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1 THECHALLENGE OF CALL FORWARDING

Feature interactions are a severe problem in telecommunications syst@ngre now
receiving agreat deal of attention from researchers [IWFI 92, Bouma and Velthuijsen 94].
Despite progress in applying formal methods to the specification of features ahd to
detection, resolution, and avoidaraefeature interactions, many difficulties remaifwo of
these difficulties are illustrated by call forwarding.

The first difficulty is deciding how featurehouldbehave in the presence of othek®t’s
look at some simple examples concerning call forwarding:

Example 1Directory number (DN}J, is forwarded to DN,, andd, is forwarded tads.
Should a call tal, be routed ta, ords?



Example 2: d is forwarded tod,. What happens to callto d; when Do Not Disturb
(DND) applies tad; and not tad,? WhenDND applies tal, and not tad;?

Example 3:The subscriber ofl; subscribes tdriginating Call Screening (OCS, also
known as Outgoing Call Barring and Call Restriction) and has used it to block cdls to
His child’s friend atd3 sets up forwarding frord; to d,, and his child callsl;. Shouldthe
call go through?

Example 4.The subscriber ofl; subscribes to OC&nd has used it to block callsde.
Calls fromd, are forwarded talz. Shoulda call fromd, to d, go through?

These questions (and many others) about the desirable behavior of call forwarding are well
known, but they haveot yet been answered®imilar questions appear as open problems in
survey papers on feature interaction [Cameron et al. 93, Muller 94lially there are
excellent arguments on both sidg#ghese questions, which leads me to believe that there are
no right answers to questions posed in this way.

In the absencef consensus on ‘“correct” answers, three other approaches to determining
the behavior of forwarding features have been expl@édith apparent flaws(1) The open
guestions about forwarding behavior can be left open as opaadssubscribers can make
their own choices [Muller 94]It seems unreasonable to ask subscribers to undestand
answer questionghat telecommunications experts canndR) The behavior can be
determined by negotiation at the time of call setup [Griffeth and Velthuijsen 192he
negotiating agent is the subscriber, this would seem to add gteastup overhead and to
the intellectual burden othe subscriber.lf the negotiating agent is a program, then this
proposal is just a new way of implementing features, and brings no new itsighé
guestion ofhow features should behav€) The behavior can be determined by arbitrary and
subjective choicesThis s intellectually unsatisfying Also, like the other two approaches, it
tends to complicate system behavior and implementation.

The second difficulty is fitting the specificatiored all features (and desired feature
interactions) into a single, monolithic specification framewdfke complexityand diversity
of telecommunications will defeat such efforts in the forseeable future.

For example, the most widely known approach to the feature-interaction prdhieles
call processing into phases, in each of which at most one feature can be Bgpivally the
active feature is chosen from a priority list, and is the highest-pri@ature that applies to
the situation.

A variation on thisapproach organizes competing features by means of blocking tables
[Schessel 92].A blocking table makes it possible to sayaopair of features that when the
first feature is active the secomelature cannot be activelhereare many related policies
based on this general idea [Homayoon and Singh 88].

It should be obvious that none thiese approaches is capable of specifying call forwarding
and its related feature€venat their most sophisticated and complete, these approeahes
do nothing more than specifigat featureX,,X5, . . . are active and featurés,Y,, ... are
not active in somaituation. They cannot handle multiple applications of the same feature in
the same situation (as in multiple forwarding steps), and they cannot managmadigation
of active features (as when screening is appliedfayvearding DN rather than to the dialed
DN).

For an example on the opposite side ofdhgument, a recent specification of a switching
system with twelve popular features [Mataga and Zave 95] lasgsiages in three major
families (finite-state automata, grammars, aatitheory) to specify three major aspects of the



system (the device interface, digit analysis, and connections, respecti&slgxesult of the
multiparadigm approach used, thgecification is relatively concise and readable, despite the
fact that the switch specified is many times®re complex than others specified in the
literature [Boumezbeur and Logrippo 93, Kay and Reed 93, Woodcock and Loomes 88].

This paper is a specification case stuttyshowshow the two difficulties described above
can beovercome, at least in the case of call forwardimye principles illustrated are quite
general, and can be applied to other groups of features.

