op € OpSU\FU (716)

For (1).(i) we check that K*,R",V" is a refinement. For the initialisation PO, suppose
we have Inity(t"). Then by (7.15), we have Initp(v') A K'(V', ) for the v' in ¢/, which
is enough. For the operation PO, suppose Op € Opsgyy. Then, if we assume K'(v, 7)
A R'Op(j, h) A stpop,(t, h, ¥, n), we see that (7.16) furnishes us a S op (Vs s v, p)
(with K°(v', ) A op(p> n) holding as required), which is what we need. If Op €
Opsy\rus the argument is similar.

For (1).(ii) we check that H,Q",N°,D’ is a retrenchment. For the initialisation PO,
suppose we have Inity(1"). Then by (7.15), we have Initg(w’) A H' (W, 1) for the w” in
¢, which is enough. For the operation PO, let us assume H'(w, £) A Q'Op(k, h,w, ) A
stpopy(t, h, ', n). Then we see that (7.16) furnishes us a stpopF(w, k, w’, q) (with
(H'AN' 9,)VD" g, holding as required), which is what we need.

For (1).(iv), it is clear from the arguments above that each step ¢ -(h, Opyy, n)-> t’ of
Univ is in simulation with (in the refinement sense) its constituent SIp op, transition,
and, if Op € Opsgy, is in simulation with (in the retrenchment sense) its constituent
SIpopy, transition. (These stpg),. and sip g, transitions are obviously unique since the
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data for the H',Q°,N",D" retrenchment and the K",R",V" refinement are functional from
Univ to Ref and Ret respectively.) When Op € Opsgy, the fact that the mentioned
SIp oy, transition and sipg,,. transition are in simulation via the pseudoretrenchment
GX,(g AP*,0%,C* is evident, since the data for the latter is directly present in (7.16).

For (1).(v), since K* T/\R°T0 is a function (in general partial) from T X H,, onto
V x Jgp, we have (K'AR () § (K TART ) = Idyyy op" Consequently, the definition of
the APy, sets of Univin (7.1) satisfies the condition in (2.15) as regards the K,R",V*
refinement, and consequently satisfies an APP(, requirement of either the (2.9) or
(2.10) form. This completes (1).

For (2).(i), we start with the refinement data K°,R°,V° which is given by:

K@) = @veKWH)AK (1)) (7.17)
Rop(h, B7) = 3j* R 0,0, ) AR 0, B)) (7.18)
Voopn,n™) = @p Vo, n) AV gp(p, n7)) (7.19)

We must show that every transition of X#ra is in simulation with a transition of Univ
via (7.17)-(7.19). Suppose that Op € Opsgy, and let #™ -(h~, Opx, n™)-> t” be a step
of Xtra. By assumption, ™ -(h~, Opx, n”)-> t” is in simulation with some step of Ret,
v -(j, Opt, p)-> V' say, via K",R™,V", and is also in simulation with some step of Ref,
w -(k, Opg, q)-> W’ say, via H",Q",N",D"~. These two steps are in simulation via
G*,G*AP*,0%,C*, also by assumption. But this means that they also determine a step
of Univ, t -(h, Opy, n)-> ¢’ say, by (7.16), as seen above. This Univ step is in simula-
tion with the Ret and Ref steps, via the K°,R",V" refinement and the H',Q°,N°,D" re-
trenchment. Composing the K°,R",V" simulation with the K™,R™,V™ simulation now
yields the result.

Suppose alternatively that Op € Opsx\px, and let 1~ -(h™, Opx, n”)-> t~ be a step of
Xtra. By assumption, ™ -(h~, Opx, n”)-> ¢’ is in simulation with some step of Ret,
v -(j, Opr, p)- V' say, via K~,R™,V". To get a simulation with a Univ step, referring
to the Op € Opsypy case of (7.16), it is sufficient to establish K'AR’,AK"AV ¢,
for the Ret step. For this, it is enough to find any u, w, u’, w’, such that K(u, w) and
K(u’, w’) hold (whence we can get K'AK” via (7.6)). Beyond this, v -(j, Opr, p)-> V'
gives us j, p, (wWhence we can get R* ) AV, via the Op € Opsx\px cases of (7.7) and
(7.8)). Composing the K°,R",V" simulation with the K™,R™,V~ simulation now yields
the result.

For (2).(ii), we start with the retrenchment data H°,Q°,N°,D°. This is the vertical
composition of the H~,Q",N~,D~ and H'T,Q°TN'T,D"T data, suitably modified by the
refinement data K°,R°,V° just above, and is given by:

H(, 1) =
[@weH W, HAH (W, )]V
[F@weH W NDA=@AweH WMD) A@veK W )AK (1)) (7.20)

O oplh, I, 1,17) =
Ak,weHWW,HAH (W, ) A Q.Op(k, hw ) A QNop(k, h~,w, 7))
if OP € OpSFX
(3j* R oplis 1) A R, H) if Op e Opsypx  (7:21)
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N°0p(n, n 0t h kT ) =
Aw, k,w,qge N'OP(q, mw, 'k, h,w, t) A N gplq, n™; w7k, b, w, 1))
if OP € OpSFX
@p e Vopm) AV gpp. 1) if Op € Opsyx (7.22)

Dot 7 n,n" h W, 1) = @w kv, qe
{[H W, 1) AN op(q, s W', £, k, b, w, ) A
D oW, 7 g, n" kW w, )] v
[D'Op(w’, g, nsk hyw, ) A
H W, ) A N op(q, n"; w,t kb, w, )] v
[DopW's 1, g, 5k, hyw, 1) A
DNOP(W', g, 0 kW, w, )]}
if 0p € OpSFX
false if 0p € OpSX\FX (723)

We must show that every step of Xtrais in simulation with a step of Univ via (7.20)-
(7.23). Let Op € Opsgy, and lett™ -(h~, Opx, n™)-> £ be a step of Xtra. By assump-
tion, 1~ -(h”, Opx, n”)-> t™" is in simulation with a step of Ret, v -(j, Opr, p)-> V' say,
via K~,R™,V~, and is also in simulation with a step of Ref, w -(k, Opg, ¢)-> w’ say, via
H™,Q07,N",D~. These two steps are in simulation via G*,G*AP*,0%,C*, also by as-
sumption. Therefore they determine a step of Univ, ¢ -(h, Opy, n)-> ¢’ say, by (7.16),
as we saw above. This Univ step is in simulation with the Ret and Ref steps, via the
K',R",V" refinement and the H",Q",N",D" retrenchment. Composing the H ,Q°,N",D*
simulation with the H~,Q7,N~,D~ simulation now yields a formula of the shape
H'AQ'OP/\HN/\QNOP/\((H"/\N'O )vD'Op)/\((HN’/\NNO )vD” g,) which relates the
Univ and Xtra steps. We apply tﬁe distributive law to tlfe last two conjuncts, getting
((H"AN'OP/\H~'/\N~OP)v(H"AN'OP/\D~OP)v(H~'/\N~OPAD'Op)v(D'Op/\D~0 ).
The last three disjuncts of this yield D" y,,; the preceding disjunct gives HAN° op uti-
lising the first disjunct in (7.20) for H*"); and the remainder gives H ‘A’ op (again uti-
lising the first disjunct in (7.20) for H°). So we have what we need.

Now let Op € Opsxgx, and let 1~ -(h~, Opx, n”)-> ™’ be a step of Xtra. We have two
things to do. Firstly, we must find some suitable values ¢, A, ', n, such that they make
a Univ transition for the Op € Opsx\gx case. For this it is enough (according to
(7.16)) to establish St Op (Vs Js v/, p) for the v, j, V', pin ¢, h, ¢, n, and also that
K AR’OP/\K' ‘AV' ), holds gor t, h, ', n — the latter splits into four independent sub-
problems, one eacﬁ for K°, R'Op, K, V'Op, since (7.16) does not otherwise constrict
the values in the Op € Opsx\px case. Secondly, for these same values ¢, &, ', n, we
must establish the simulation relation, H °AQ°OP/\H “AN’ g, (since Dy, being false
in the Op € Opsx\px case precludes establishing the concession variant) — noting
that, via (7.21)-(7.22), Q" g, and N° 5, depend only on inputs and outputs respectively
in the Op € Opsx\px case, again splits this into four independent subproblems, one
each for H°, Q°0p, H, N°0p.

