Chapter 6

Properties of Information
Transmission

This chapter presents properties of information transmission. First, in Section 6.1,
properties of component interfaces, and properties of local component and link
traces related to information transmission are presented. In Section 6.2, properties
of compatibility relations are defined. Some of these properties are related to
properties of component interfaces defined in Section 6.1. Finally, in Section 6.3, a
discussion of the notion of a compatibility relation is presented.

6.1 Properties of Interfaces and Traces

In this section, two properties of (component) interfaces and local component and
link traces are discussed. The first property is properness of traces. The properness
property ensures that for each state in a trace, an immediate successor state can be
distinguished. Properness is presented in Section 6.1.1. The second property, input
persistence, is a property of the input interface of a component or of a link. This
property states that input information can only change as a result of information
transmission. The input persistence property is defined in terms of an important
notion, transmission octets, which is defined in Section 6.1.2 below. The input
persistence property itself is discussed in Section 6.1.3.

6.1.1 Properness and Finite Variability

Some properties of compatibility relations refer to immediate successor states, or
next states. Time frames as defined in Section 5.2.1 are not necessarily discrete.
Therefore, a next state of a state va j is defined as the first state after va ; that differs

from v j. Formally:

Definition 6.1. (Next and previous state). Let LT=(TF;V) be a local component or link
trace with time frame TF=(T;<).
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6.1: Properties of Interfaces and Traces

e A next state of a state V/(t) is a state V(t’) such that t<t’ and V(t")=V(t) and for all
t” with t<t”<t’ it holds that V(t)=V(t”). The set of all next states of a state V(t) is
denoted next; T(V(t)).

e A previous state of a state V(t) is a state V(t’) such that t’<t and V(t’)#V(t) and
for all t” with t'<t”<t it holds that V(t)=V(t”). The set of all previous states of a
state V(t) is denoted prev, 1(V(t)).

Note that, for a discrete time frame, it is possible that there are two time points t
and t’ such that there is no t” with t<t”<t’, while V(t")=V/(t). For a dense time frame,
there are usually intervals of time for which the state remains constant.

Traces in which up to a specific point in time t, each state V(t') with t'<t has a
next state and a previous state (unless t'=_), are called proper traces.

Definition 6.2. (Proper trace). A local component or link trace LT=(TF;V) with time
frame TF=(T;<)is a proper trace iff for all tT, V(t) has a next state and a previous state
unless t=_, or there is a t’ T such that for all teT with t’<t, V(t) has a next state and a
previous state unless t=_, and for all t”2t’, V(t”)=V(t’).

It is not the case that for a proper trace, the order of the time frame is necessarily
discrete. However, the order of the states induced by the next state relation, i.e. the
order {(vsi;vs )l 5 jenext 1(vs i)}, is discrete.

For a proper trace with a dense order, another property can be defined: the
finite variability or non-Zenoness property (Barringer, Kuiper & Pnueli, 1986). This
property asserts that in a finite amount of time, only a finite number of next states
can be distinguished. This property is not formally defined in this thesis. Instead, a
trace that does not have the finite variability property is depicted (Figure 6.1).

Figure 6.1: A trace that does not have the finite variability property.

In Figure 6.1, the horizontal line represents a dense set of time points of the time
frame, i.e. the set of reals. The small vertical lines represent time points at which
there is a state change. As can be seen from the figure, on the horizontal line, state
changes occur at t=1/2, t=2/3, 3/4, t=4/5, and so on. There are an infinite number of
state changes before t=1, but nevertheless, for every t<[0,1), the state at t has a next
state. Thus, the trace depicted in the figure is a trace that does not have the finite
variability property. (The trace depicted in Figure 6.1 is a proper trace, because all
states except the state at t=0 have a previous state. A previous state of the state at
t=1is state v.)
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6.1: Properties of Interfaces and Traces

The semantic structure presented in this thesis is not committed to a specific choice
with respect to properness and finite variability of traces. However, as indicated in
Chapter 1, the semantic structure is based on the assumption that global time does
not exist. This assumption is related to the properties presented in this section.
First, two different conceptions of the notion of time are presented, which are
called observer time and implied time:

e A local trace describes the behaviour of a component or link. A possible way
to interpret such a trace is to view the trace as a record of observations made
by a dedicated observer of the component or link. An observer has access to
a device that generates a sequence of time points. (E.g., a wall clock, or a
stopwatch. Whether these ticks are generated at regular intervals cannot be
determined by the observer.) The observer is able to observe the state of the
component or link. (As the observer is dedicated to the component or link it
observes, the observer does not observe any other component or link.) At
each time tick, the observer makes note of the state of the component or link,
which results in a local component or link trace. Thus, this trace is based on
observer time: the (notion of) time of an observer. The observer’s time device
can be assumed to generate a continuous sequence of time points (this is
probably the normal conception of real-world time). This case naturally
leads to a dense time frame for the local component trace, although this is
not necessary. With observer time, whether dense or discrete, it is frequently
the case that for two consecutive time points or an interval of time, the state
of the component or link remains the same.

e A second way to interpret a local trace is to view the component or link itself
as the source of the time frame of the trace. No observer and no external
time device is assumed. Instead, each change of the (externally visible part)
of the component or link defines a new point in time. In other words, (a
notion of) time is implied by the activity of the component or link. If the
behaviour of the component or link is continuous, the implied time is dense.
If the behaviour of the component or link is discrete, the implied time is
discrete. A consequence of this interpretation is that, in a discrete time
frame, for any pair of time points t,t’ such that there is no t” with t<t”<t’,
V(t)=V(t'). (If this were not the case, then t’ would not be distinguished as a
new point in time). In a dense time frame, a similar property holds: for any
two points in time t and t’, no matter how close to one another, there is
always a time point t” such that t<t”<t’, V(t”)£V(t) and V(t”)2V(t").