The difficulty of deciding how features shoultehave is overcome by the following
principle: afeature should fiand address a recognizable human situation, and be described
in terms of its roles.Thisrule makes features easy to document and mafdst, the human
situation acts as a guideline fohoosing useful and predictable feature behavibis not
necessary to involve subscribers in the dets#ileature interaction, and yet features behave
as the subscribers expect, because both designers and subscribers are thiekimgohthe
same human situationsThis is illustrated in Section 2, with a situational analysis of
forwarding features and blocking features (with which forwarding features interact closely).

The difficulty of achieving success with monolithic specifications is overcome by adopting
a view-oriented approachFor each group of features thei® an appropriate abstraction,
capturing everything relevant to that group of featuidse abstraction is formalized in terms
of a suitable notation, and becomes a partial specification of the systeouting view—
which includes all forwarding and blocking featureis specified in Sections 3 through 5.

A view specification can, because it$ specialization, be extremely powerfuk can
specify completely the behavior and interactions of the features that belong to it. It can handle
feature sets of realistic complexity, and it candiesigned for extensibility to new features in
the group.

In the shortterm, these advantages outweigh the disadvantage that interactions between
views are not represented formallin the long termwe must work toward integration and
composition of the viewsThis subject is discussed in Section 6.

The presentation in this paper rel@s three simplifying assumptions, all easily removed
for a more realistic treatment of the subject: (As$ume a homogeneous set of DNs. In more
realistic treatments, distinctions can be made between local and toll DN¢2etcassume
that the only interesting outcome of routing is a final destination focalie In some real
situations, each forwarding step resutisa separately billable segment of the c4B) |
assume that calls can be regarded as point-to-point during all staggsi@fThis does not
preclude conferencing features, but it does exclude group setup features suecit groups
and shared DNs.

As a result of these assumptions, each DN maps onto a unique telephone line,sivaitch |
refer to as a unique telephone for breviachDN also maps onto a unique subscriio
pays the bill for that DN and determines which features apply tbhiis““the telephone of a
DN,” “the subscriber of a DN,” and “thefeatures applying to a DN are always well-
defined terms.



2 A SITUATIONAL ANALYSIS OF FORWARDING AND BLOCKING
FEATURES

Call forwarding is chronically confusindpecause the name covers two distinct human
situations. Inthe follow mesituation, the forwarder expects to beain unusual place, and
wants his calls to follow him to thalace. In thedelegatesituation, the forwarder expects to
be unavailable, and wants to delegate to angqibeson (secretary, colleague working on the
same project) or surrogate (message serviceleonsibility of answering his call$n one
situation the subscriber expects to be answering his own calls, while ath#tresituation he
expects someone or something else to be answering them.

Distinguishing these two human situationshie key to understanding call forwarding and
solving the puzzles concerning how it should beha@ensiderExample 1 inSection 1. If
the forwarding ofd, is delegate forwarding, then the call should be routedsto This is
because the call has been delegated to the subsafitbgrso any forwarding requested from
d, applies. If,on the other hand, the forwardingdf is follow-me forwarding, then the call
should be routed tal,. The subscriber ofd; expects to be locatedear the telephone
addressed by DM,, and wants his calls to be routed to that telephdnés likely that the
subscriber ofd, is also somewhere unusdadspecially since someone else is using his
telephone—and may be forwarding his calls, but the wisloéshe subscriber ofl, have
absolutely nothing to do with the subscribedgfin this case.

Here is another way to remember the distinction between the two human situbhans.
already pointed out that ea€iN maps onto a unique telephone and a unique subsctiber.
follow-me forwarding, the forwarded-to DN is being usesda key or pointer totalephone
In delegate forwarding, the forwarded-to DN is being used as a key or pointrkisciber

The first step in obtaining a satisfactory specification of call forwardingatatdy which
human situations are being addressed by which featdres.three standard features are
ambiguous in this respect, scshall specify five new features insteaflable 1 shows the
correspondences between standard and new featNms.that there isno Follow Me Busy
feature, because it would make sense in human termdf the subscriber’s telephone is
busy, then the subscriber is in his uspkace, using his telephone, and there is nowhere to
follow him.