By assumption, the step ¢~ -(h~, Opx, n”)-> t of Xtra is in simulation with a step of
Ret, v -(j, Opy, p)-> V' say (which gives us the first thing we need for (7.16)), via
K™,R",V". Noting that R"¢,(j, h) = (h = j) and also that V', (p, n) = (n = p), together
with R™and V™ and (7.21)-(7.22), gives us R’ 5, and V", and Q" p,, and N°5,,, leaving
K',K”,H°, H” to do. We consider K" and H", since the argument for K" and H*" will
be similar. For the Xtra step, we have K™ (v, t”) already. Now either H™(w, ) holds
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for some w, or not. If it does, then H™(w, ) and K™ (v, 1) compose to give G*(v, w),
so by (7.13), there is a u such that both K(u, w) and H(u, v) hold. The latter is enough
to give H (w, 1), where ¢ = (u, v, w). Composing H™(w, ) and H'(w, 1) gives the de-
sired H’(t, t7) via the first disjunct of (7.20). Since G*(v, w) also gives K'(v, 1) and
H'(w, 1), we have the desired K'(v, f) too, completing this case. Suppose now that
H™(w, t”) does not hold for any w. Then we have to establish the second disjunct of
(7.20). This means that as well as —(3 w ¢ H™(w, t”)) which we assume, we have to
prove =(Aw e H'(w, ) A(@v e K'(v, 1) A K~(v, {")) for suitable w and ¢ — for this we
use the additional assumption (V v * 3 u, w « —H(u, v) A K(u, w)). Since we know
K (v, ), we use the assumption to choose # and w such that —H(u, v) and K(u, w)
both hold. From this, setting 7 = (u, v, w), we deduce firstly that —(3 w * H'(w, 1))
holds from (7.9), and secondly that K"(v, r) holds from (7.6). This discharges second
disjunct of (7.20), completing (2).(ii).

For (2).(iii), since K* = K'T§K™, then K'§K° = K'§K"T§ K~ = 1dy§ K~ = K~ (since K'T
is a partial function). The remaining results are similar.

For (2).(iv), since H® = [(H'T§H )V(—H'T§—=H)AK'T§K™))], we derive that H' H°
= H§[(HT$H )V(—~HT§—H )AK'T$K™))] = Idws H™ = H™ (since H'T is a partial
function, and H"... and —H"T... are disjoint). The derivation of N°§ N° = N™ is similar
to that of the results in (2).(iii). Now, consider D*§D° where D° is given by (7.23).
The term D'TAD™, which occurs disjunctively in (7.23), shows that D*§D° contains
D*$D§D” = Idwyk,, xWxQ,,$ P~ =D". Since (7.23) also contains other disjuncts,
we derive D"§D° < . Finaﬁy, by assumption, HAQ is a non-empty relation. This
makes HTAQ'T a non-empty (partial) function which is onto W x K,,,. Therefore
(H'AQ)$(H AQ") = (H"AQ") can be shown in the same way as other similar results,
such as N'§N° = N~ and the ones in (2).(iii).9 We are done.

For (2).(v), we start with the retrenchment data HK*,QR°,NV°,DV° which is given by
(7.24)-(7.27). Note that, aside from the retrieve relation HK", which is disjunctive in
structure and simpler than just a combination of the retrieve relations (7.17) and
(7.20), the remaining data is a suitable conjunction of the data in (7.17)-(7.19) with
the data in (7.20)-(7.23):

HK(t, ) = K@, ) = (t=, v, w) A
([(H'W, ) AH (W, O] VIKWHAK )]} (7.24)

OR gp(h, ™, 1,17) =
=W, vyw)yAh=~>,J k) A
H (w, ) AH (W, 1) A Q gk, by w, 1) A Q7 (ks B, w, 1) A
KW, HAK W) A R'Op(j, h) AR g, 1))
if Op € OpSFX
=W, v,w)Ah=jA
KW HOAK W) A R'Op(j, h) AR g, 1))
if Op € OpSX\FX (725)

9. For other similar results, the non-emptiness of the partial function follows from the assumed
non-emptiness of the underlying relation, via Assumption 1.1. For HAQ, non-emptiness does
not follow from non-emptiness of H and Q individually.

27



NV°0p(n, n 0, h k) =
t=w,vywW)Ah=>U0,J LA =WV, W)an=(o,p,q) A
N'Op(q, mw, t, k h,w,t) A N op(g, 17 w, e k,hT,w, ) A
KA R'OP(]', HAKG,E)A V'Op(p, n) A
K0 ) AR 0 B AK (/s ) AV gp(py 1)
if OP € OpSFX
(n=pna V'Op(p, n) A V”Op(p, no)) if Op € Opsx\px (7.26)

DV o (¢, 17 n,n"s hy k™, 1, 17) =
t=w,vywW)Ah=>U0jLkAt =WV, Ww)an=(o,p,q) A
([HW, ) A N'Op(q, mw, ',k hw, t) A

D™ o,W, 17 q,n” sk, h™ w, )] v
[D'Op(w', Uog,nsk hw, t) A

HW, ) A N gplg, n™; w,t k,hT,w, )] v
[D'Op(w', Uog,nk hw,t) A

D~Op(w', g, n" kW, w )]} A
K' (v, 1) AR 0ps B) AK (V1) AV 0, (D, 1) A
K0 ) AR 0o B AK (/s ) AV g(p, 1)

if Op € Opsgx

false if Op € Opsx\px (7.27)

In the terminology of [Banach et al. (2008)], and aside from the properties of the re-
trieve relation already noted, the composition of (7.24)-(7.27) is a blend of: on the
one hand, conjunctive fusion composition (since the state and the I/O spaces are
(partly) the same), and on the other, synchronous parallel composition (since the state
and the I/O spaces are (partly) different), of the refinement data (7.17)-(7.19) and the
retrenchment data (7.20)-(7.23).

With the retrenchment data in place, the argument is now largely a replay of the
proofs of (2).(i) and (2).(ii). Starting with an Op € Opsgx step of Xtra we infer Ret
and Ref steps from the refinement and retrenchment from Ret and Ref to Xtra.
These are in simulation via G*,G*AP*,0*,C* by assumption, and determine a step of
Univ, as before. The conjunction of all the facts established along the way, via both
Ret and Ref, establishes the simulation between the Univ and Xtra steps via (7.24)-
(7.27). The Op € Opsx\rx case is a simplification of the the analogous case in
(2).(i1) because of the simpler structure of the retrieve relation here — it is sufficient
to rely on the truth of K* and K~, without having to worry about whether H® and H~
do or do not hold for particular values of w. This completes part (2).

For (3), we note that Univ itself satisfies the criteria demanded of Xtra. Therefore, if
we have a system Univ* with the properties (1) and (2) of Univ, then Univ* satisfies
the criteria demanded of Xfra too. Hence we can construct two instances of Fig. 5 as
follows. In the first, Univ is in its conventional place and Univ* replaces Xtra, and
there are refinement data K°,R°,V° and retrenchment data H°,Q°,N°,D° from Univ to
Univ*. In the second, Univ* replaces Univ, and Univ replaces Xtra, and there are
refinement data K*,R*,V* and retrenchment data H* ,Q* N*,D* from Univ* to Univ.
So Univ to Univ* are inter-simulable by the arguments above.