The semantic structure presented in this thesis does not assume that local traces are
interpreted as observer time or as implied time. However, as the semantic
structure is based on the assumption that global time does not exist, neither the
observer time interpretation nor the implied time interpretation for a specific
component or link can be used as a reference time for another component or link.
As an example, if the observer time interpretation is adopted, then it is assumed
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6.1: Properties of Interfaces and Traces

that no two components or link share an observer or its time device. (This is the
result of the assumption that observers are dedicated.)

6.1.2 Transmission Octets

Information transmission establishes a relation between two components and a
link, or between two links and a component. More specifically, each occurrence of
an information transmission establishes a relation between states of the domain
and co-domain of a specific link: a state of the domain contains information, which
is transmitted to the co-domain, in which a new state results from this
transmission. This correspondence is the basis of interaction.

In fact, in the semantic structure presented in this thesis, the relation can be
extended to a correspondence between eight states, as explained in this section.
Tuples of eight states that correspond as a result of information transmission are
called transmission octets. The relation between the eight states of a transmission
octet is related to an information link mapping: tuples composed of eight states
that occur in local component and link traces of a link, its domain and co-domain,
form a transmission octet if they comply with the information link mapping of the
link. This relation is formally defined in this section.

A transmission octet for a link | is an octet consisting of two states from a local
component or link trace of the domain of I, four states from a local link trace of |
and two states from a local component or link trace of the co-domain of I. A
transmission octet thus consists of states taken from the behaviour of a link, its
domain and its co-domain as represented by local component and link traces. The
connection with the intended information transmission functionality of the link is
made as follows: an octet of states is a transmission octet if the states in the octet
equal an element of the information link mapping of | and have a specific order in
the local traces from which they are taken. (The information link mapping of a link
consists of substates taken from the set of all possible states of a link, its domain
and co-domain—the sets j, Sgom(1y and Sedom(), respectively.

The definition of a transmission octet only enforces that the two states of the
domain have a specific order in the local trace of the domain, and likewise for the
four states of the link itself and the two states of the co-domain. The definition of a
transmission octet does not enforce any other relation between the two states of the
domain of the link, or between the two states of the co-domain of the link, or
between the four states of the link itself. Thus, almost any two states of the domain
of a link, together with four states of the link itself and two states of the co-domain,
can potentially form a transmission octet, regardless of the number of states in-
between the states in the domain, link or co-domain,. The definitions of properties
of compatibility relations in Section 6.2, however, do enforce relations between the
two states of the domain of a link, between the four states of the link, and between
the two states of the co-domain. E.g., a specific property holds for a compatibility
relation for a link if a state of the domain of the link and its immediate successor
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state, together with four states of the link in a specific order and a state of the co-
domain with its immediate successor, form a transmission octet.

The notion of a transmission octet is close to the notion of an information link
mapping. The difference between, on the one hand, a transmission octet, and, on
the other hand, an information link mapping is as follows. An information link
mapping consists, as indicated by Definition 5.6, of octets of substates taken from
the sets of possible states of a link, its domain and co-domain. (The exact choice of
substates varies for the six types of information links distinguished in the semantic
structure.) However, local component and link traces consist of states. For a
specific property of a compatibility relation, only specific substates of these states
are relevant, depending on the type of the link with which the compatibility
relation is associated (see below). Contrary to an information link mapping, a
transmission octet consists of states. A transmission octets matches states from local
component or link traces with (input and output) substates from an information
link mapping.

As stated before, properties of compatibility relations are expressed in terms of
transmission octets. The relationship between compatibility relations and
transmission octets can be illustrated as follows. Loosely speaking, properties of
compatibility relations (which are relations defined on traces), require that specific
combinations of eight states—two from a local trace of the domain of a link, four
from a local trace of the link itself and two of a local trace of the co-domain—form
transmission octets. Again loosely speaking, if for all states in a trace of the domain
or co-domain of a link, such combinations can be found, then a compatibility
relation for that link satisfies a specific property.

To summarise, information link mappings, transmission octets and
compatibility relations are compared as follows. An information link mapping
relates eight substates from the sets of all states of two components and a link or a
component and two links (Thus, an information link mapping does not refer to
traces). A transmission octet relates eight states taken from traces of two
components and a link or one component and two links, such that these eight
states constitute an instance of transmission as described by an information link
mapping. A property of a compatibility relation requires, loosely speaking, that
specific octets of states taken from triples of traces in the compatibility relation
form transmission octets. (Different properties require different specific octets to
form transmission octets.)

For ease of comprehension, the definition of a transmission octet below
deliberately uses the names of the link, components and states depicted in Figure
2.7 as the names of the variables in the definition. In the definition, the following
notation is used: let LTs=(T;V)e£7Z be a local component or link trace. The state

V(t) in LTg at time point teT is denoted vs  or sometimes LTg(t).