% standard feature E new feature %
O . » O Follow Me @
[ Call Forwarding Unconditional [
) 0 Delegate il
(@ Call Forwarding Bus U Del teB e}
I g % o, DelegateBusy Tl
) O Follow Me No Answer @
[f Call Forwarding No Answer [ il
B A Delegate No Answer ﬁ
Table 1

Blocking features are routing features tpatvent the completion of calls when they are
considered undesirable by onetloé people involvedTable2 shows a representative sample
of blocking features, all of which will be specified formally as part of the routing view.



standard feature new feature feature description

Do Not Ring donot alert this telephone

Do Not Disturb
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do not connect calls for this

Vacation Protection .
subscriber

block outgoing calls to certain

Originating Call Screening DNs

block incoming calls from

Terminating Call Screening certain DNs

refuseto allow caller
identificationon outgoing call

Calling Number Delivery
Blocking

block incoming calls having no

Anonymous Call Rejection . T
caller identification
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Table 2

Like the forwarding features, DND may bendfitm a distinction between subscriber and
telephone. Iwill be treated as two new features. Do Not Ring (DdRVents the routing of
calls to the telephonef the DN, so that no one in the vicinity of the telephone is disturbed or
interrupted. VacatiorProtection (VP) prevents the routing of calls to slubdscriber of the
DN, so that a person can go ®@acation without returning to a huge accumulation of
messages. Athe same time, calls for hiwusesitter, routed to his telephone as a result of
follow-me forwarding from his housesitter’'s DN, will go through.

The questions in Example 2, Section 1, split into a number of cases depending on what
kind of forwarding is beingised and which meaning of DND is desired: (1) If DNR applies to
d4, it has no effect(2) If DNR applies tad,, the call does not gthrough. (3) If VP applies
to d, and delegate forwarding is used, then the call goes through, because it is being routed to
the subscriber afl,. (4) If VP applies tod, and follow-meforwarding is used, then the call
does not go througlbecause it is being routed to the subscriber; of(5) If VP applies tad,
and follow-me forwarding is used, then the call goes throbgtause it is being routed to the
subscriber ofl;. (6) If VP applies tod, and delegate forwarding is used, then the call does
not go through, because it is being routed to the subscriler of

In contrast, the subscriber/telephone distinction appears to have little relevance to OCS
and Terminating Call Screening (TCSp)he distrustful intent of these features is so strong, |
believe, that thecall should be blocked if the screened DN appears anywhere in its routing
path. Thughe calls in both Examples 3 and 4 should be blocked.

There isanother way of looking at OCSAVe could ask whether the purpose of blocking is
keep children from talking to distrusted partiest@rkeep children from running up large
phone bills (for exampldyy calling 900 numbers)if the intended purpose is financial, then
the call proposed in Example 3 wolddem to be acceptable, because the extraordinary fees
will be billed to the child’s friend’s parent$dowever,l do not think thathis alternative OCS
behavior is desired by responsible parents.

Anonymous call rejection (ACR) is closely associated with Calling Number Delivery
(CND), and both are closely associated with a particidkphone (it makes no sense to



subscribe to CND if you do nobwn a telephone capable of displaying the caller
identification, and it makes no sense to subscribe to AgRBu do not subscribe to CND).
Thus | interpret theséeatures as applying strictly to the telephone pointed to by the DN,
rather than as applying to the subscriber of the DN as portable communication privileges.

As we have seen, situational analysis frequently results in additional new feakbres.
may be regarded as an advantage (more features toosal!flisadvantagelf it is regarded
as a disadvantage, then the problems raised are easily overcome.

Suppose, foinstance, that a switch provider is committed to supplying three forwarding
features undethe standard name3.henthe provider can assign to each of the names on the
left of Table 1 one of the features thre right of Table 1In fact, this is the only way to make
the three standard features unambiguous.

Even if the switch provider is committed to supplying thi@svarding features under the
standard names, he may find beneficial to secretly implement all fiveThe routing
specification in Sections 4 and 5 makes it trivial to do $ben, when some telephone
company requests a special version of call forwarding, it is likely to be implemented already.