For (4), we just observe that disjunctive fusion composition of retrenchments, and the
vertical composition between retrenchments and refinements (both ways round) are
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sound composition mechanisms. For the record, we present the composed retrench-
ment data:

Gu, 1) = (1=, v, w) A{[H(u, v) A K, w)] v [K(u, w) AH(u, )]} (7.28)

Pop(i, hut)y = (h=~0JkAt=Wv,w) A
{[K(Z> W) A ROp(l’ k) A H(M, V) A QOp(ls j’ u, V)] v
[K(u, w) A Rop(i, k) A H(u, v) A Qop(L, i 4, v)T}) (7.29)

Ogplo, n; w,t, i, hut) =
t=Ww,vywWAh=0U0j LAt =W, vV, Ww)an=(0,p,q A
{[HW, V') A K(u, w) A Ropis k) A K, w') A Vop(o, @) A
Noplo, ps u', V', i, j, u, v)] v
[H', V') A K(u, w) A Rop(i, K AKW,w) A VOP(Q, q A
Noplo, p; w, Vv, i, u, v)| v
[K(u, w) A Rop(i, k) A K(u', w') A Vi,(0, ) A
Noy(o, p; W, V0L j, V) A Noy(o, p; W, V', i, j, u, v) A
K(u, w) A Rop(i, k) A KW', w') A Voplo, 91} (7.30)

Cop(u’, Y,oonii hyut) =
(=@ vwyAh=@jHAl=W,V,w)An=(0p, g A
{[DOp(u,’ V’? o, P, i’ j7 u, V) A K(E5 W) A ROp(L’ k) A K(Z/’ W’) A VOp(Q7 ‘1)] \%
[K(u’ W) A ROp(l’ k) A K(u,, W’) A VOp(09 C]) A DOP(E” V,’ o, p; i’ j, u, ‘E’)7] ;)1)

For the remainder of the theorem, we work under the additional assumptions stated
in (5) and (6).

For (5), we must show that the retrenchment data in (7.24)-(7.27) supports an actual
retrenchment from Univto Xtra. So we must prove that the initialisation PO and the
retrenchment operation PO both hold with (7.24)-(7.27).

For the initialisation PO, assume Initx(r™"). We must find a ¢* such that Inity;(t') A
HK’(?, t”) holds. Since K™,R™,V" is a refinement, there is a v" for which Initt(v') A
K~ (v, ") holds. Also, since H~,0~,N~,D" is a retrenchment, there is a w’ for which
Initg(W) A H" (W', ) holds. Since we have K~ (v', ") A H (W, '), we also have
G*(v', w’) by assumption. So there is a u” such that Hu’, v) A K(u’, w") holds by
(7.13), and so, for this u’, K'(V', ) A H (W', t) holds, where ¢ = (u’, v/, w"). So we
have Init('), by (7.15). Along the way we have established K'(v', ©) A K°(V', ) A
HW, ) AH (W, ), which with ¢ = (u’, v/, w’), gives both disjuncts of HK(t, t7).
So we are done.

For the operatlon PO, assume Op € Opsgy, and HK'(1, ™) A OR’ op (h, ", t, 1) A
stpop , 7, n7). We need a Univ step ¢ -(h, OpU, n)-> t', such that ((HK (7, ")

VXO (n n e, h kT, ) vDV"Op(t 7, n,n"; h, k™, t, 7)) holds. Suppose
t— (u, v, w) and h=(,j, k). Our assumptlon HK'(t, ¢ )/\ OR’ Op(h h™,tt ) glves us
K (v, ) AR o,(j, k7). Since K”,R",V™ is a refinement, from Stpop (t ,n")
we can get a Rptstep, v -(j, OpT, p)-> V' say, such that K"AR~ op /\K”/\VNO holds
Also, since HK'(t, 1) A OR® op (h,h™, t,17) givesus H(w, 1) A Q~ op (k,h",w, "), and
since H,Q",N",D" is aretrenchment we get a Refstep, w -(k, OpF, q)-> w’ say, such
that H"AQ™ op A(H'AN™ op VD™ )holds Since K"AR™ op AK™’ /\V“O together with
H AQ™ Op/\((H ‘AN~ Op)vD op) leads to GX,G*AP*,0%, CX as we saw above which is
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witnessed by some Abs values u, i, u’, o, the two Ret and Ref steps produce a Univ
step, ¢ -(h, Opy, n)-> 1’ say, for which HK"AQR op A((HK” /\NV"O )vDV°0 ) holds, as
in the proof of (2).(v), where we have ¢ = (u, v, w) and h = (i, j, k). To establish the
retrenchment, it is enough to show that we can safely replace u and i by the u and i
we assumed to start with.

We now note that either HK°AQR’ o, AHK’ANV" 5, or HK° AQR’ OpADV"O holds.
Let us take the former case. Then, unravelling the assumed HK°AQR’,, for t, h, and
unravelling HK°AQR’ o,AHK ANV 5, for t, h, ', n, we see that we have the assump-
tions of (7.2). This allows us to replace u, I, by u, i, in HK°AQR® op AHK® /\NV°0

(and in the Univ step ¢ -(h, Opy, n)-> t') as desired, completing the argument The
argument for the HK°AQR® /\DV"OI, case is similar, utilising (7.3) instead of (7.2).
This completes the Op € OpsFX case.

We turn to the Op € Opsy\px case. We assume HK'(7, ™) A OR’ op (h, h™, t, ) A
SIPopy (L h~, ', n”). It will be sufficient to find a Univ step ¢ -(h, OpU, n)-> t’, such
that HK @, A NV op(n, n” s U, 17, hy b7, 1, 17) holds. Assumption HK (¢, t7) A
OR’ op (h,h™, t, t)y1eldsK”(v t )/\R op (j, h™) for suitable v and j. Since K~,R™ V
isa reﬁnement from stpg,, (", h™, 1, n”) we can get a Ret step, v -(j, Opt, p)-> V'
say, such that K"AR~ op AK™ AVO holds If we now fix n = p for the Univ step, then
notlng that V'Op(p n)=(p=n), and that Vap(p n”) holds, we can deduce NV°0 (...),
since NV°g,(...) is V', (p, ) A V™, (p, ). We now have to find 7, to show that
HK (', t™) holds and to show that 7, h ¢, n, constitute a Univ step. For the retrieve
relation, we already have K~(v/, t™’). So if we choose u’, w” such that K(u’, w”) holds,
then by (7.6), K'(v/, t) holds too, where ¢ = (u’, v/, w"), and this yields HK"(¢, ™) via
the second disjunct of (7.24). Finally, to show that ¢, &, ¢, n constitute a Univ step,
we note that, by (7.16), we just need K'AR" g,AK” /\V'O We have K'AR"(,, from
HK°AQR® op: and have deduced K~/ /\V'Op So we are done This completes part ).

For (6), we start with the refinement data KK°,RR°,VV", which is given by (7.32)-
(7.35).

KK(t,1) = HK'(t, 1) v ZZ°(t, 1) (7.32)
where:
ZZ°(t, 1) =
@Ar,h,n" * SPop (L h, 17, 17)) A—(Tte HK°(t ) A
Asr,hh” nn°DV°0p(tt n,n hh™, t, 1)) (7.33)
RRop(h, h™) = (VY 1,17« HK'(t, 1) = QR’ g, (h, I™, 1, 1)) (7.34)

Wiopn,n™) = @t 07, h, ™, 1, "
NV"Op(n, n T h b L) DV"OP(t’, on,nT hhT D)) (7.35)

To prove the refinement we start with the initialisation PO. This goes just as the anal-
ogous PO for the retrenchment HK*,QR°,NV°,DV°, in (5).

For the operation PO we assume KK°(t, ") A RR® op (h, ™) A stpo (t r,on),
and must prove there are values ¢, n, such that stpopu(t h, t, n) ‘and KK /\VV°0

hold. To begin with, we note that by the assumptions of (2), every step of Xtra is in
simulation with at least a step of Ret. Therefore, every before-state of an Xtra tran-
sition is related to some Univ state via HK", and consequently no before-state of an
Xtra transition can be in the range of ZZ’, because of the middle conjunct of (7.33).
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Thus, from KK (t t ") ARR’ Op(h h™) we deduce that HK'(t, ™) A QR ,,(h, ™, t, 1)
A SPPopy (7, h , n”) covers all the ways of making the operation P6 hypothesis
true. But thls is the hypothesis of the operation PO for the HK*,QR°,NV°,DV° re-
trenchment. Therefore we can deduce (HK”ANV" ¢, )vDV°O If HK® /\NV°O holds,
then so does KK”AVV" ¢, (since HK™ is a disjunct of KK* and NV’ ¢, is a disjunct of
VV’0p) and we are done. If HK”ANV" (), does not hold, then we " must have that
DV°0 &, ', n,n"; h,h~, t, ") holds 1nstead In that case, either 7™’ is in the range of
HK’ or it is not. If it is, then we utilise (7.4) to deduce HK"(¢', t™’) (after which we
get KK°(¢', ™) via (7.32)), and then we utilise (7.35) to deduce VV°0 (n,n"), and we
are done. If it is not, then we utilise (7.33) to deduce ZZ°(¢’, ™) (after which we get
KK°(¢, ) via (7.32)), and then we utilise (7.35) to deduce VV°0p(n n”), and we are
done.