Definition 6.3. (Transmission octet). Let LTa, LTg and LT, be three local traces of
components A and B and an information link L with information link mapping 4., such
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that A=dom(L) and B=cdom(L). Let vaj and va j be two states in LTa, let w_j», v j», vk
and v be four states in LT, and let g and wgj be two states in LTg. The octet
(Vi VA OLim L M WL (VB vBj/) IS @ transmission octet with respect to LTp,
LT and LTg iff i<pj, i”<j”"< k<_l, I'<gj’ and:
e L is a private link and  (out(vai);out(va ) O im Lt Lk L
dn(wg,i)sin(ve )AL, or
e L is an import mediating link and ({in(va;)in(vaj)/)oimw
(in(wgi)in(wej) ey, or
e L is an export mediating link and ((out(vai);out(vaj)/)i(Wim Vi Lk VL1
out(vg i);out(vej)))eAL, or
e L is a cross-mediating link and ({in(va)in(vaj))(vimw
out(vg i);out(vej)))eAL, or
e L is a link modifier link and (out(va;);out(vaj)(vLim L vk ML,
(BinvBj)EAL, OF

PGV

—.

Lk WL

—

e L is a link monitoring link and ((VA’i;VA’J');(V]_’i";VL’j";Vl_yk;l/l_J);
an(vgi)iin(vg j) )AL

Example 6.4. In Example 5.19 a compatibility relation for the traces It, e 1,
Itoroker 1o user 1 @ND  Ityeer 11 is presented. The current example presents two
transmission octets for these traces, to provide a more detailed view on the
compatibility relation. The transmission octets presented in the current example
are used in another example in Section 6.2.1 to illustrate the definition of a
property of a compatibility relation in terms of transmission octets. For ease of
reference, the information link mapping for broker_to_user_1, given in Example 5.7, is
repeated here:

Abroker 1o user 1 =1((to_be_communicated_to(t,user_1);just_communicated_to(t,user_1));
(awake_and_empty;active_and_contents(t);active_and_contents(t);
awake_and_empty ); (feady_for_information;
communicated_by(t’,broker))) | teOT,, t' eOT4 and t’=trans(t)}.

In this example, assume that trans(res_1)=res_3. First, consider the following octet of
states, taken from the traces It, .1 and It ;1 given in Example 5.14, and
Ity oker to_user 1 9iVEN in Example 5.17:

((@ | belief(match(res_1,query_1)) | to_be_communicated_to(res_1,user_1); (4" state in Ityroker,1)
@ | belief(match(res_1,query_1)) | just_communicated_to(res_1,user_1)); (5" state in Ityroker,1)

(awake_and_empty; (:I-St state in Itbroker_to_user_l)
active_and_contents(res_1); (2" state in Itoroker to_user 1)
active_and_contents(res_1); (2" state in Itoroker to_user 1)
awake_and_empty); (3rd state in Itbroker_to_user_l)
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(teady_for_information | @ | @; (2™ state in Ityser 1,1)
communicated_by(res_3,broker) | & | &)) (3" state in Ityser 1,1)

The first element in this octet is referred to as Vioer 1,4, the second as vy 1,5 the
third to the sixth as Vyoker 1o user 1,i fOr i=1,...4, respectively, the seventh as v 12
and the eight as v, ;3. This octet is a transmission octet for the following reason:
broker_to_user_1 is a private link, out(voker 1,4)= to_be_communicated_to(res_1,user_1),
OUt(Viyoker 1,5)=just_communicated_to(res_1,user_1),  iN(Vser 1,2)=ready_for_information, ~and

iN(Vyser 1,3)=communicated_by(res_3,broker). Thus:

((OUt(Viroker 1,4):0Ut(Viroker 1,5));
(Voroker to_user 1,11 Voroker to_user 1,21 Vbroker_to_user 1,2+ Vbroker to_user 1,3/
AN(Viser 1,2)1N(Viser_1,3))
= ((to_be_communicated_to(res_1,user_1);just_communicated_to(res_1,user_1));
(awake_and_empty; active_and_contents(res_1);active_and_contents(res_1)
awake_and_empty );(feady_for_information;
communicated_by(res_3,broker) )}
Eﬂ’broker_to_user_l
This is exactly as required for a private link by Definition 6.3.
Second, consider an octet of states similar to the octet given in the first part of

this example, but with the first element replaced by @|belief(match(res_1,query_1))|,
named Vyorer 1,1, Which is the first state in It ;1. The octet with v, 1,1 iS NOt @

transmission octet for broker_to_user_1, for the following reason: out(vieer 1,1)=2"
thus ((OUt( Vbroker_1|4) ;OUt( Vbroker_1,5)); (Vbroker_to_user_l,l; Vhroker_to_user_1,2)
Vhroker_to_user 1,2 Vbroker_to_user_l,3); dn(Vuser_l,Z);in(Vuser_l,3)))Elbroker_to_user_l! which is contrary
to the requirement for a private link as given by Definition 6.3. [ |

6.1.3 Input Persistence

The first property of a component defined in this section, the input persistence
property, specifies that information that is input to the component cannot change
spontaneously:

Definition 6.5. (Input persistence property). Let SH=(Comp;Lnk;<;dom;cdom) be a
structure hierarchy, let x be a multitrace for SH and let CeComp be a component with
Hc=((Tc:<c/)Vc). Component C has the input persistence property if for each
J eTc\{ £}, either:

e There is an leLnk  with  cdom()=C,  gx=¢T;</V,) and
Hdom(1)=({Tdom(1)<dom(1)/sVdom(1)) SUch that there exist i’ eTc, i”<)j’<|k<|l €T and
i<dom()i €Tdom(1y SUCh that ((Vgom(),i: Vdom(1),js Vi i ik M (veinve ) 1S a
transmission octet for LTgom(r), LT and LTc,

" @ is the name of a state (see Example 5.2), not the empty set.
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e Or, there is an i’eT¢ with i'<¢gj’ such that for all meTc with i'<cm<gj’,
in(ve,m)=in(vc j?).

