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ONSOZ

Bu proje Avrupa Toplulugu kurulusu olan COST'a sunulup
kabul ettirilmis olan ve 18 Avrupa tlkesinin katilimi ile
baskanligi ve sekreteryasinin Turkiye tarafindan ylrutdldigd
COST 247 kodlu ve Verification/Validation of Communication
Software by Formal Methods adli projenin Tirkiye i¢indeki
etkinliklerini TUBITAK-EEEAG destegi ile sirdiiren projedir.

Projede endistriyel uygulamaya yoénelik olarak SDL dili
tzerinde betimlemeler, SDL/COSPAN derleyicisi gibi yazilim
aygitlari, entegre donanim/yazilim tasarimi igin tanimlar ve
aygitlar ve dogrulayicilar tizerinde karmasiklik azaltan
(complexity relief) teknikler gelistirilmis ve bunun yanisara
uyum sinama (conformance testing) ve ayrik olay dizgeleri

(discrete event systems) izerinde kuramsal c¢alismalar

yapilmigtair.
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OZET

Gercek zaman iletisim vazilamlarinda kullanilan dagimla
yazilimlaran betimlenmesi ve dogrulanmasi igin iki ticari SDL
drtuni olan SDT (Telelogic) ve GEODE (Verilog) paketleri
kullanilarak uygulamalar yapildi ve yeni teknikler
gelistirildi. Ozellikle Lucent Technologies'de gelistirilmis
olan COSPAN dogrulayicisinin SDL platformunda kullanilabilmesi
icin SDL-S/R derleyicisi gerceklestirildi ve SDL dili ile
COSPAN dogrulayicisinin donanim/yazilim entegre tasarimi (HW/SW
co-design) igin genisletilmis SDL tanami yapildi.Bunun yanisira
SDL kullaniminda durum patlamasi olarak anilan karmasiklak

sorununa ¢ozim getirmek tzere teknikler gelistirildi.
ABSTRACT

In order to specify and validate embedded real-time
software used in communication systems the commercial products
SDT and GEODE were applied to numerous examples and techniques
were developed for that purpose. In particular to use COSPAN
verifier developed at Lucent Technologies within an SDL
platform a restricted SDL to S/R compiler was implemented and
SDL was extended as the first step of implementing a HW/SW
codesign tool using the COSPAN verifier. In addition complexity
relief techniques were developed to overcome the problem of

state explosion when using SDL




1 - GIRIS

1.1 - AVRUPA TOPLULUGU GERGEVESINDE COST 247 PROJE

PLATFORMUNUN OLUSUMU VE ETKINLIKLERI

COST 247 projesinin bir Avrupa Toplulugu COST projesi
olarak olusumunun ilk tohumlara 10-13 Aralak 1992 tarihinde
Ankara‘'da yapilan bir ¢n galastay ( preliminary workshop )ile
at1ldil. Bu galistayda 9 Avrupa ulkesinden katilan temsilciler
kendi istek ve arastirma ilgi alanlarini ortaya koyarak CGST
Telekomiinikasyon grubu ig¢inde yer alacak ve telekom
yazilimlarina iliskin sorunlari igerecek bir projeyi
yonlendirdiler (bkz. Ek 1). Bu asamadan sonra COST kurulusuna
yaptigimiz proje basvurusu (bkz. Ek 2) COST Telekom grubu
tarafindan kabul edildi ve katilim kararlari tlkelerin
imzalarina acildi. Kurucu toplanti (inaugural meeting) 9 Aralik
1993 tarihinde Briiksel'de gergeklesti. Ancak COST kurulusunun
bir geregi olarak projenin resmen baslamasi ic¢in en az 5 COST
iyesi tlkenin biyikelgiliklerinin imzalarinin daha yer almamis
olmasi nedeniyle resmi baslangig 14,15 Mart 1994 tarihinde
yapilan Utrecht yoénetim kurulu toplantisinda gergeklesti.