For (6).(i1), we note that the condition stated in (7.5) is just the requirement from
(2.11), so we are done. This completes part (6).

For (7), it is just a matter of replaying the arguments of (3) using the stronger rela-
tionships between Univ and Xtra afforded by the stronger assumptions in force. We
are done. ©

7.1 Remarks

Some of the following mimic earlier remarks, so are stated briefly. Observations new
to the postjoin construction are discussed in more detail.

Remark 7.2 Observing that (given our formulation of refinement and retrench-
ment), every refinement K,R,V yields a retrenchment K,R,V,false, simply by reinter-
preting the input and output relation in the obvious way, and adding a trivial conces-
sion (see [Banach et al. (2007)] for a more extensive discussion), we see that we
could readily have extended the retrenchment data H°,Q°,N°,D° in (2).(ii) of the the-
orem to all operations, simply by reinterpreting the refinement data K°,R°,V° from
(2).(i) and adding a false concession. While valid, this would not have been very in-
teresting. Another way of achieving the same thing would have been to consider the
pseudoretrenchment data H'vK®,Q°vR®,N°vV°,D° instead. This would have worked
for the stated claim in (2).(ii) because that claim only mentioned the simulation rela-
tion (permitting the choice of the most convenient disjunct from the enlarged rela-
tions for each case). The main reason this approach was not pursued for (2).(ii) was
that it would have spoiled the relative cleanness of the composition results in (2).(iv).
The same approach to simulation would also have worked for the simulation relation
of the data in (2).(v) — we avoided it to avoid excessive clutter. The approach would
not have worked for the retrenchment claim in (5), since there, we need to prove the
result for every way of satisfying the hypotheses, and the disjunctions introduce ad-
ditional cases, that are not provable without additional assumptions. However, the
approach we adopted, based on overriding, avoids all these difficulties, at the price of
a little more complexity.

Remark 7.3 As a corollary, we note that if the vertical composition of concessions
in (7.23) had satisfied the conditions of being compatibly tidy (in the terminology of
[Banach and Jeske (2007)]), then we could have strengthened the D*$D° < D™ im-
plication in (2).(iv) to an equality, since the other two disjuncts of D° would have been
absent. We again avoided the details to avoid excessive clutter.
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Remark 7.4 In point (4) of the theorem we highlighted disjunctive fusion compo-
sition, since it is valid without restriction. The corresponding conjunctive composi-
tion is not as generally applicable —requiring a ‘close to cosimulation’ criterion to
hold— which is not true in general under our hypotheses. See [Banach et al. (2008)]
for details. The easiest way to get the needed criterion is to demad that the AbS sys-
tem is deterministic, i.e. there is a unique after-state and output for each before-state
and input. An alternative way, involves the use of conditions like (7.2) and (7.3), but
this time permitting the replacement of after-states and outputs rather than before-
states and inputs. We omitted the details.

Remark 7.5 As in earlier remarks, the composition of K*,R* V* with K°,R°,V° need
not be the identity; still less the composition of H°,Q°,N°,D° and H*,Q* N* ,D*.

Remark 7.6 It is tempting to think that'” the construction of Univ should involve
the free use of the components of Ret and Ref alone (with Univ expected to play a
more veiled role, its components typically existentially bound). The treatment in
[Jeske (2005)] was developed with this view in mind, and shows just how arduous it
is to obtain a postjoin result from such a perspective. More seriously, that treatment
requires numerous restrictions to hold, and is tied to a particular use of APP), sets,
something that a general account should strive to avoid if at all possible — all this
certainly left the authors thinking that ‘there must be a better way’. The clean, unre-
stricted and general nature of the construction of Theorem 7.1 confirms that the au-
thors’ earlier beliefs about the structure of the Univ system were less than ideal, and
that a reappraisal of the whole issue, undertaken, as here, with the wisdom of hind-
sight, was thoroughly justified.

8 The Prejoin Theorem

In this section we consider the Prejoin Theorem in detail. The relevant part of Fig. 2
is elaborated in Fig. 6. The given systems are Ret and Ref, together with a system
Conc. There is a retrenchment from Retto Conc and a refinement from Ref to
Conc, the data for these being adapted from usual notation (the reader should note
that due to the geometrical arrangement of the three systems, our running notational
conventions cannot be fully maintained — so he should be alert to the differences).
The constructed system is Univ, with a retrenchment from Univ to Ref and a refine-
ment from Univ to Ret. The universal nature of the relationship between Univ and
the other systems is expressed by saying that whenever there is a system Xtra, enjoy-
ing similar properties to Univ, then Xtra is more abstract than Univ, witnessed by ‘in
simulation’ relationships between the transitions of Xtra and Univ, strengthened un-
der relatively benign conditions, to a retrenchment —and still further to a refine-
ment— from Xtra to Univ.

In contrast to our preceding results, which assumed arbitrary refinements and re-
trenchments in their hypotheses, for Theorem 8.1 we need a mild additional assump-
tion about the hypothesised retrenchment. For this we revert to the notation of Sec-
tion 2. We say that a retrenchment G,P,0,C is accommodating iff:

10. Translation: same as footnote 8.
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refinement data K°, R°, V* H, O, }f\r , D~
retrenchment data H°, Q°, N°, D° retrenchment
refinement KK°, RR°, VV°

retrenchment HK®, QR°, NV°, DV°

N\ H.O'\N. D
K,R,V . retrenchment
refinement :
"
s KR,V K.R,V
3 refinement refinement
"
' H,Q,N,D
——————
retrenchment

Fig. 6. The prejoin construction in detail. The pseudoretrenchment
G*,G*AP*,0*,C* (not shown) connects Retto Ref.

G(u, v) A Pop(i, j, u, v) =
Au,V,0,p* (G, V) A Ogp(0, p; W, VvV, i, j,u,v)) v
COp(u,, V,, o, p; i?.j’ u, V))) (81)

Note that any retrenchment may be made accommodating by weaking the concession
sufficiently.

Theorem 8.1 Let Ret (with variables v, j, p, operation names Ops) and Ref (with
variables w, k, ¢, operation names Opsg) and Conc (with variables u, i, 0, operation
names Opsc) be three systems. Let there be a retrenchment from Refto Conc with
retrenchment data H, {Q¢p,, Nop» Do, | Op € Opstc} where Opstc is the set of
common names of related operations of Ret and Conc. Let there be a refinement
from Refto Conc with refinement data K, {R),, Vp, | Op € Opsg = Opsc} where
Opsg: is the set of operation names of both Refand Conc. Suppose, for all Op, that
HAQ(, 1s a non-empty relation, and that the retrenchment is accommodating. Then
we have the following.

(1) There is a system Univ (with variables ¢, 4, n), with operation name set Opsy,
where Opsyy = Opst, such that:

(i) there is a refinement from Univ to Ret (with refinement data
K'(1,v), {R'Op, V'Op | Op € Opsy = Opst} say);

(ii) there is a retrenchment from Univ to Ref (with retrenchment data
H.(t’ W)’ {Q’Op? N0p7 D.Op | Op € OpSUF} SaY);
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2

3)

“4)

(&)

(iii) the composition of the retrenchment H,Q,N,D with the pseudorefinement
KT.RT VT yields a pseudoretrenchment G*,G*AP*,0%,C*, which is also
given by the composition of the pseudorefinement K'T.R*T,V'T with the
retrenchment H',Q°,N°,D";

(iv) each transition of Univ is in simulation with a transition of Ret, or with a
transition of Ref, or both, and in the last case, any such pair of Retand Ref
transitions are in simulation via the pseudoretrenchment G*,G*AP*,0*,C*%;

(v) if the notion of refinement in question requires the use of APPg, sets,
then the APP), sets of Univ are given by:

APPo, (1, h) = (3 v,j ¢ K'(1,v) AR gp(h, ) A APP, (1, ) (8.2)