3 A CONTEXT FOR THE ROUTING VIEW

Most descriptions of call processing are heavily temporal in nature, emphasizing states,
events, and state transitionBigure 1 is a typical specification fragmentt is afinite-state
automaton giving a partial description of call processing; it shows some of the states, external
events, and state transitions required.

dialed

connected

Figure 1 A partial description of call processing.



Routing is an atypical aspect of call processingthat most of its complexity is
nontemporal-# concernsstatic data and relationshipst is easier to understand routing
features if their specificatiors separated from the temporal aspects of call processing and
uses a syntax that is appropriate for managing statiglexity. Accordingly, Sections 4 and
5 contain a formal specification of routing, expressed in a tabular dbriime specification
language Z [Spivey 92].

The specification of call processing this section and the specification of routing in
Sections 4and 5 are both partialneither one is complete in itself.he formal composition
of these and other views will lmBscussed in Section @zor now, an informal description of
how the views fit together should be sufficient.

Although Figure 1 is incomplete in many respects, it does includristransitions from
the three large statesThe solid arrows represent state transitions stimulated by external
events, while the dashed arrows represent state transitions stimulated by computation
switching system.

There are also four relevant state variables, atypé DN:origin, dialed, tel,and subs
The DN of the caller is saved arigin, andthe dialed DN is saved mialed Whenevetthe
value of tel is defined, it is the DN whose telephone is the current target of routing.
Whenever the value a&fubsis defined, it is the DN whose subscribeths current target of
routing.

Section 4 defines two functions declared as:

dialing-outcome: DN- (call-statex DN x DN)
timeout-outcome: (DX DN) - (call-statex DN x DN)

Both of these are total functions from their arguments to value triplé® last two
components of each value triple must be Cddsl the first component must be a call state,
wherecall-statedenotes the enumerated type:

call-state ::= blockedbusyalerting [Jquick-alerting

These functions are used to control what the system does dhatkd, alerting,andtimed-
outstates, as follows.
In dialed state:Execute this pseudocode.

(new—-state, tel, subs) := dialing-outcome (dialed);
if "abandon event has occurred" then "next state is abandoned"
else if (new-state = blocked) then "next state is blocked”
else if (new-state = busy) then "next state is busy"
else if (new-state = alerting)
then "next state is alerting"
else if (new-state = quick-alerting)

then "next state is alerting and set alerting timer".

In alerting state:Alert the telephone whose DN is tel. Transitionto the next state is
strictly based on external events, as shown in Figure 1.



In timed-out state:Execute this pseudocode.

(new—state, tel, subs) := timeout-outcome (tel, subs);
if "abandon event has occurred" then "next state is abandoned"
blocked) then "next state is blocked"

else if (new-state

else if (new-state busy) then "next state is busy"”

else if (new-state alerting)
then "next state is alerting"
else if (new-state = quick-alerting)

then "next state is alerting and set alerting timer".

4 FIRST VERSION OF THE ROUTING VIEW: FORWARDING
FEATURES

The state of the system muscord which features apply to which DNEor Plain Old
Telephone Service (POTS) and itadl forwarding features this information is captured in Z
as follows:

[DN,telephone]

POTS: DN- telephone
Del: DN + DN

FM: DN + DN

DelB: DN + DN
DelNA: DN+ DN
FMNA: DN + DN

The first line says thdDN andtelephoneare primitive types of the specificatioROTS, Del,
FM, DelB, DelNA,and FMNA are all binaryrelations, or, in other words, sets of ordered
pairs. Thetwo different arrow symbols denote different constraints on these sets: a plain
arrow is a total function, and a crossedow is a partial functiondom R denotes the domain
of relationR. Thus(d,,d,) O Rif and only if the ordered paid( ,d,) is a member of the
relationR, and its membership implies thét [0 dom R.
If (d;,d,) is a member of some forwarding relatiBp, thend, is forwarded tod, by
means of the feature correspondingrio Thefact thatR; is a function means that a DiN
can only be forwarded to one DN atimme by means of that featur@he fact thatR; is a
partial function means that a DiN need not be forwarded; only those DNs in deenain of
R are being forwarded by means of that featuks.an extreme case of this, if a forwarding
feature is not being offered to subscribers, then its corresponding relation is always empty.
The content of these relations changes over time, as a result of provigpenagons and
control commands from telephoneBhereare only two restrictionsn the updating of these
relations: (1) Querieand updates must be synchronized in the usual way, so that they appear
atomic andare actually serializable(2) Integrity constraints on the relations must be
preserved at all timesFor example, the functional nature of functional relations must be
preserved.