Bu toplantida, katilan iilke temsilcilerinden olugsan COST 247
yonetim kurulu, éneriyi yapan tilkenin temsilcisi K. Inan'a
proje baskanligina ve Fransa temsilcisi S. Budkowski'yi ikinci
bagkanliga segti. Ayni toplantida 4 ayri calisma grubu (CG) ve

baskanlara




(1) E-LOTOS grubu (H. Garavel, Fransa},

(2) Bigimsel betimleme analiz ve dogrulama grubu
(J. F. Groote, Holanda),

(3) Uyum sinamasi grubu (K. Tarnay, Macaristan},

(4) Simiilasyon ve basarim analizi grubu (P. Dembinski,

Polonya),

olarak belirlendi. Ug yillik bir proje olan ve 18 Avrupa
filkesinin katildigi COST 247 projesi 1996 Aralik ayinda sona
erdi ve uye ulkelerin istegi ve COST Telekom grubunun onayi ile
Aralik 1997 tarihine kadar uzatildi. Bu tarihte COST kurulusuna
yapilan tim sunus ozetleri ve diger etkinlikleri igeren
dokiitmanlarla beraber bir sonug¢ raporu olarak COST'a sunuldu
(bkz. Ek 3) . Bu stre iginde hemen hepsi iki gln slUren ve yarim
gini yénetim kurul toplantisi ve kalan sturenin teknik sunuglari
igerdigi 11 toplanti yapildi. Bu toplantilara ek olarak 5 tane
ozel calistay toplantisi, bu calistay toplantilarindan iki
tanesinin proceeding 'lerini ve Science of Computer Programming
. voel. 29, No. 1 & 2 sayisinin "Methods of Software Design
Techniques and Applications” temasi altinda

6zel COST 247 sayisinl igeren yayin etkinlilerini ve COST
tarafindan finanse edilen karsilikli kisa streli ziyaretleri
(short term missions) ve E-LOTOS grubunun 6zel bir giktisi olan
LOTOS dilinin teknolojik gelismelere uyumlu bir sonraki
versiyonunun ITU standardlarini COST 247 platformunun c¢iktilara

arasinda sayabiliriz.




COST 247 projesi COST Telekom grubu iginde telekom
vazilimlari (embedded real-time software) son derece kritik bir
alani kapsayan ¢nemli bir boslugu dolduruyordu. Ilgili alaninin
genisligi, yazilima iliskin konularin ticari boyutunun
getirdigi ¢zellikler - yani ticari degere sahip bir yazilam
irinti gelistirmenin gerektirdigi bitgenin, COST 247 bltgesinin
cok tistinde olmasi -~ COST 247 projesini ortaklasa yurutiilen tek
amagli bir proje yerine, g¢ok amacgli bir bilgi aligverisi
platformu olarak gelismesini gerektirmistir. EEEAG COST 247
projesi de bu genel platforma katilan ve daha 6nce desteklenen
EEEAG Yazilim 2 projesinin birikimleri izerine sirdirilen bir

proje olarak gelisti.

1.2 - TUBITAK COST 247 PROJESININ AMACI VE PLATFORMA KATILIM

STRATEJISI

EEEAG COST 247 projesi Turkiye'nin kendi énermis oldugu
COST 247 projesine katilimini sagladi. Bu projeyi, gerek
birikim, gerek olusmus olan altyapi agisindan COST 247 ile
yaklasik 9 aylik bir gakigma siresi olan ve onun dogmasinil
saglayan EEEAG Yazilim 2 projesinin devami olarak nitelemek
gerekir. Tirkiye'deki telekominikasyon sektoériunin gérece
gelismisligi belirleyici bir veri olarak alindi ve buna bagla
olarak yaklasim stratejimizde birkag istisna disinda akademik
yon yerine, pratik yo¢ne daha fazla agirlik verildi. Ornegin
pratik kullanim boyutu gitgide kaybolan LOTOS ve ESTELLE gibi