Whenever there is a system Xtra (with variables ¢, A~, n™), with operation
name set Opsy where Opsy = Opsr, with a refinement from Xtra to Ret
given by K™,R™,V~, with aretrenchment from Xtrato Refgivenby H~,Q",N~,D",
where the composition of the pseudorefinement K~T,R"T, VT with the
retrenchment H~,Q”,N~,D"~ yields the pseudoretrenchment G*,G*AP*,0*,C*,
where each transition of Xira is in simulation with a transition of Ret, or with
a transition of Ref, or both, and where in the last case, any such pair of Refand
Reftransitions are in simulation via the pseudoretrenchment G*,G*AP*,0*,C*,
then:

(i) there exist reﬁnement data, K°(¢", 1), {R°0p, V°0p | Op € Opsy} say,
from Xtra to Univ, via which, every transition of Xtra that is in simulation
with a transition of Retis in simulation with a transition of Univ;

(ii) there exist retrenchmf:nt data, H°(1", 1), {Q°0p, N°0p, D°0p | Op € Opsy}
say, from Xtra to Univ, via which, every transition of Xtra that is in
simulation with a transition of Refis in simulation with a transition of Univ;

(il)) K°$K =K and R°$R" =R and V°3V =V~

(iv) H°$H" = H™ and for for Opx € Opsxp, (H'AQ)§(H'AQ") = (H AQ")
and NN =N and D°{D° < D"

(v) there exist retrenchment data, HK°('t~, 1), {QR°0p, NV"O[,, DV"Opl
Op € Opsy} say, from Xtra to Univ, via which, every transition of
Xtra that is in simulation with a transition of Ret or with a transition of
Ref, is in simulation with a transition of Univ.

Whenever a system Univ* has properties (1) and (2) above of Univ, then
Univ and Univ* are inter-simulable.

There is a retrenchment from Univ to Conc (with retrenchment data

G(t, u), {Pgp, Ogp. Cop | Op € Opsyc} say), given by the disjunctive
fusion composition of two retrenchments (a) and (b): (a) is the vertical
composition of H,Q",N°,D" with K,R,V; (b) is the the vertical composition
of K".R"V' with H,Q,N,D.

There is a retrenchment from Xtra to Univ (with retrenchment data
HH(t", 1), {QQ° gp» NN’ DDy, | Op € Opsy} say).
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(6) Referring to the data given in (5), provided that:

@1, k7,07 e stpop, (7, h7, r,n7) A
@Ar,t,h”, h,n",ne DD°0p(tN', C,n,n kT h 7, 0)) = HH (', F) (8.3)

then:

(i) the retrenchment of (5) from Xtra to Univ, strengthens to a refinement,
(with refinement data KK°(1~, 1), {RR°OP, VV°0P | Op € Opsy} say);

(i) if the notion of refinement in question requires the use of APP(, sets,
then the APP(, sets of Xtra need to satisfy:

APPg, (1, h) AKK' (£, 1) ARR o)™, h) S
KK(t7, 1) ARR® 0, (™, ) A APPGy, (7, 7) (8.4)

(7) Whenever a system Univ* has properties (1) and (2) above of Univ,
(and further, the property noted in in (8.3) holds), then Univ and Univ*
are inter-retrenchable, (resp. and further, inter-refinable).

Proof. For (1), we start with the details of the refinement K*,R",V" and of the retrench-
ment H',Q°N°",D°. Adapting the usual conventions for Ret and Ref, the state space
of Univiste T=UxV xW (where U is the state space of Conc, V is the state space
of Retand W is the state space of Ref). There are two cases for the input and output
spaces of Univ. If Op € Opsyg = Opstc, then h € Hy, = 1o, X Jg, X K, and n €
NO[J = 0017 X POP X QO . Butif Op € OpSU\UF, thenh e HO]) = JO]?’ ne NOp = PO[J'
We start by giving the data for the refinement and retrenchment.

The refinement K*,R",V" is given by the data:

Kt v) = (t=, v, w) A Kw, u)) (8.5)
R oph,j) = (=i, jo k) A Roplk, ) if Op € Opsyg

(h :]) if Op € OpSU\UF (86)
Vop(n. p) = (n=(0,p, q) A Vop(q, 0)) if Op € Opsyr

(n=p) if Op € Opsy\r (8.7)

The retrenchment H,Q°,N",D" is given by the data:

H@w) = (t=u,v, w) AHQ, u)) (8.8)
Q'OP(h, kt,w) = (h=0,7,k) At=u,v,w) A QOP(]', i,v,u)) (8.9)

Nop(n, g, tow, hk t,w) =
=, v, WAL=, Lk)At =W vV, W)yan=(0,p,q A
Nop(p, 03V, i, j, i, v, u)) (8.10)

D.Op(t,’ W,, n, q; h’ k’ t, W) =
t=W,v,w)Ah=>U0,1 LAt =WV, W)an=(0,p,q) A
DOp(V,’ M’, p, O;j’ i$ v, l/[)) (8.11)

Since we need these relations to define the Univ system itself, we start by checking
(1).(iii). We first calculate G*,G*AP*,0%,C* for Op € OpStc, as the composition of
the retrenchment H,Q,N,D with the pseudorefinement KT RY VT, The fact that the re-
sult is also equal to the composition of the pseudorefinement K'T,R*T,V*T with the re-
trenchment H*,Q°,N°,D" follows by inspection.
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GX(v,w) = HSK ' =@ us Hw, u) A K(w, w)) =K' T$H® (8.12)

GX/\PXO /\((GX'/\OXO )\/CXO v, w, j, k, vV, W, p,q) =
(H/\QOPA((H /\Nop)vDop)) (KT/\RTO[,/\KT'/\VT )=
Qu,i,u’,0*H, u) A Qopls iy vy u) A
((HW, u') A Nop p, 0, V', 1, j,i,v,u)) v Dop(v', u', p,0;j, 1, v, u) A
K(w, u)/\ TO (k l)/\K(W u)/\VO (g,0)) =
(KTART g ARV AV 5 ) S (HAQ! OPA((H"AN‘OP)vD op) (8.13)

The Univ system itself is given as follows. Initialisation in Univis given by:
Inity (1) = (' =WV, W) AM[Inity (V) AK @ V)]V [nitgW) AH(E,w)]}) (8.14)
The operations of Univ are given by:

St opy s h,t',n) =

t=w,vyw)Ah=>U0,j LAt =WV, Ww)an=(o,p,q) A

{[stPop (v, s V', P) AK (1, v) AR (1, ) A K (V') A V (1, p)] v

[stpope(Ws k, W', @) A H (8, w) A @ gp(hs K, 1, W) A

(H W) A N'Op(n, gt w,hk, t,w)) v D'Op(t’, w,n, g, h k,t, w)1})

if Op S OpSUF

=, v,wW)Ah=jAt=W,,V,W)An=pAa

[stp0p (v, Js V', P) A K (1, ) AR gp(h, j) A K'(E, V) AV (1, P)])
if Op (S OpSU\UF (815)

For (1).(i) we check that K*,R",V" is a refinement. For the initialisation PO, suppose
we have Initp(v"). Then we just need to find w’, &, such that K(w’, u”) holds, and then
we can set 1 = (u’, v/, w"), after which we will have Initt(v') A K'(¢', V') which gives
Inity (") A K'(¢', V'), discharging the PO.

For the operatlon PO, suppose Op € Opsyp, and let us assume K'(z, v) AR’ oplh. ) ~
SPPopr (V. J, v, p). Then we just need to find w’, ’, such that K(w’, u’) holds, and ¢, o,
such that V5 (g, 0) holds, and then we can set ¢ = (i, v/, w’) and n = (0, p, g), after
which we will have enough for the first disjunct in the Op € Opsyp case of (8.15).
If Op € Opsyyp the argument is similar.

For (1).(ii) we check that H,Q°,N°,D’ is a retrenchment. For the initialisation PO,
suppose we have Initg(w”). Then we just need to find v/, «’, such that H(v', u) holds,
and then we can set ' = (u’, V', w"), after which we will have Initg(W") A H' (¢, w")
which gives Init (') A H'(¢', w"), discharging the PO.

For the operatlon PO, let us assume H'(t, w) A Q° Op(h k, t,w) A SIP Opp(Ws k,w', q).
Then H'AQ" op gives us H(v, u) A Qop (j, i, v, u). Since the retrenchment H,Q,N,D is
accommodatmg, (8.1) implies that we can find values v/, u’, p, o, such that (H(V', u”)
/\NO (p, 0; V', ', j, i, v, u)) vDop(v u', p, 0, j, i, v, u) holds, after which we can set
¢= (u v/, w’) and n = (o, p, q), and then we will have enough for the second disjunct
in the Op € Opsy case of (8.15).