Some integrity constraints keep the features from being usednsensical waysFor
example, the following constraint preventsubscriber from forwarding calls to himselfhe
first line defines araggregate relation, while the second line says that it must contain no pairs
from the identity relation on DNs.

All-Forwards == DelJ FM O DelB O DelINAO FMNA
All-Forwards n id DN =

These constraints prevent a subscriber from requesting two difteeatinents of the same
situation:

dom Del n domFM =0
dom DeINANn dom FMNA=

This section contains thdefinitions of four functions.dialing-outcomeand timeout-
outcomewere declared in Section I heother two functions are:

subscriber-outcome: DN. (call-statex DN x DN)
telephone-outcome: (DXDN) - (call-statex DN x DN)

The definitions of dialing-outcome and timeout-outcomeuse subscriber-outcomeand
telephone-outcome The definitions of subscriber-outcomeand telephone-outcomaise
themselves and each other in a higldgursive mannerThe definition ofdialing-outcomas
simply:

dialing-outcome(dialed) = subscriber-outcome(dialed)

The definitions of the other three functions have several caSaseenumeration is
common in specifications and often difficult to read, so | hawented a simple tabular
notation to make these definitio(ia Tables 3 through 5) more readablghetables could be
translated automatically into Z, and so can be regarded as a shorthand.

The top row of eacliable supplies names for all the formal parameters of the function,
both incomingand outgoing. Each subsequent row of the table covers another numbered
case, the second colungiving the condition under which the case applies, and the third
column giving the value of the function in that ca3ée cases ireach table are ordered from
top to bottom.Thuseach condition must henderstood as including, implicitly, the negations
of all previous conditions in the table.

%base E of. . .subscriber-outcome(old-subs) = (new-state,new—tel,new-su%)

% 1 [ old-subs] dom Del E subscriber-outcome(Del(old-subs)) %
2 H old-subd1dom FM E telephone-outcome(FM(old-subs),old-sub
% 3 % true a telephone-outcome(old-subs,old-subs) %

Table 3



%case E of. . .telephone-outcome(old-tel,old-subs) = (new-state,new-tel,new-subs) g
{1 M POTS(old-telJ Busyold-subst dom DelB O subscriber-outcome(DelB(old-subs
B—r s
2 [ POTS(old-tel)] Busy O (busy,old-tel,old-subs)
E 3 ﬁ old-subd1 dom DelNA E (quick-alerting,old-tel,old-subs) [
o — . i
% 4 % old-subd1 dom FMNA Oold-tel = old-subs E (quick-alerting,old-tel,old-subs) [
%5 % true E (alerting,old-tel,old-subs) %
Table 4
%base E of. . .timeout-outcome(old-tel,old-subs) = (new-state,new-tel,new-subs) %
1 [ old-subg] dom DelNA D' subscriber-outcome(DelNA(old-subs)) %
@ 2 H old-subd1 dom FMNA O old-tel = old-subs 5 telephone—outcome(FMNA(oId—subs),oId-sul%
ﬁ?. % true a (alerting,old-tel,old-subs) %
Table 5

This line of Z means th&usyis a set of telephones:
Busy: P telephone

At any time,the setBusycontains all the telephones that are currently b$is is typical
of the Z specification style.)

As you might expect, recursive evaluations of these functions correspond to forwarding
steps, and the argument substitutitlase the effect of updating the routing destination at
each steplt is important to note, however, the function definitions maintain two separate
routing destinations, the telephone being routed to andstibscriber being routed to.
Follow-me forwarding distinguishes these two, so manipulating them separatbé asly
way to do follow-me forwarding correctly.