akademik dinyanin dogurdugu dillere iliskin calismalara yer




verilmedi. Bunun yerine ticari uygulamasi gitgide
yayginlasmakta olan SDL diline yonelik calismalar ¢n plana
alindi. SDL dilinin ticari kullanim drini olarak pazarlanan
Isvec kokenli Telelogic sirketinin SDL druni olan SDT paketi
ile Fransa kokenli Verilog sirketinin SDL trini olan GEODE
paketi ¢alisma boyunca kullanildi ve COST 247 platformu iginde
bu drunleri kullanan gruplar ile yakin iligki kuruldu. EEEAG
Yazilim 2 projesi iginde satin alinmis olan SDT paketinin bir
sonraki versiyonu olan nesneye yonelik ve SDL 92 dilini igeren
yeni SDT paketinin GEODE ile beraber cretsiz olarak
saglanabilmesinde COST 247 platformu igindeki liderlik
konumumuz oénemli rol oynadi. Bunun vyanisira, EEEAG Yazilim 2
projesinden beri incelemekte ve kullanmakta oldugumuz Bell-
Labs'de gelistirilen COSPAN dogrulayici aygitinin FormalCheck
adli bir donanim dogrulayicisi olarak piyasaya surulmesi de,
pratik uygulamalar konusundaki éngoérilerimizi dogrular
nitelikte oldu. Proje boyunca karsilastigimiz en biyik zorluk,
genelde yazilim sanayilerinin, mitevazi arastirma kaynaklarani
asan ticari boyutlari ve bu boyutlarin gerektirdigi insan ve
finansman kaynaklarina erisememizden dogdu. Basta TUBITAK
Doprog programi ile getirmis oldugumuz ve daha sonra NATO
destegi, sanayi destegi (TELETAS projesi) ve TUBITAK-BILTEN
destegi ile projede galisan Rus bilgisayarcilari V. Levin ve E.
Bouminova' nin Bell-labs tarafindan kendi ticari atilimlarinda
( FormalCheck ) kullanilmak lzere ise alinmasi, bu goérisumize

somuit bir ornek olusturmakta.




2 — ARASTIRHANIN GELISME ASAMALARI

2.1 - SDL UZERINE GCALISMALAR

2.1.1 — SISTEM BETIMLEME

SDL dilinin dinya piyasasinda iki ticari uygulama aygiti olan
Telelogic SDT ve Verilog GEODE cesitli uygulamalarda
kullanilmistir. Sistematik bir uygulama EEEAG Yazilim 2 projesi
ile cakisan siire iginde gergeklestirilen TELETAS -ALCATEL
{iretimi Levent Santralinin seg¢ilmis bazi islevlerinin SDL ile
betimlenmesidir (bkz Ek 4). Bunun yanisira yluksek lisans
tezlerinden bir boélumi (bkz. Ek 12 , tezler : 3,7 ve 8)
dolaysiz olarak, bazilara da (bkz. Ek 12 , tezler : 1,2 ve 9)

dolayla olarak kapsamli SDL betimlemelerini igermektedir.

2.1.2 — SISTEM DOGRULAMA

Projedeki ¢nemli bir etkinlik oénce SDL - C++ derleyicisi
(animatér) gergevesinde yapilan on calismalardan sonra (bkz Ek
5 ve Ek 6) SDT ve GEODE gibi ticari tirinlerin varliganda bunun
verimli bir yaklasim olmayacagi ditstiniilmis ve proje, SDL-COSPAN
derleyici tasarimina donistirdlmigtir. Bu tasarimdan ¢nce daha
snceki calismadan yansiyan kisim SDL'den herhangi bir dile
derleme yapilmasinda kullanilan 6n yiz (front end) gésteriminin
tasarimi ve gergeklestirimi ile (bkz. Ek 12 tez 6) genel
derleyici arayiiz tasarim yaklagimina iliskin bir yayin yer