This property specifies that for each state vsj:, one of the following requirements
holds:

e There is another component or link in SH that provides new input to C.
Formally, it is required that there is a link in SH with C as co-domain, such
that a state 1 j» exists that is a predecessor (not necessarily immediate) of
ve,jn four states v, vj», vk and v and two states vgom(r),i and vgom(y,j
such that all eight states together form a transmission octet. This implies that
the input substate of state vcj contains information obtained from the
domain of link I, where it was available in state vgom(),i. Moreover, the
transmission is carried out in conformance with the information link
mapping. Two enabling conditions (represented by the states v~ and g j,
respectively) are also fulfilled.

e Or, the input substate of state 1¢ - has not changed, i.e., a time point i’ can be

found such that for all time points m between i’ and j’, the input substate of
m equals the input substate of ¢ .

This property models input persistence in the sense that if the input substate
changes, then the change is caused by information transmission. Otherwise, the
input substate is persistent: it is the same as in the previous state.

6.2 Properties of Compatibility Relations

Section 5.2.2 defined a compatibility relation for a link | as a ternary relation on the
set of local component or link traces of the domain of I, the set of link traces of |
and the set of local component or link traces of the co-domain of I. The formal
definition is repeated here for ease of reference:

Definition 5.18. (Compatibility relation). A compatibility relation for a link | is a
relation CRy L Zgom(1)*£LZi%*LTedom(l)-

As stated in Section 5.2.2, compatibility relations are used to model constraints
imposed by information transmission. However, Section 5.2.2 does not define how
compatibility relations model different properties of information transmission,
such as reliability (whether information can be lost). This chapter defines such
properties of compatibility relations. Applications of the semantic structure may or
may not choose to adopt these properties.

As stated earlier, a compatibility relation for a link relates states that occur in
the actual behaviour of the link, its domain and co-domain, in conformance with
the information link mapping given for the link. In fact, the connection between,
on the one hand, an information link mapping and, on the other hand, states that
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actually occur in local component and link traces is formalised by the notion of
transmission octets, introduced in Section6.1.1. The various properties of
information transmission are defined in this section in terms of transmission octets.
In sections 6.2.1 to 6.2.4, four properties are presented.

6.2.1 Lossless Transmission Property

The first possible property of a compatibility relation defined in this section, the
lossless transmission property, specifies that no data is lost during information
transmission. Formally:

Definition 6.6. (Lossless transmission property). Let c®, be a compatibility relation for
a link I. For this compatibility relation the lossless transmission property holds iff for
each  LTgomayLTiLTedomay/eCRy: With  LTi=((T;<1;Vi), LTdomy=((Tdom(1)»<dom(1)/;
Vdom(l))v and LTCdom(I):((Tcdom(l);<cd0m(l));VCdom(I)): for all iETdom(I) it holds that either:
e There exist jeTgomq), 1"<i”<k<|l€T) and ¥'<cgom(i’ €Tcdomy Such that
((Vdom(1),is Vdom(1),j/s (M1,is L, Vi ks VI,Ls (Vedom(1),i%s Vedom(1),j'// 1S @ transmission octet,
e Or, one of the following holds:
— There is no (OUt(vgem(y,i); 02/ (03,04, 05,05 ), (07, 08) ) €A for any oy, ..., 03, if | is
a private link, an export mediating link or a link modifier link, and
— There is no ((iN(vaom(1),i): 02/;(03:04, 05,08 ), (07,08 ) ) €Ay for any o,...,0, if | is
an import mediating link or a cross-mediating link, and
— There is N0 ((Vdom(1),i: 02/;(03,04, 05,05 ), (07,08 ) )y for any op,...,03, if | is a
link monitoring link.
This property specifies that for each state vgomq), one of the following
requirements must hold:
e There exists a state vgom(),j that is a successor (not necessarily immediate) of
Vdom(1),i» four states vy i, v j», vk and v, two states vegomq),ir @and Vedom(l),j°

such that all eight states together form a transmission octet. For a private
link, this implies that for each state vgom),;, if the output substate of vyom(),i

should, according to the information link mapping of I, be transmitted, and
two enabling conditions (represented by the states v and vegom(y,is
respectively) are fulfilled, then there should be a state vegom(),j in which the
effect of the transmission as specified by the information link mapping is
present.

e Or, state vgom(r),j is not applicable for transmission via link I, which is

indicated by the absence of an octet of states in the information link
mapping of | in which (a substate of) vgom(),j is the first element.

This property models lossless transmission in the sense that if, according to the
information link mapping, transmission is required, then there is a state in the
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trace of the co-domain in which the effect of the transmission is present. Thus, the
information is not lost in transit.