Every time a version of delegate forwarding is applied, the funstibscriber-outcomes
evaluated with the DNof the newly delegated subscriber as its argumé@inis function
checks for further unconditional delegate or follow-me forwarding.

Whenever routing reacheghase in which the status of a particular telephone is relevant,
the function telephone-outcomés evaluatedwith the current telephone destination and
subscriber destination as asguments.This function checks the telephone for unavailability.

If available then the telephone will be alerted; if no-answer forwarding could applyhiaen
alerting must be quick.

timeout-outcomas only evaluated after quick alerting andimeout. Becauseof this
history, it would be reasonable assume that Cases 1 and 2 of Table 5 are exhaustive.
However, it is important to realizghat the same atomic queries of the relatibetNA and
FMNA before and after quick alerting might conceivably yidifferent results, because the
relations might have changed during that intervatimie! This situation will be rare, but
formal specifications cannot ignore any possibiliti€ase3 in Table 5 takes care of it.



An additional integrity constraint on the forwarding relations is motivated by a desired
routing property, namely guaranteed terminati®his constraint:

All-Delegates == Dell] DelB J DelNA
All-Delegate$ n id DN =[]

says that it is impossible, beginnimgth a DN and transforming it successively by means of
delegation steps, to géack to the original DN.The appendix contains a proof that if the
delegate relations do not chandering routing and if this integrity constraint on delegate
relations holds, then routing is guaranteed to terminate.

This proof is important primarily because it validates my beliefs about the specification,
how it works, and why it captures the correct waydo call forwarding (the follow-me
relations need not be checked for forwarding loops because follow-me forwarding cannot be
applied recursively). As a practical means of preventing forwarding loops
telecommunications systems, however, tesult may be inadequate because maintaining the
constraint on delegate relations may be éxpensive, or because the actual updating of
delegate relations concurrently with call routing makesatunreliable. If so, developers can
rely on older strategies such as fixed limits on the number of forwarding steps.

Two other notations were tried dnis specification and rejecte@riginally it seemed that
the use of relational algebra would yield a better (more concise and more declarative)
specification than recursive function definitioridsingrelational algebra, the specification of
call forwarding would be a relatioR defined by applying various relational operators to the
forwarding relations.R would be such thatd(;,d,) O R if and only if calls dialed tal,
should be routed td,. This approach faildecause the outcome of routing is a three-tuple
rather than a single DNAlthough a binary relation on three-tuples is conceivable, it would
be awkward to manipulate and no improvement in readability over the tables.

The tabular notatiorwas inspired by the use of tables in a method for program
documentation [Parnas et al. 94[nterestingly,these tables work poorly on threuting
specification for much the same reason that relatialggbra doesThe routing specification
is a function defined by carrying twioterdependent variables through recursive function
evaluations. Analysi®f each case leads ttetermination of three closely interdependent
output variables.The program-documentatiotables specify each output variable separately,
so that the close associations among the variable values cannot be exploited.

5 SECONDVERSION OF THE ROUTING VIEW:BLOCKING FEATURES

Like forwarding features, each blockifgature has a relation recording which DNs it applies
to. InZ these are declared as follows:

DNR: P DN
VP: P DN
OCS: DN~ DN
TCS: DN~ DN
CNDB: P DN
ACR: P DN



A double-headed arrow indicates an unconstrained binary relatforid;,d,) is a
member of some screening relati@g, then calls frond; to d, are prohibited by means of
the feature corresponding Ra.

DNR, VP, CNDBandACRare all unary relations, oin other words, sets of DN3$f a DN
dis a member of one of these sets, then the corresponding feature apglies to

The formal specification of blocking relies on three aggregatations, defined as
follows:

Block-Telephone == (DN DNR) [0 (CNDBx ACR)
Block-Subscriber == (DN« VP)
Block-Route-Through == OCH TCS

(DN x DNR)is a binary relation containing all orderpdirs of DNs in which the first element
belongs tdDN and the second element belongPtdR (CNDB x ACR)is a binary relation
containing all ordered pairs of DNs in which the fiedement belongs t&€NDB and the
second element belongsA€R

Block-Telephoneontains all pairsd; ,d,) such thata call fromd, should be blocked if it
is routed to the telephone d§. Block-Subscribecontains all pairsd;,d,) suchthat a call
from d; should be blocked if it is routed to the subscriberdef Block-Route-Through
contains all pairsd;,d,) such that a call frond; should be blocked if the telephone or
subscriber ofl, appears anywhere its routing path.The explanations in Section 2 should
make it clear why these aggregate relations are defined as they are.