almaktadir (bkz. Ek 8). Buradaki yaklasimin altinda yatan
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motivasyon, betimleme amaci ile kullanimi goérece kolay ve
yaygin, ancak semantik yapisindaki bosluklardan dolayi
dogrulanmasi zor olan SDL aygitlarinin, tam tersi o¢zelliklere
sahip COSPAN ile dengelenmesiydi. Gergekten de gerek SDT gerek
GEODE'un dogrulayicilari denenerek ¢gok yetersiz bulunmus ve
temas ettigimiz ve bu aygitlara kullanan sanayiler bu veya
baska nedenlerden dolaya aygitin dogrulayicisinin
ézelliklerinden pek haberdar olmadiklaraini ifade etmislerdir.
Ote yandan daha g¢ok donanim dogrulanmasi amaci ile
gelistirilmis olan COSPAN'in bir yazilim betimlenme aygiti
olarak kullanilmasinin ¢ok kasitli olacada, ancak dogrulama
szellikleri son derece glicli olmasi nedeni ile SDL-COSPAN
derleyicisi ile SDL'e nitelikli bir dogrulayici saglanmis
olacagi disunilmistir. Séz konusu derleyicide kargilasilan
temel zorluk genis semantikli SDL'in dar semantikli COSPAN'a
(senkron iletigimli sonlu durum makinalari) sigdiralmasi i¢in
gereken varsayim ve kisitlarin olusturulmasiydi (¢n sonuglar
icin bkz. Ek 7, kullanilan derleyici tasarimi icin bkz. Ek 8).
SDL-COSPAN derleyicisinin kullanilabilecegi diger bir alan,
beraber yazilim/donanim tasariminda (SW/HW co-design) yazilim
ekibinin sistem yazilimini SDL ile ; donanim ekibinin ise
sistem donaniminil COSPAN ile betimlemesi ve yazilim-donanim
arabirimleri icin SDL diline ek tanimlar getirerek sonucgta
tanimlanan tium sistemi COSPAN'a diline derlemek ve bodylece
dogrulamay: COSPAN lzerinden yapabilmek olarak tasarimlandi

(bkz. Ek 9). Bu tasarimin bir irine déntiismesi asamasina ulke
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icinde bu konuda herhangi bir talep olusturacak ve ticari

boyutlarda destek verecek bir grup olmadigi ig¢in varilamada.

Son olarak yazinda kismi sira (partial order) teknikleri olarak
gegen ve sonlu durumlu makinalarda dogrulamak igin erisilmesi
gereken durumlarda ¢nemli azaltma saglamak fikrine dayali
teknikler SDL diline uygulanmis ve dogrulayicida sistem
karmasikligini azaltan kolaylik saglama teknikleri
gelistirilmis ve uygulanmistar (bkz. Ek 10 ve Ek 12, A. Sen MS

Tezi o6zeti).

2.2 - UYUM SINAMA

Telekom yazilimlaril igin uyum sinamasil konusu sanayide
karsilasilan ¢nemli konulardan biridir. Uyum sinama, belli bir
donanim iizerinde yer alan bir yazilimin girdi-¢ikta davranis
bigiminin verilmis olan standard davranis modeline uyumlu
olmasinin sinanmasidir. Bu konuda yazinda yer alan temel
kuramsal sonuc¢lar, sonlu bir girdi-gikti otomati modeline uyumu
sinamak icgin sisteme uygulanacak girdi dizininin (denetleme
dizini (checking sequence)) hesaplanma ve uygulanma
yéntemlerini igermektedir. Uyum modelinin durum sayisinin ¢ok
olmas1, hatta birgok durumda sonsuz olmasi sézkonusu denetleme
dizininin hesaplanmasini ve/veya uygulanmasini ya pratik-disi
ya da kuramsal olarak olanaksiz kilabilmektedir. Bu durumlarda
izlenen yoéntem gogu kez somut pratik senaryolarda olusabilecek