For (1).(iv), it is clear from the arguments above that each step 7 -(h, Opyy, n)-> ¢’ of
Univ is in simulation with (in the refinement sense) its constituent SIPOpy transition
(if the first disjunct of the Op € OpsUF case of (8.15) holds, or we are in the Op €
Ops\ur case), or alternatively is in simulation with (in the retrenchment sense) its
constituent szp,,. transition (if the second disjunct of the Op € Opsyr case of (8.15)
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holds). If both disjuncts hold, then the Ret and Ref transitions are evidently in sim-
ulation via the pseudoretrenchment G*,G*AP*,0%,C* because of the values of u, i, u’,
o0, that are common to the two transitions.

For (1).(v), since K°AR’ op is a (partial) function from T x Hy), onto V x J5,,, we have
(K'TAR' TO )$(K°AR ) = Iy, , . Consequently, the definition of the APP), sets of
Univin (8. 2) satisfies the cond1t10n in (2.15) as regards the K",R",V’ reﬁnement and
consequently satisfies an APP(), requirement of either the (2.9) or (2.10) form. This
completes (1).

For (2).(1), we start with the data for the refinement K°,R°,V° which is given by:

K@, )= @veK(t,v)AK({,V) (8.16)
R°0p(h~, h)y = @3je R'Op(h,j) A R~0p(h~,j)) (8.17)
V°Op(n~, n)y=dp- V'Op(n,p) A V”Op(rf, P) (8.18)

We must show that every transition of Xtra that is in simulation with a transition of
Ret is in simulation with a transition of Univ via (8.16)-(8.18). Suppose we have an
Xtra step, t~ —(h” Opx, n”)-> t” say, which is in simulation with some step of Ret,
v -(j, Op, p)- V' say, via K,R™,V". Since K",R",V" is a refinement, and K°AR’,, is
onto V X Jg, step v -(j, Opt, p)- v’ will be in simulation with some step of Univ, say
t-(h, Opy, n) > . Composing the K°,R",V" simulation with the K~,R™,V"~ simulation
now yields the result.

For (2).(ii), we start with the retrenchment data H°,Q°,N°,D°. This is the vertical
composition of the H~,0~,N~,D~ and H'T,Q"T,N'T,D'T data, and is given by:

H( 0 = @we HGw) A H(E, w)) (8.19)
Q°0p(h~, ht,r) = @k we

H(t,w) AH (7, w) A Q"B k, t, w) A Q7 (B, K, 17, W) (8.20)
N°Op(n~, mt, Ch h ) = @wk,w, g

N'Op(n, gt W, hkt, w) A N op(n”, g; oW, h k£, w)) (8.21)

Doyt 0", nyh™ b7, 1) = @w, kv, g
{[H(, W) AN gp(n, q; 0, W', h k, 1, w) A
Do), w',n”, q; ™, k, 17, w)] v
[D (', W, n, q 5 by ks 1, w) A
H (", W) AN g,(n", g 7/, W', h™, k, 17, w)] v
[D (', W', n, g by ke, t, w) A
Dot w',n", q; ™, k, 17, w)l}) (8.22)

We must show that every transition of Xtra that is in simulation with a transition of
Refis in simulation with a transition of Univ via (8.19)-(8.22). Suppose we have an
Xtra step, t~ (h~ Opx, n7)-> t~ say, which is in simulation with some step of Ref,
w -(k, Opg, q)-> W’ say, via H™,Q",N",D". Since by assumption, HAQ,, is anon-emp-
ty relation, H'AQ" op 1 is necessarlly a non-empty (partial) function onto W x KO
Therefore, since H,Q",N",D" is a retrenchment, the transition w -(k, Op, g)-> w’ will
be in simulation with some Univ step, t -(h, Opy, n)-> ¢ say. Now, composing the
H',Q",N°.D" simulation with the H~,Q™,N~,D"~ simulation yields the desired result via
the distributive law applied to (HAN")VD™) A (H”AN")vD").
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For (2).(iii), since K* = K"§K'T, then K°§K" = K" $K'T§K" = K~ §1dy = K~ (since K
is a partial function). The remaining results are similar.

For (2).(iv), since H* = H §H'T, we derive that H*§H" = H"§H T H' = H™ §1dyy =
(since H' is a partial function). Deriving N°§N" = N~ is similar. Now, consider D°§D*
where D° is given by (8.22). The term D~ AD'T, which occurs disjunctively in (8.22),
shows that D°§ D" contains D”§D"Tg§D" = D™ g Idwk y,xWxQo, =D~ The other dis-
juncts in (8.22) lead to D°§D" < D". Finally, by assumptlon HAQ is a non-empty
relation. This makes H® T/\Q T a non-empty (partial) function onto W x Ko, There-
fore (H°AQ")§(H'AQ") = (H"AQ") can be shown in the same way as other s1mllar re-
sults.!! We are done.

For (2).(v), we start with the retrenchment data HK°,QR°,NV°,DV° given by (8.23)-
(8.26). Note that this is a kind of disjunction of the data in (8.16)-(8.18) with the data
in (8.19)-(8.22):

HK'(t,1) =
(t=wWw,v,w) A

{[(H' @&, w) AH W] VK, v) AK (@, )]} (8.23)

OR op(h™, h, 1", 1) =
=W, vyw)yAh=0>,j k) A
([H'(t,w) AH (£, W) A Q'OP(h, kot w) A Q op(h™, k, 17, W)l v
[K'(t, V) AK(,v) A R'Op(h,j) A RNop(hN,j)] D
if Op (S OpSUF
=W, vywyAh=0>,j k) A
Kt WAK({,v) A R'Op(h,j) AR o, (07, )
if Op € OpSU\UF (824)

NV o, (™, ny 7,0, W7, b, 17, 1) =
(t=(u7v’W)/\h=(i’jak)/\t,=(M"V',W’)/\n=(0,p,q)/\
([H' @, W)AH (W) A
N'Op(n, g, W, hk t, w) A N 0y, g5 oW L kL w)] v
[K'(, V) AK (7, V) A Vogp(n, p) AV g, (07, p)T})
if Op € Opsyg
(n=(0.p. 4) A Vop(n. P) A Vg™, P))
if Op € Opsy\ur (8.25)

DV°0p(t~’, C,n kT h 78 =
t=w,vywW)Ah=0UjLkAt =WV, W)arn=(o,p,q) A
([H'(, W) A N'OP(n, g t,w, hk t,w) A

D~0p(t~', w,n g, h k7, w)] v
[D'OP(t', w,n,q;h k,t,w)A

H T, w) A N gp(n”, q; oW, h Tk T, w) v
[D'OP(t', w,n, q; h k t,w) A

D~0p(t~', w,n", g, b k17, w)]})

11. For other similar results, the non-emptiness of the partial function follows from the as-
sumed non-emptiness of the underlying relation, via Assumption 1.1. For HAQ, non-empti-
ness does not follow from non-emptiness of H and Q individually.

38



if OP (S OpSUF
false if Op € Opsyr (8.26)

In the terminology of [Banach et al. (2008)] the composition of (8.23)-(8.26) is a kind
of blend of: disjunctive fusion composition (since the state and I/O spaces are (partly)
the same), and synchronous parallel composition (since the state and I/O spaces are
(partly) different), of the refinement data (8.16)-(8.18) and the retrenchment data
(8.19)-(8.22).

With the retrenchment data in place, the argument is now an adaptation of the proofs
of (2).(i) and (2).(ii). Let™ -(h™, Opx, n”)-> " be a step of Xtra. By assumption, it
is in simulation with a transition of Ret or with a transition of Ref. By (2).(i) and
(2).(ii) this extends to the step 1~ -(h~, Opx, n”)-> *’ being in simulation with a tran-
sition of Univ via either the refinement data (8.16)-(8.18) or the retrenchment data
(8.19)-(8.22). In the former case, it is easy to see that K"/\R°0p implies HK"/\QR"OP
and that K’ AV° 5, also implies HK°’/\NV°OP, asin (2).(i). In the latter case, it is easy
to see that H'AQ’ (), implies HK°AQR’ 5, and that (H”'AN",)vD" ,, also implies
(HK°'/\NV°0P)\/D op» s in (2).(ii). This completes part (2).