To use these new relations to block undesired calls, we simply add appropriate lookups to
the routing view. Specifically, Tables 3 and 4 are replaced by Tables 6 and 7.

%ase E of. . .subscriber-outcome(old-subs) = (new-state,new-tel,new-subs) %

%1 % (origin,old-subs)J Block-Route-Through B (blocked,old-subs,old-subs) %

2 % old-subg] dom Del B subscriber-outcome(Del(old-subs))

@ 3 @ (origin,old-subs)] Block-Subscriber E (blocked,old-subs,old-subs) il

% 4 % old-subd1 dom FM H teIephone—outcome(FM(oId—subs),old-subg

%5 % true E telephone-outcome(old-subs,old-subs) %
Table 6

The key to this treatment of blocking is obviously thleandsubsDNs, which are updated
at every routing step and always indicate what is filling the roles of destination telepitbne
destination subscriber, respectivelyhey provide the exact information needed to specify
blocking features thaare, like the forwarding features, tailored precisely to meet human
needs.

The use of aggregate blocking relations makes this specification entaesible than it
would be if the tables used the feature relations directly. When a new blocking feature is
proposed, there is a goathance that it can be added by modifying the aggregate relations
alone, without touching the (more complex) tables.



%case E of. . .telephone-outcome(old-tel,old-subs) = (new-state,new-tel,new-subs) g
E 1 [ (origin,old-tel)d Block-Route-Through g (blocked,old-tel,old-subs) g
2 ﬁ POTS(old-tel)] Busy[J old-subs] dom DelB E subscriber-outcome(DeIB(old-subs%
E 3 ﬁ (origin,old-tel) O Block-Telephone E (blocked,old-tel,old-subs) @l
@4 [ POTS(old-telf) Busy 0 (busy,old-tel,old-subs) %
5 % old-subd1 dom DelNA H (quick-alerting,old-tel,old-subs)
% 6 % old-subd1 dom FMNA O old-tel = old-subs E (quick-alerting,old-tel,old-subs) g
il 0 ;
0l 7 true 0 (alerting,old-tel,old-subs) B

Table 7

6 VIEW INTEGRATION

The integration of theouting view with other views has not been formalized, but it is easy to
describe informally.Evaluationsof therouting functions are embedded in the transitions of a
finite-state automata for catirocessing.The feature relations are used by the routing view
and updated by whichever view does provisioning mwathagement of subscriber datehe
variablestel andsubsare updated by this view, and can be used by feature specifications that
need to know which DNs are playing the roles of destination telepandedestination
subscriber.

For example, in the case of a collect call, the destination subsemio¢rdestination
telephone—should be billed.If a subscriber receives a call at someone else’s telefiyone
means of follow-me forwarding, andccepts the charges, it seems only fair to bill the
responsible subscriber rather than his helphess. In the case of automatic retry (of a call to
a busy telephone), the destination telephsimeuld be monitored and retried, because that is
the telephone whose busy state invoked the feature.

Techniques exist for formalizing theomposition semantics of a wide variety of
specification languages [Zave and Jackson 9@jesetechniquesmight be sufficient to
formalize the relationships described informally above.

| do not wish, however, to pass afhard problem as an easy onge.general, finding
appropriate viewspecifications for telecommunications systems is hard work, and composing
them to form a consistent, coherent whole is dwanaler. But even if view integration eludes
us in the forseeable future, there are still reasons to believe that the appooach
telecommunications specification illustrated in this paper is the right one.

For one reason, withinaell-chosen view, problems of realistic complexitgroblems of
behavior, description, and analysisan be solved.Thereis no evidence that general-
purpose approaches, trying to inclualefeatures in the same view, can achieve these insights
or solve problems of this complexity.