girdi dizinlerinin bir sinama dizini olarak sisteme uygulanmasi
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ve izlenen gikti dizinlerinin beklenen g¢iktaklar ile
karsilastirilmasidir. Bu yéntemin en onemli yvetersizligil godu
kez yakalanmasi zor sistem hatalarinin tipik senaryolarda degil
hi¢ beklenmeyen senaryolarda ortaya ¢ikmasidir. Bu tdr marjinal
senaryolar ise sayica g¢ok olabildigi i¢in hata yakalama
veriminin artmasi genelde konuya daha sistematik bir yaklasim
gerektirmektedir. Uyum sinama konusunun pratige donik diger bir
boyutu gergek zaman iginde testlerin uygulanmasi igin

gereken test uygulama mimarilerinin 6zelliklerinden
kaynaklanmaktadar. Ozellikle sinanacak sistem cografi olarak
dagilamli bir yapidaysa sinama mimarisinin de dagimli olma
geregi ortaya ¢ikmakta ve beraber calisacak sinama birimleri
arasinda esgiidim gerekmektedir. Pratikte kullanilmak ilzere
sinama dizinleri ve yontemleri igin gelistirilmig bir ITU
standardil olan TTCN (Tree and Tabular Combined Notation)

sinama dizinlerinin sainiflandirailmasa, betimlenmesi ve
sonu¢larin yorumlanmasi Uzerinde bir notasyon (formel dil)
sistemidir. Uygun test dizinlerinin tanimlanmasi ve sonu¢larin
bir rapor olarak kaydedilmesi TTCN aygitlari sayesinde (6rnegin
ticari bir trin olan SDT aygaitinin ek bir TTCN aygiti

mevcuttur) kolaylastirilmaktadir.

Bu proje g¢ergevesinde uyum sinama konusundaki yaklagimimiz,
diger yonlerdeki yaklasimimizin tersine,yani kuramsal yoénde
olmustur. Iki tane MS tezi (bkz. Ek 12, H. Calgin ve 0. Gicin
tez ozetleri) gesitli varsayimlar altinda optimal denetleme

dizinlerinin hesabini icermektedir. Daha sonra Ottawa
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Universitesinden H. Ural ile beraber bu sonuglar, yazinda
daginik birgok sonucu ve yenilerini igeren bir makale olarak

sunulmus ve basilmistir (bkz. Ek 11).

2.3 — YAN CALISMA : AYRIK OLAY DIZGE YAKLASIMI

Kontrol ve bilgisayar alanlarinin kesismesinde yer alan ayrak
olay dizgeleri disiplini ile incelenen bir konu hiyerarsik
danismali denetim konusuna iligkindir. Konu agagaidaki sekilde
goriuldigi gibi alt dizeyde calisan ve gergek baglantiya
saglayan protokolun st sisteme yansitilma sorunudur. Alt
dizeydeki protokolun verdigi hizmeti Ust dizeyde hangi

primitiflerin (ayrik olaylaran) kontrol edilebildigi ve

hangilerinin gé¢zlenebildigine yansitilmasi ve boylece alt
dizeyde karmasikligi ortadan kaldararak ist duzeyde
yazilabilecek yazilimlarin otomatik olarak alt duzeydeki
gereken programlara derlenebilmesini saglayacak bir derleme
dizeni kurmaktir. Bu konudaki galisma A. Nergis'in doktora
calismas1i olarak sonuglandirilmistar (bkz. Ek 8; A. Nergis tez

dzetl)
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Ust protokol |- — - —

Ust protokol

Sanal baglant:

Alt protokol Alt protokol

Gergek baglanti
|

Sekil 1 — Protokol katmanlari arasindaki baglanta
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5 — SONUC