From the definition of the lossless transmission property, a number of
interesting characteristics of compatibility relations can be observed:

e Like an information link mapping, a compatibility relation does not refer to
the actual behaviour of components: a compatibility relation only refers to
arbitrary local component and link traces. Instead, a compatibility relation in
a sense lifts intended information transmission as defined by information
link mappings, from possible states to states that occur in local component
and link traces. These local component and link traces are possible
behaviours and not necessarily actual traces of a component. However, as
explained in Section 5.2.2, compatibility relations are used to define actual
behaviour of composed components. In this case, compatibility relations
impose a structure on multitraces consisting of actual component behaviour.

e The lossless transmission property does not specify that the moment in time at
which state vgom(),i in LTdom() OF state v in LT, occurs must precede the
moment in time at which state vegom(),j i LTcgom(ry OCcurs. However, it does
specify that the input substate of the co-domain of | depends on output
substate of the domain of | and the state of I. With the definition presented,
it is not even possible to express that moments in time for the domain of |
have any relation with moments in time of the co-domain of I, because no
relationship between time in the domain and co-domain (represented by
their traces) is given. In the next chapter, the relationship between
dependence and global temporal precedence is explored in more detail.

e The lossless transmission property is related to the commitments put
forward in Chapter 2. In particular, the commitment to non-blocking send
and receive operations presented in Section2.2.5 and Section 2.2.6,
respectively, are represented in the definition of the lossless transmission
property. These commitments are represented by the (relatively weak)
requirements that state vgom(yj is @ successor, but not an immediate
successor, of wvgomqy,i (non-blocking send) and that state vgom()j IS a
successor, but not an immediate successor, of vggomq,ir (non-blocking
receive).

Example 6.7. Example 5.20 in Chapter 5 presents a compatibility relation for the
link broker_to_user 1. Example 5.20 claims that one of the elements of this
compatibility relation is the triple Ity 1:toroker to_user 1:1tuser 1,1, With the local
component traces Ity,q.1 and It,., ;1 as presented in Example 5.14 and the local
link trace Ity e 1o user 1 @S Presented in Example 5.17. Example 6.4 presented two
transmission octets for these traces.

The current example shows that the triple (It er 1:1toroker 1o user 1:/tuser 1,1/ Satisfies
the lossless transmission property. Thus, for each state 1y, it has to be shown

112



6.2: Properties of Compatibility Relations

that either there are states in Ity e 1 user 1 aNd Ityge, 1,1 SUCh that these states form a
transmission octet, or v, i is Not applicable to transmission via the (private) link

broker_to_user_1:
® Vhokeri TOr i=1,230  oUt(Vyeweri)=2, and there is no element

((g;0-2);(0-3;0-4;0-5;0-6);(07;0-8))Eﬂ“broker_to_user_l for any oy,...,03, so the second
clause of Definition 6.6 holds.

*  Vyokerd: According to Example 6.4, the following octet is a transmission octet
for the traces Itbroker,l! Itbroker_to_user_l and Ituser_l,l:

( (@ | belief(match(res_1,query_1)) | to_be_communicated_to(res_1,user_1);
@ | belief(match(res_1,query_1)) | just_communicated_to(res_1,user_1));
(awake_and_empty;
active_and_contents(res_1),
active_and_contents(res_1),
awake_and_empty ;
(teady_for_information | & | &;
communicated_by(res_3,broker) | & | @)
= ((Vbroker,4; Vbroker,5);

(Vbroker_to_user_l,l; Voroker_to_user_1,2) Vbroker to_user_1,2) Vbroker_to_user_1,3) \
(Vuser_l,z; Vuser_l,Z))-

Thus, there exist a j in Tyen @an i”, j7, kand 1'in Tyoeer 1o user 1 @Nd an i’ and j’
iN Tyser 1 SUCh that (Vaom(ny,is Vdom(1),j/s (Vi Vi,js Vi ks L (Vedom(1),ivs Vedom(l),j'/)/) 1S @
transmission octet (take j=5, i”=1, j"=2, k=2, =3, i’=2 and j’=3). It also holds
that v 2enext_r,(v,1) and v genext 1 (v 3), for I=broker_to_user_1. Thus, for

Viroker,4: the first clause of Definition 6.6 holds.

®  Vioker5: OUt(Viyoker i) =iust_communicated_to(res_1,user_1), and there is no element

((fust_communicated_to(res_1,user_1);02);(03;04; 05, 06, (07, 08.)) € dpoker to_user 1 for
any op,...,og, S0 the second clause of Definition 6.6 holds.

Thus, for each state in It, . 1, the requirements of Definition 6.6 hold. [ |

Example 6.8. The lossless transmission property only requires that for each state in
the domain of a link that contains information that has to be transmitted, there is a
state in the co-domain in which this information is present. It does not require that
this state is unique. This is illustrated as follows. Suppose that there is a trace
Ityroker, 3 Which is a copy of It 1 €xtended with two new states, Vyocer,6 aNd Voroker 75
with Voroker,6— Vbroker,4 and Vbroker,7— Vbroker,5- The triple (Itbroker,3;Itbroker_to_user_l;Ituser_l,l) also
satisfies the lossless transmission property: for each state v, either there are
states in Ityoer 1o user 1 @Nd Ityse, 5 1 SuUch that these states form a transmission octet,
O Virokeri 1S NOt applicable to transmission via the (private) link broker_to_user_1:
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®  Wyoker,j fOr i=1,...,5: same reason as in the previous example.