For (3), we note that Univ itself satisfies the criteria demanded of Xtra. Therefore, if
we have a system Univ* with the properties (1) and (2) of Univ, then Univ* satisfies
the criteria demanded of Xtra too. Hence we can construct two instances of Fig. 6 as
follows. In the first, Univ is in its conventional place and Univ* replaces Xtra, and
there are refinement data K°,R°,V°, and retrenchment data H°,Q°,N°,D°, from Univ*
to Univ. In the second, Univ* replaces Univ, and Univ replaces Xtra, and there are
refinement data K* ,R* ,V*, and retrenchment data H*,Q* N* D*, from Univ to
Univ. So Univto Univ* are inter-simulable by the arguments above.

For (4), we just observe that disjunctive fusion composition of retrenchments, and the
vertical composition between retrenchments and refinements (both ways round) are
sound composition mechanisms. For the record, we present the composed retrench-
ment data:

Gt u) = (1=, v, w) AM[HE, u) A K(w, w)] v [K(w, u) AHv, w)]})  (8.27)

Pop(h, Ltu) = h=01kAt=U,v,w) A
{[K(w, u) A Rop(k, DAHW, u) A Qop(j, Lv,u)lv
[K(w, u) A Rop(k, i) A H(v, w) A Qop(, L v w}) (8.28)

Ogp(n, 05, W', hy i, t,u) =
(t=wvwW)Ah=0jJkAt =WV, w)An=(a,p,q) A
{[HO, u") A K(w, u) A Rop(k, i) A KW, 1) A Vi,(q, 0) A
Nopp, 03V, i, j, i, v, w)] v
[HO', u") A K(w, u) A Rop(k, D) A KW', 1) A Vi,(q, 0) A
Nop(p; 0; Vo, j, v, u)] v
[K(w, u) A Rop(k, i) A KW, u") A Vg, 0) A
NOp(p, [ V,, E,,j, i’ v, Z) AN NOp(p9 0; V’, u,’ j’ i7 v, u) 7
K(w, u) A Rop(k, i) A KW', ') A Vop(q, 0)1}) (3.29)

COp(t,’ u,’ n,o; h9 i’ ta M) =
(t=@wvwyAh=Gj A=WV, w)An=(0p, g A
{[DOP(V/’ u,’ P, 0; ja i’ v, M) A K(Wa ﬂ) A ROp(k’ £) A K(W,$ Z’) A VOp(q’ Q)] v
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[K(w, u) A Rop(k, i) A KW, u") A Vi, (q, 0) A Dop(V', W', p, 03], 1, v, w)]})
(8.30)

For (5), we start with the retrenchment data HH°,QQ°,NN°,DD°, which is given by
(8.31)-(8.34) below. Note that this differs from the earlier retrenchment data
HK°,QR°,NV°,DV” in (8.23)-(8.26), only by the replacement of the disjunction in the
within relation QR® by a conjunction in the within relation QQ°.

HH(f", 1) = HK*(", f) 8.31)

QQ°0p(hN, h,t",t) =
=W, vywyAh=0>,Jk A
{((H'(t, W) AH (7, w) A Q'Op(h, k,t,w) A QNop(hN, k,t7,w)] A
[K'(t, v) AK(£7,v) AR g,(R, ) AR o (™, 1Y)
if 0[) € OpSUF
=W, vywyAh=0>,Jk A
Kt WAK({,v) A R'Op(h, DA RNOP(hN,j))
if Op € Opsy\wr (8.32)

NN o~ ms 7,0, 07, by 17, 1) = NV o, (", ms 7,0, W, b, £, 1) (8.33)
DD°0p(t”’, C,nT n kT h 1) = DV’ (1™, ,n nhT h )0 (8.34)

To prove (5), we start with the initialisation. Suppose Init;(f'), in (8.14), holds. Sup-
pose the [Initp(v') A K'(¢, v')] disjunct of Inify;(¢') holds. From Initp(v'), because
K™,R™,V™ is a refinement, we can find a " such that Initx(:™") A K*(¢"’, v) holds.
Composing K~ and K" gives the second disjunct of HH", so we have Initx(t™) A
HH*(+”, ¥') as needed. Alternatively, suppose the H' disjunct of Init(:") holds. The
argument is analogous. We are done.

For the operation PO, suppose we have HH'AQQ’ g,Astp ;- 1t is evident that QQ°
strengthens HH®. Suppose that the stpOPT/\K’ disjunct of sipg,,  is true (whether this
is for the Op € Opsyp case or the Op € Opsy\yr case). Then HH'AQQ", factors
uniquely through v, j, in Ret, and the Univ step, t -(h, Opy, n)-> ¢’ say, projects via
KRV to its enclosed Ret step v -(j, Opr, p)-> V' say. If we now extract K”AR ¢y,
from our assumed HH°/\QQ°Op, then with v -(j, Opt, p)-> v, we can apply the
K™ ,R™,V” refinement operation PO to derive a step of Xtra, 1™ -(h™, Opy, n™)-> t” say,
for which K~’AV™(),,, and thence K"AK™ AV g,AV ¢, and thence HHANN" ,, all
hold. The last of these discharges our goal. Alternatively, suppose that the stpopF/\H'
disjunct of stpg,,, is true (which will only be for the Op € Opsyp case). Then the
argument is simiﬁjar, except that the unique factorisation is through w, k, in Ref, we
have a Ref step w -(k, Opg, ¢)-> w’, we use the H™,07,N~,D" retrenchment, and we
derive an Xtrastep t™ -(h~, Opy, n”)-> ™/, for which ((H’AN~ op)VD" gp), and thence
(H’AN~ OP)VD~OP)/\((H‘ ‘AN’ Op)VD.Op) hold. We can rearrange the last of these to
yield (HH”ANN' g, )vDD" ,,, discharging our goal. This completes part (5).

For (6), we work under the additional assumption stated. We start with the refinement
data KK°,RR°,VV* given by (8.35)-(8.37).

KK°(, ) = HH'(f", 1) (8.35)
RR g (™ h) = (¥ £, 1« HK'(t", 1) = QQ° 0, (h™, h, ", 1)) (8.36)
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VV°0p(n~, n)= @, t,h, ht’
h, ht

NN° (0™, 15 €, 7, h, t)vDD & Con T h O, 0) (8.37)

Op

To prove the refinement we start with the initialisation PO. This goes just as the anal-
ogous PO for the retrenchment HH®,QQ°,NN°,DD" in (5).

For the operation PO we assume KK°(17, ) A RR’ op (h~, h) A stpO (t h, ', n), and
must prove there are values 1™, n”, such that stpg,, (t , 17, n7) and KK® /\VV°0

hold. Consider KK°ARR’ op- ThlS implies HH® /\QQ op: Wlth stpOPU(t h,t, n) we
have the hypothesis of the operation PO of the HH® QQ ,NN°,DD° retrenchment.
Therefore we can deduce (HH "ANN°0p)VDD" .. 1f HHANN" (5, holds, then so
does KK”AVV'y,, (since HH” = KK and NN°Op is a disjunct of VV°0 ) and we are
done. If HH® /\NN° op does not hold, we must have DD (1™, ', n™, n; h™, h, 17, 1)
instead. In that case, (8.3) allows us to deduce HH' (™", ) (Wh1ch gives KK° (tN', ),
and then we utilise (8.37) to deduce VV"Op(nN, n), and we are done.

For (6).(i1), we note that the condition stated in (8.4) is just the requirement from
(2.11), so we are done. This completes part (6).

For (7), it is just a matter of replaying the arguments of (3) using the stronger rela-
tionships between Univ and Xtra afforded by the stronger assumptions in force. We
are done. ©

8.1 Remarks

Remark 8.2 In point (4) of the theorem we used disjunctive fusion composition, as
in the Postjoin Theorem, since it is valid without restriction. Again as in the Postjoin
Theorem, the corresponding conjunctive composition needs a ‘close to cosimulation’
criterion to hold.