EEEAG COST 247 TUBITAK projesi, tarafimizdan énerilip
surdirilmis olan genel COST 247 projesine Tirkiye nin
katilimini finanse etmistir. Bu proje ¢ercevesinde g¢gesitli
Avrupa tlkelerinde bigimsel yontemleri telekom yazilimlarinin
tasariminda kullanan gruplar ile iliski kurulmus ve bu alanda
genis bir deneyim kazanilmistir. Proje siiresi iginde Uretilmis
olan makale, bildiri ve diger yayinlarin yanisira Uretilen en
6nemli yazilam urtni SDL-COSPAN derleyicisi olmustur. Bu
yazilimin Uretilmesindeki kazanilan deneyim, bu konuda

Tirkiye 'de bir ticari girisim olmadigi igin Lucent Technologies
(Bell-labs) iginde suren ticari boyutlu ¢alismalara, gerek
iirin, gerekse yetismis eleman (V. Levin, E. Bounimova ve H.

Yenigun) olarak katkida bulunmustur.

Projenin gelecege yo¢nelik olarak yapacagi katkilardan
bazilari gergeklesmis sayilabilir. Ornegin dogrulama sorununda
karmasikligil asmak ig¢in gelistirilmis olan yoéntem endistriyek
uygulamada kullanilabilecek boyutta ayrintilandairilmis ve bugin
Lucent tarafindan ticarilesmis olan donanim dogrulayicisi
FormalCheck aygitina entegre olmaya hazir duruma
getirilmistir. Bu c¢alisma basindan sonuna kadar projede
calismis olan H. Yenigin'in Murray Hill, Lucent Technologies'de
surdirdigi galismanin lrint olup ayni zamanda da ODTU'de

tamamlamis oldugu doktora tezinin g¢ekirdegini olusturmaktadair.
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Ayni sekilde projede baslatilmis olan ve SDL-COSPAN bilesik
aygitinin HW/SW entegre tasarim olarak son hale getirilmesi
projede yer alan V. Levin tarafindan Lucent Technologies'de

surdiriilmektedir.

SDL Tirkiye'de hemen hemen tim telekom yazilimi ile
iliskili olan kuruluslarca (ASELSAN, BASARI, ALCATEL, NETAS vb.)
kullanilmaktadir. Bu nedenle 6zellikle SDT ve benzeri SDL
dirtinleri ile yakin iliski ig¢inde olan NOKIA, ERICCSON, NORTEL
gibi dev telekom sirketlerinin desteginde yuriyen arastirmalara
ve 6zellikle g¢esitli Avrupa ulkelerinde ylrttilen
standardizasyon ve uygulama etkinliklerini izleyip Turkiye'deki
sirketlere bilgi ve know-how aktaracak arastirmalara giddetle
ihtiyag¢ duyulacaktir. Bu tur arastirmalar bu projenin dogal

devami olarak goérilebilir.
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PROCEEDINGS OF THE PRELIMINARY WORKSHOP ON
COST 247 PROJECT ON VERIFICATION/VALIDATION AND TESTING
OF SOFTW ARE USING FORMAL SPECIFICATION TECHNIQUES
2 - 4 December, 1992, Ankara-Turkey B

This proceedings consists of the revised contributions of the
participants of the COST 247 preliminary workshop held in Bilkent Hotel,
Ankara, during 2-4 December, 1992. The proceedings also contains a revised
version of the original proposal submitted to and accepted by the TCT of COST.
The revised proposal has taken into account the views, experiences and
research interest areas of the participants of the workshop.

The purpose of the workshop was to establish a preliminary focus on
the main areas of interest of the potential participants of COST 247 before the
formal commencement of the project. Consequently the contents of this
proceedings does not necessarily reflect a technically coherent set of
original articles or presentations of a specific area of research, rather it
consists of documents reflecting the areas of interest and experience and
organizational structure of various institutions ranging from research
departments of coorporations to public or private research institutions to
universities within 11 different European countries including Turkey.
Whereas some of the presentations emphasize details of technical results,
most are structured in terms of institutional identifications in terms of past
and current research experience and position statements vis-a-vis COST 247.