*  Voker6. According to Example 6.4, the following octet is a transmission octet
for the traces Itbroker,3! Itbroker_to_user_l and Ituser_l,l:

( (@ | belief(match(res_1,query_1)) | to_be_communicated_to(res_1,user_1);
@ | belief(match(res_1,query_1)) | just_communicated_to(res_1,user_1));
(awake_and_empty;
active_and_contents(res_1),
active_and_contents(res_1),
awake_and_empty ;
(teady_for_information | & | &;
communicated_by(res_3,broker) | & | @)
= ((Vbroker,G; Vbroker,7);

(Vbroker_to_user_l,l; Voroker_to_user_1,2) Vbroker to_user_1,2) Vbroker_to_user_1,3) \
(Vuser_l,z; Vuser_l,Z))-

Thus, there exist a j in Tygen @ani”, j7, k and 1'in Tyoeer 1o user 1 @Nd an i’ and j’
iN Tyser 1 SUCh that (Vaom(ny,is Vdom(1),j/s (Vi Vi,js Vi ks L (Vedom(1),ivs Vedom(l),j'/)/) 1S @
transmission octet (take j=7, i”=1, j"=2, k=2, I1=3, i’=2 and j’=3). It also holds
that v 2enext_r,(v,1) and v genext (v 3), for I=broker_to_user_1. Thus, for
Viroker 4+ the first clause of Definition 6.6 holds.

®  Vioker,7: OUt(Viyoker i) =iust_communicated_to(res_1,user_1), and there is no element

((fust_communicated_to(res_1,user_1);02);(03;04; 05, 06, (07, 08.)) € dpoker to_user 1 for
any op,...,og, S0 the second clause of Definition 6.6 holds.

Thus, for each state in It,e. 1, the requirements of Definition 6.6 hold. This
example shows that the same pair of states in the co-domain of a link may take
part in more than one transmission octet. [ |

6.2.2 Order-Preserving Transmission Property

The second property of a compatibility relation defined in this chapter, the order-
preserving transmission property, requires that the results of two transmissions
from a specific component to a specific other component by the same link occur in
the same order as the initiations of the transmissions. As the property is a
requirement on the occurrence of two transmissions, the formal definition is stated
in terms of two transmission octets. Altogether, the formal definition refers to
sixteen states.

Definition 6.9. (Order-preserving transmission property). Let c®, be a compatibility
relation for a link I. For this compatibility relation the order-preserving transmission
property holds iff for each (LTgomayLTiLTcdomay/eCR: With LT\=((T;<))Vy),
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LTdom()=((Tdom(1):<dom(1):Vdom(1)) and LT cdom(1y=((Tcdom(1); <cdom(1)/s Vedom(r:  for all
LI,mn €Tgomqy, 1”07k €T, m”,n",0,p Ty, I",j',m’,n" €T cgomqy:
o |f
— ((Vdom(1),i Vdom(1),j/s (V1,i”s Vi, Vi ks VI,Ls (Vedom(1),is Vedom(1),j7/) 1S @ transmission
octet,
- and ((Vdom(l),m;Vdom(l),n);(‘/l,m";Vl,n”;VI,o;Vl,p);(‘/cdom(l),m’;Vcdom(l),n’)) is a
transmission octet,
— and i<d0m(|)m,

e then j’<cgom()n".

The definition states that, for the order-preserving transmission property to hold,
for each state vp ; in a trace of the domain of the link, if this state is involved in a
transmission that results in a state wgj, and there is a later state vapy that is
involved in another transmission that results in vg v, then vg ,» must occur later
than 1g . To illustrate the definition of the order-preserving transmission property,
a triple of traces for which the property does not hold is depicted. The negation of
the property is as follows: there is a triple (LTgom()LT;;LTcdom())€CRi With
LT=ATi< V) LTdom()=((Tdom(y:<dom()}Vdom() and LTcgom()=((Tedom(1): <cdom(1);
Vedomay) for which there exist ijmneTgomqy, i7j7klI€T, m”n”0peT,
I’ ,m’,n’ €T¢gom(ry SUch that:

*  ((Wdom(l),is Vdom(1),j/s (V1,i™ VLj™s ik L (Vedom(l), i Vedom(l),j7/) 1S @  transmission
octet,

e and ((Vdom(t),m: Vdom(1),ns (V,ms Vi,n™s V1,01 Vi.p/s (Vedom(l),m’s Vedom(l)n) IS @
transmission octet,

e and i<d0m(|)m,

e and n’<¢gom()i’-

A—>
Link L fromAto B
B—» }—H

Figure 6.2: Traces that do not satisfy the order-preserving transmission property.
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This situation is depicted in Figure 6.2. The two transmission octets are indicated
by solid and dashed ovals. (The lines connecting the ovals indicate which states
together form a transmission octet.) It is clear that the traces depicted in Figure 6.2
do not satisfy the order-preserving transmission property.