For an additional reason, a view with real explanapmwer is worth having, even if it is
not formally integrated with other views:zor example, the routingpecification presented in
this paper is extremely easy to implement and tikgirovides muclbetter documentation of
the features than is usually available.



For afinal reason, a collection of useful (but unintegrated) views is exactly the raw
material we need to make sense of telecommunicatibnge had such a collection, formal
methods for developmenf telecommunications software would improve much more rapidly
than they are improving now.
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9 APPENDIX: PROOFOF TERMINATION

For the forwarding specificatiogiven in Section 4, if the delegate relations do not change
during routing, and if the irreflexive transitive closureatlifthe delegate relations is disjoint
from the identity relation, then routing is guaranteed to terminate.

First, consider whatan happen during quick alertind.he call may be abandoned or
answered; in either case termination has been achi&@the only possibility taconsider is
a timeout followed by evaluation éfmeout-outcome Case3 of timeout-outcomé¢Table 5)
also guarantees termination, so only the first two cases are worrisbaldée 8 givesan
alternate definition ofelephone-outcom@able 4) in which the problematic Cases 1 and 2 of
timeout-outcoméave been collapsed into Cases 3 andtélephone-outcome

%case E of. . .telephone-outcome(old-tel,old-subs) = (new-state,new-tel,new-subs) %

% 1 % POTS(old-tel)] BusyC old-subs] dom DelB 5 subscriber-outcome(DelB(old-subs)) %

2 % POTS(old-tel)1 Busy E (busy,old-tel,old-subs) %

@ 3 [ old-subg] dom DelNA E subscriber-outcome(DelNA(old-subs)) o

% 4 % old-subd1 dom FMNA O old-tel = old-subs E telephone—outcome(FMNA(oId—subs),oId-sut%)

%5 % true E (alerting,old-tel,old-subs) %
Table 8

As aresult of these case eliminations, it is sufficient to prove termination of evaluation of
subscriber-outcomas defined in Table 3, usirtiglephone-outcomas defined in Table 8.

All-DelegateS can be represented by an acyclic grapbr DN d in this graph, leten(d)
be the length of the unique path frahto a final node.For DN d not in this graph, lelen(d)
= 0. Thus ifd O dom All-Delegateghenlen(d) = 0,andlen(d)is finite for alld J DN.

| shall nowprove that an evaluation stibscriber-outcome(d), len(&)0, either terminates
or results in a recursive evaluatisuabscriber-outcome(d’), len(d’) = len(e)1.

In the definition of subscriber-outcomeCase 1 clearly satisfies the hypothesases?
and 3 lead toevaluations oftelephone-outcome(FM(d),dand telephone-outcome(d,d),
respectively. Nowconsider these evaluations.

In the definition of telephone-outcomeall casesexcept Case 4 clearly satisfy the
hypothesis. Thevaluation oftelephone-outcome(FM(d),dpnnot invoke Case 4, so all we
need to consider is application of Case 4 tétephone-outcome(d,d)This results in
evaluation oftelephone-outcome(FMNA(d),dThelatter evaluation cannot invoke Case 4 of
the definition oftelephone-outcomeo it must satisfy the hypothesis.

Finally, | shall prove that an evaluationsafbscriber-outcome(d), len(d) = @rminates.



In the definition ofsubscriber-outcomeCasel cannot apply.Cases2 and 3 lead to
evaluations otelephone-outcome(FM(d),@nd telephone-outcome(d,despectively. Now
consider these evaluations.

In the definition oftelephone-outcomeéases 2 anfl terminate, and Cases 1 and 3 cannot
apply. Theevaluation otelephone-outcome(FM(d),dannot invoke Casé, so all we need
to consider isapplication of Case 4 tielephone-outcome(d,d)his results in evaluation of
telephone-outcome(FMNA(d),d)n the evaluation ofelephone-outcome(FMNA(d),dJases
1, 3, and 4 cannot apply, and Cases 2 and 5 terminate.

By induction onlen(d),all evaluations ofubscriber-outcome(dgrminate.
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