At the concluding session of the workshop the participants were
explicitly asked what their research areas of interest were in the context of
COST 247 . Below we itemize a resume of these areas based on the responses of
the participating representatives of the institutions.

Preliminary Areas of Interest for COST 247

(1) Conformance Testing (special emphasis on real world examples and
exploitation of systematic divide-and-conquer and use of black-to-gray box
information contents)

(2) SDL '92 methodology (tool building, extensions, simulation and
verification for object oriented specs., intermediate petri-net modeling etc.)
(3) Simulation ( both logical and performance simulations using FDTs)

(4) Real-time specification (semantics and-verification issues)

(5) Case studies to analyvze and evaluate tools

(6) Complexity relief techniques for finite state verification

(7) Investigating relations between specification styles vs. verification and
implementations, between verification vs. conformance testing.

(8) Specification assessment by reviews

(9) Hardware (VLSI) verification (symbolic or finite state)

The revised version of the COST 247 proposal reflects the areas of
interest given above, but is formulated in a somewhat more general
language to allow a space for other potential COST 247 participants interested
in formal verification/validation techniques.
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There has been a consensus within participants on the view that
practical applications and reviews of techniques should reflect the problems
of real life and not simplistic pet examples of restricted academic interest.
This, of course, does not preclude in the research agenda of COST 247
untackled theoretical issues that may bear relevance and promise for'future
applications. '

In terms of the use of existing specification languages interest was
mostly on SDL - as the most commonly used tool in industry with a new
version SDL '92 on the way - and LOTOS, although there was one
representative that expressed interest on the use of ESTELLE as the formal
lan guage tool to develop performance simulation models from formal
specifications. Again this does not preclude the use of other specification
formalisms - such as special real time formalisms - in the research agenda.

The preliminary workshop on COST 247 is believed to have served its
purpose. Namely, representatives from a wide ranging set of institutions and
nations have converged on areas of research relevant to the application of
formal techniques to verification/validation and related problems of
software engineering. Thus the management committee, in its first meeting
for COST 247, shall be in possession of a preliminary document and the
anticipation of the members based on this document shall be of considerable
assistance to set the detailed research agenda for COST 247.

February 4, 1993

Prof. Dr. Kemal Inan

Coordinator of the workshop and COST 247
Electrical & Electronics Engineering Dept.
Middle East Technical University

Ankara , Turkey
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GENERAL DESCRIPTION OF THE PROJECT
(revised version, February 4, 1993)

1 - Purpose

The purpose of the project is the coordination of national efforts to
analyze ,classify and come up with new and efficient techniques and tools
for concurrent software verification/validation , mostly in the context of
existing standardized formal software specification languages ; apply and
test the results on selected realistic problems in contemporary distributed
communication architectures. The emphasis of the research shall be on the
applicability of techniques/tools to realistic hence complex examples.

2 - Objective

Presently three formal specification languages, SDL, ESTELLE and
LOTOS have become a part of international standards. Among these, SDL is
the most commonly used one in communication industries and present
research efforts are along the direction of industrializing the other two,
especially LOTOS. In addition to these languages there is a considerable
amount of specification languages and techniques for concurrent systems
suggested by academic or other research bodies. An interesting example is
the COSPAN specification language developed in AT&T for which a timing
verification tool is recently implemented and is reported to be operational.

A crucial aspect of a formal description method is the

technique/tool used to verify/validate a given formal specification against
another given formal representation. On the other hand realistic and
complex problems do not easily allow for exhaustive verification or symbolic
proof systems used for verification and the usual industrial practice is to be
content with logical simulation using reasonable simulation scenarios to
verify a specification in Ssome vVague sense. Similarly generating
conformance test sequences for complex examples is again based on
suggestive scenarios of functional divide-and-conquer types. A principal
objective of this research project is to investigate the possibility of tackling
complex problems by studying the problem-specific, language-specific and
style-specific aspects of existing simulation, verification and testing methods
and suggest innovative and relatively more systematic techniques/tools -
especially exploiting the decomposability properties - of validation for
complex and preferably future-oriented architectures such as mobile and
high performance networks. The results of the project will further the
efficiency of software production cycle for complex distributed systems.