6.2.3 Asynchronous Transmission Property

The third property presented in this chapter is the asynchronous transmission
property, which coincides with the commitment to asynchronous transmission
presented in Section 2.2.7. This property is defined in terms of another notion,
dependence, which is itself defined in terms of transmission octets. Dependence is a
binary relation on the union of the sets of states that occur in the traces of a link, its
domain and co-domain. As it is not assumed that all 55 are pairwise disjoint, the
relation is defined using coloured versions of the states in each 5. This makes it
possible to define notions that uniquely reference states of specific components.
Moreover, it is not assumed that for a specific component or link, states in a local
component or link trace are unique. Therefore, for reasons explained shortly, states
are also coloured with the point in time at which they occur.

Definition 6.10. (Disjoint union of states). Let SH=(Comp;Lnk;<;dom;cdom) be a
structure hierarchy and let & be a multitrace for SH. The disjoint union of all local
component and link states of the components and links in SH is the set
SsH={(vs:S;i) | SeCompcbnk, vgess and wug(i)=1s}.

For notational convenience, in the rest of this thesis, coloured versions (vg;S;i) are
identified with the uncoloured versions, i.e., a coloured state (;S;i) is denoted vs ..

A state g depends on a state vy if either A=B and i<j’ for A’s local time
ordering, or if there is a state ¢y such that vgj depends on vcm, and vem
depends on vpj, or if A=dom(L) for a link L and B=cdom(L) and g contains the
result of information transmission from wva;. The latter requirement can be

expressed formally in terms of transmission octets, as shown in the following
definition.

Definition 6.11. (Dependence). Let SH=(Comp;Lnk;<;dom;cdom) be a structure
hierarchy and let LTa=((Ta;<a/;Va/) LTe=((Tg;<g);}Vp/) and LT =((T;<.);VL) be three
traces of components or links A,BeCompcLnk and a link L eLnk such that A=dom(L) and
B=cdom(L). Let vaj and va be two states in LTa, let w_j», v j» vk and v be four
states in LT, and let vgj and 1gj be two states in LTg. The dependence relation
—gcSsHxssy for LTa, LT and LTg is defined as the smallest relation —4 such that
VA=A VB j iff either

1. A=Bandi<aj’,or

2. (A VA OLIm W VL WL (B v /) 1S @ transmission octet for LT, LT, and

LTg, or

116



6.2: Properties of Compatibility Relations

3. There is a state vc m of a component or link CeCompcnk such that va j—qvem and
vem—dVB,j

Definition 6.12. (Asynchronous transmission property). Let c®; be a compatibility
relation for a link 1. For this compatibility relation the asynchronous transmission
property holds iff for each (LTgom(1),LT1;LTcdom())€CRy, the dependence relation —q for
LTdom(1y: LTy and LTegomy is @ partial order.

The dependence relation —y is similar to Lamport’s (1986) “happens before”
relation that defines a temporal order without assuming the existence of global
time. (However, Lamport’s notion is defined in terms of events and does not
support locality.) If —4 is a partial order, it cannot contain cycles, so there is no
chain of states that all have to occur before their predecessor. This characterisation
of asynchronous information transmission is also presented in (Charron-Bost,
Mattern & Tel, 1996) in terms of events. Chapter 7 further discusses such partial
orders.

Definition 6.12 requires that all states in a local component or link trace of a
specific component or link are unique. If states are not unique, —4 is naturally
symmetric and therefore not a partial order. This is the reason why states are
coloured with the point in time at which they occur.

6.2.4 Logically Instantaneous Transmission Property

In Section 2.2.7, a commitment is made to asynchronous transmission. However, in
some circumstances, synchronous information transmission is favoured over
asynchronous information transmission. From the point of view of the initiator,
synchronous information transmission appears to be instantaneous: there are no
activities between the initiation of the information transmission and the receipt of
the information by another component. Therefore, synchronous communication is
more accurately referred to as the logically instantaneous transmission property.

Definition 6.13. (Logically instantaneous transmission property). Let
SH=¢Comp;Lnk;~<;dom;cdom) be a structure hierarchy and let LT, LTg and LT be three

traces of components or links A,BeCompcLnk and a link L eLnk such that A=dom(L) and
B=cdom(L). Let vaj and va be two states in LTa, let w i, v j= vk and v be four
states in LT, and let v ;> and g j be two states in LTg.

o The relation Kossyxssy for LTa, LT, and LTg is defined as follows:

K={(vais v L (VA VA OLim W Ve WL (B, vBj/) 1S @ transmission octet
for LT, LT, and LTg};

e The relation R is defined as R={(vs j;v5 ;)| (S=A or S=B) and i<j}K;

o Let K1 be the set {(vgjivaill ((vaivAi(MLim L LA (VB ve ) TS @
transmission octet for LTa, LT and LTg and i<j, i’<j’};
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e Let R'=(RUKH)™\(KLK1), where R* denotes the transitive closure of R;

e Let g, be a compatibility relation for a link 1. For this compatibility relation the
logically instantaneous transmission property holds iff for each
LTaomayLTi;LTedom)/€CRy, the relation R’ for LTgom(), LT) and LTegomqy IS @
partial order.