Remark 8.3 We note the close structural similarity between HH® and QQ"OI, in
(8.31)-(8.32), and HK* and QR op in (7.24)-(7.25) of the Postjoin Theorem. The
tempting alternative, of making QQ op disjunctive as in (8.24), generates via the dis-
tributive law, a plethora of pathologlcal and exceptional cases in the analysis of
HH AQQ’ 9,ASIPp,» Since the terms containing K’ say, in each of the contributing
HH', QQ’ ¢, stpop,,» are different — similar observations obviously apply to H of
course. Hedging agamst the shortcomings of all of these possibilities is neither ele-
gant, succinct, nor useful, particularly in view of the remarks regarding the Prejoin
Theorem made in the next section.

Remark 8.4 As in earlier remarks, the composition of K*,R*,V* with K°,R°,V° need
not be the identity; still less the composition of H*,Q°,N°,D° and H*,Q* N*,D*.

9 Associativity, General Tower Constructions, and
System Engineering

If we reinterpret the ‘diagonal factorising’ lifting and lowering constructions as
square completions in their own right (which, when we view the composition of a re-
finement and retrenchment round an ‘L’ shape as a retrenchment, is what results, see
Fig. 1), we now have a full set of square completion results available. (Equally, we
can view the postjoin and prejoin constructions as ‘co-diagonal factorising’ construc-
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Fig. 7. Different association orders for the lifting construction.

tions, that pull apart the pseudoretrenchment across the co-diagonal, and say that we
have a full suite of those too.)

From an applications perspective, of these square completions, two are unquestiona-
bly more significant than the others, namely the lifting construction and the postjoin
construction. This is because they deal with their constituent retrenchments in a ‘“for-
wards’ manner — the others, the lowering and prejoin constructions, work, in es-
sence, with converse retrenchments. Using a converse retrenchment during system
construction amounts to a form of ‘undevelopment’, since the retrenchment relation-
ship was purposely designed to be used during development in the forwards direction
(regarding this point, see the discussion in Section 4.1 of [Banach, Poppleton et al.
(2007)]). As aresult of this, we would expect that should the results of this paper be
mechanised, the focus would be on the lifting and postjoin constructions, these being
the two that would most obviously repay the investment of effort needed to achieve
the mechanisation.

One notable aspect of our work is that everything has been reduced to the composi-
tion of (collections of) relations. Composing relations is associative, so we can ex-
pect that our constructions themselves will compose associatively — up to the appro-
priate notion of equivalence, that is. Let us illustrate this on a specific construction.
Consider the lifting construction of Fig. 3. The state and I/O spaces of this construc-
tion are just cartesian products made from the abstract and concrete constituent spac-
es. Likewise, the transitions in (5.3) are made out of pairs of abstract and concrete
constituent transitions. Consider Fig. 7, which illustrates applying the construction
using two different association orders, and focus on Fig. 7.(a). This shows the left-
most A-to-B retrenchment lifted to C, this then being followed by the middle lifting,
which lifts the C-to-D retrenchment to E. System E gives the result of the parenthe-
sised liftings in Fig. 7.(a). The construction can be repeated to include the third piece
of Fig. 7.(a), finally giving system G. A little thought shows that the state and I/O
spaces of the result will be the cartesian products of the constituents, bracketed left-
most-innermost. Similar remarks apply to the core part of the transition relation,
which will contain all the step relations from all the constituent systems, their logical
definitions bracketed in an analogous leftmost-innermost way.

Now focus on Fig. 7.(b). Inside the parentheses we have a combined lifting, as above,
consisting of the lifting of the C-to-D retrenchment to E, followed by the lifting of
the E-to-Fretrenchment to give G. System G coincides with the system constructed
by lifting the A-to-B retrenchment to give C, and identifying C with the starting sys-
tem of the parenthesised lifting just described. Thus, when the leftmost lifting is
combined with the retrenchment constructed in the parentheses, we get another result
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Fig. 8. A schematic development path consisting
of refinements and retrenchments.

for the overall construction. However, a moment’s thought shows that this turns out
to be the same as the previous case, but bracketed rightmost-innermost, for both the
state and I/O spaces and the core part of the transition relation. These rebracketings
amount to set theoretic isomorphism, a much stronger notion of equivalence than ei-
ther inter-refinability, or the even weaker equivalence notions we encountered above.
Similar remarks apply to the other constructions, to vertical as well as horizontal as-
sociation, and to combinations of constructions of various kinds. The reader will ap-
preciate that an exhaustive treatment of all the cases would be exhausting.

The good behaviour just noted allows us to envision a system development process
built out of refinements and retrenchments, aided by the constructions made available
to us in this paper: ‘system development via theorem’. Fig. 8 shows a schematic ex-
ample. The development starts at the top left corner with the most abstract model.
Two refinement stages follow, after which more detailed requirement considerations
necessitate a sideways jump, via a retrenchment, onto a more low level refinement
strand. The square completion constructions, here lifting, permit the new low level
detail to be exhibited at a level of abstraction comparable with the initial model. This
might be needed, for example, for checking abstract formulations of the requirements
properties that the low level system model modifications described by the retrench-
ment were intended to address. There follows another refinement stage. Then anoth-
er retrenchment stage; then another retrenchment stage, the two separate retrench-
ments permitting piecemeal validation of the issues they were introduced into the
process to address. In the same manner, the process reaches its end with a further
refinement, retrenchment, refinement, and a last retrenchment.

Now suppose that the user environment changes, and the previously developed sys-
tem is no longer adequate. Suppose that it has been identified that the requirements
addressed up to the end of the third retrenchment still hold good, but that the remain-
der of the development needs to be modified. Fig. 9 shows what might happen next.
The retained part of the original development is in Fig. 9.(a). Its right vertical side,
a refinement path from most abstract level down to where the thick development path
reaches the edge, gives the interface from the retained part of the original develop-
ment to the new activity. This, reproduced as the heavy dashed vertical line in Fig.
9.(b), is the starting point for the new development.
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Fig. 9. A schematic system revision path.

Suppose that the new requirements have been described at the most abstract level.
Then there will be a retrenchment, shown by the heavy dashed horizontal line in Fig.
9.(b), from the starting abstract model to a modified abstract model. Assuming the
three earlier refinements have been composed into one with the help of our square
completion results (giving the heavy dashed vertical line in Fig. 9.(b)), an application
of the postjoin construction then embeds the new requirements into the current devel-
opment level. The development can subsequently complete via two further stages of
refinement and a final retrenchment.

10 Conclusions

In the preceding sections we have motivated the need for square completion construc-
tions in the context of retrenchment and refinement interworking, and then we formu-
lated and proved the theorems relating to the four relevant completions. These were
designed with simplicity and composability in mind, drawing extensively, and with
the experience of hindsight, on the theorems reported in [Jeske (2005)] — a number
of accompanying remarks to our four main theorems indicated that small variations
on the results given are perfectly feasible. We outlined how such constructions could
be used in a large scale formal development process to endow the process with great-
er flexibility in dealing with requirements issues than is afforded by refinement alone.

The theorems of [Jeske (2005)] have been used in the treatment of a number of re-
quirements issues arising from the Mondex Purse refinement development [Stepney
et al. (2000)], the retrenchment treatments of these issues being reported in [Banach
et al. (2005), Banach et al. (2006a), Banach et al. (2006b), Banach, Jeske et al.
(2007)]. Given that the theorems of [Jeske (2005)] differ from those here, it is worth
asking how the earlier Mondex retrenchments might be affected. The good news is
that they are not affected at all, this being due to the extreme simplicity of the relevant
refinements in [Stepney et al. (2000)] through which the retrenchments of interest
were being pulled; these refinements in fact being injections on the state space —
such simple refinements are insensitive to the detailed differences between the theo-
rems of [Jeske (2005)] and ours.
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In all of the above, we pursued a resolutely (1, 1) operation correspondence strategy.
That is to say a single abstract step always corresponded to a single concrete step.
But this is too restrictive for many practical applications. A ‘quick fix’ entails treat-
ing paths through the transition system as the individual steps of an associated sys-
tem. The simple way that we have formulated our systems and our relationships be-
tween systems guarantees that this approach will go through unproblematically, giv-
en the usual care and attention to ‘plumbing’ considerations. Of course, more
detailed treatments of such ‘coarse-grained vs. fine-grained’ formulations can uncov-
er issues going beyond simple path-oriented reuse of the (1, 1) results. Such issues
remain as work for the future, and will be addressed in appropriate publications.
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