The construction R’=(RCK1)"\(K(K1) is adapted from a proof in (Charron-Bost et
al.,, 1996) in which an equivalent characterisation of logically instantaneous
information transmission in terms of events is given. From the logically
instantaneous transmission property, it can be proven that an arbitrary state v of
the domain D of a link or the co-domain C of a link happens before (in Lamport’s
sense) a state in which information is made available in D if and only if it happens
before a state in which this information is received by C. Likewise, an arbitrary
state v of D or C happens after (in Lamport’s sense) a state in which information is
made available in D if and only if it happens after a state in which this information
is received by C. Thus, at the moment of logically instantaneous information
transmission, components C and D have the same past and future. (See (Charron-
Bost et al., 1996) for the proof.)

6.3 Discussion

The reader may be surprised to find that non-local phenomena and properties of
information transmission can be defined without any relation to the clocks of the
components involved. The following observations may further clarify this issue. In
the first place, the definition of compatibility given above amounts to a theory of
dependence and nothing more. In particular, the three views on the behaviour of a
component abstract from (i) the actual time spent by components between two
states according to some observer and (ii) synchronisation characteristics and
buffering of information transmission between components. In the second place, a
non-local view in terms of dependence is, on the one hand, sufficient for many
purposes, while, on the other hand, it is the best possibility if one does not want to
assume a global clock. A view in terms of dependence is sufficient for the
following reasons. If a global clock is assumed, then a dependence ordering
implies a temporal ordering, in the real physical reality as well as in any
conceivable computer implementation (Lamport, 1986). However, a real temporal
ordering is only required if state transitions have side effects not modelled as
communication with other components in the system. Thus, a view in terms of
dependence is sufficient, if such side effects are modelled explicitly (which is the
case for the semantic structure presented in this thesis). If no global clock is
assumed (which is the only possibility in relativistic systems and which is often
beneficial when modelling widely distributed systems, see (Pratt, 1986)), then no
temporal order can be defined whatsoever, so a view in terms of dependence is the
best possibility.
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An interesting question is whether there are objective criteria to verify the claim
that e.g. the logically instantaneous transmission property does indeed characterise
instantaneous transmission. This question can be approached as follows. In the
context of models of the dynamics of distributed systems, characterisations of
various properties of information transmission have been published (Soneoka &
Ibaraki, 1994; Charron-Bost et al., 1996). These properties induce a proper hierarchy
of classes of computations that (exclusively) use a specific information
transmission property. l.e., Charron-Bost and her co-authors identify the following
classes of computations: synchronous computations, causally ordered
computations, FIFO-computations and asynchronous computations. A FIFO-
computation is a computation in which all information exchange is order-
preserving in the terminology used in this thesis. A causally ordered computation
is a computation in which the order-preserving property not only holds for each
individual information link, but also between all links to a specific component.
Charron-Bost and her co-authors show that the class of synchronous computations
is a proper subclass of the class of causally ordered computations. The class of
causally ordered computations is a proper subclass of the class of FIFO-
computations, which is itself a proper subclass of the class of asynchronous
computations.

The properties formulated in (Soneoka & Ibaraki, 1994; Charron-Bost et al.,
1996) are expressed in terms of a global, event based model of a distributed system.
In Chapter 7, a comparable global perspective is developed for the semantic
structure developed in this thesis. The characterisations published in (Soneoka &
Ibaraki, 1994; Charron-Bost et al., 1996) may serve as formal criteria to verify the
properties expressed above by considering those properties from the global
perspective developed in the next chapter.

For the logically instantaneous information transmission property, this
approach provides the following criteria:

o |If for all compatibility relations in a structure hierarchy the logically
instantaneous transmission property holds, the behaviour of that structure
hierarchy is in the class of synchronous computations. If, for all
compatibility relations in a structure hierarchy, the order-preserving
transmission property holds, then the behaviour of that structure hierarchy
is the class of FIFO-computations. As the class of synchronous computations
is a subclass of the classes of FIFO computations, the order-preserving
transmission property should by implication hold for a compatibility
relation for which the logically instantaneous transmission property holds.
Note that this criterion does not rely on a global perspective;

e In (Charron-Bost et al., 1996), a refinement of the causality relation for
synchronous computations is given. This relation essentially expresses the
requirement that two components involved in synchronous information
exchange share the same past and future at their (local) time points at which
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this information exchange happens. One way to evaluate the definition of
Section 6.2.4 consists of defining a requirement similar to the requirement of
Charron-Bost et al. and to prove that this requirement is equivalent with the
definition of the logically instantaneous information transmission property;

In (Charron-Bost et al., 1996), an equivalent characterisation of synchronous
computations is given by a requirement on the common ‘happens before’
relation as defined by Lamport. (This requirement states that there should
exist at least one linear extension of the ‘happens before’ relation such that
for all pairs of corresponding send and receive events, the interval between
two corresponding events is empty. Similar to the previous point, a possible
way to evaluate the definition of Section6.2.4 consists of defining a
requirement similar to the requirement of Charron-Bost et al. and to prove
that this requirement is equivalent with the definition of the logically
instantaneous information transmission property;

In (Soneoka & Ibaraki, 1994), yet another characterisation of synchronous
computations is given. Soneoka and Ibaraki develop a formal notion that
precisely determines whether messages cross each other. They then prove
that a communication is synchronous iff no messages can cross. Thus, yet
another way to evaluate the definition of Section 6.2.4 consists of defining a
requirement similar to the requirement of Soneoke and Ibaraki and to prove
that this requirement is equivalent with the definition of the logically
instantaneous information exchange property. As an aside, in (Charron-Bost
et al., 1996), the no-message-crossing property is also mentioned.
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