Most automated verification techniques used for complex formal
lan guages are based on mapping the original specification into some
intermediate model such as a finite state machine or a petri-net ( or some
finite state w-automaton when liveness problems are of concern) , and apply
the verification tool to the simplified model. Both the mapping involved and
the complexity reduction techniques used for the simplified model are
problem language and specification-style dependent and require careful
classification efforts to match the validation technique to the underlying
problem. By focusing the research efforts to particular but representative
selected examples, it may be possible to evaluate the efficiency of validation
for the existing techniques, exhibit their limitations and suggest new and
more effective approaches for the specific representative cases.

In addition to the review of validation and testing methodology for
large realistic problems the research agenda shall also allow for the study of
selected current theoretical and practical problems of interest. One such
current research area is the area of real time semantics and verification.
Concrete examples of industrial real time specification problems shall be of
considerable value in order to differentiate between and evaluate numerous
real time semantics and verification techniques that have appeared in the
literature. Some of the recent research results (see remarks on COSPAN
above) on real time, finite state verification using versions of temporal logic
are already being applied to realistic examples and worth further
investigation.

3 - Study Method

The study shall involve different specification and verification
methods applied to representative examples involving specification
refinement steps, timed specification (software or hardware), dynamical
architectures such as in mobile networks, performance simulation from
formal specifications etc. . The three year study shall consist of the
following steps (diversity of topics may lead to seperate working groups) :
Phase I (year 1)

(a) Complex systems

- characterization of source material relevant to realistic verification
and validation problems

- characterization of source material on conformance test generation
with special emphasis on gray box assumptions

- selection of specification examples and, if possible, exchange of
specifications written in a particular language (SDL, LOTOS) for the purposes




of joint review of styles, tools (e.g. new styles and/or tools for SDL '92) ,
verifiability and testability
(b) Real time systems

- characterization of source material on real time semantics and
validation with an emphasis on practical verifiability

- choosing exemplary real time specification and verification
problems (could be software or hardware).

- review of tools for real time verification
(¢) Performance Simulation using FDTs

- Suggestions for a framework for using FDTs for stochastic timed
(performance) simulation in the context of a specific language

- Design and implementation of a performance simulator based on the
given FDT
(d) Other research problems in verification (hardware verification, use of
theorem provers etc.)
Phase 2 (year 2)
(a) Complex systems

- Review and classification of specification style, verification,
implementation, testing and other (possibly language or problem specific)
kinds of problems that arise in complex examples and suggestions for
improved methodology . techniques and tools
- Preparing the framework for applying improved methodologies or

techniques or preliminary design of an improved tool for the kind of
complex examples in question . This may be in the area of disciplined
specification, verification, implementation (code generation) or
conformance test generation
(b) Real time systems

- Experimentation of real time specification and verification using a
selected language/tool on the problems selected

- Review of the theoretical and practical aspects based on the results of
experimentation and suggestions for more efficient techniques/tools
(¢) Performance Simulation using FDTs

- Design and implementation of a performance simulator based on the
given FDT (Cont’)

- Experimentation on the developed performance simulator on a given
example
(d) Other research problems in verification
Phase 3 (year 3)
(a) Complex systems

- Choosing and experimenting on examples to apply the improved
methodology and techniques and/or implementation of new tools for such
purposes

- Review and exchange of the results obtained on complex systems




(b) Real time systems

- Design and partial implementation of verification tool(s) for general
or specific kinds of real time specification problems
(¢) Performance Simulation using FDTs

. Review and evaluation of the performance simulator and
developing a unified theoretical framework for performance specification
and verification
(d) Other research problems in verification
4 - Forms of Cooperation

The suggested cooperation within the project shall require the
national delegates to :

- attend the meetings of the Management Committee : two to four

meetings annually

- participate in setting up an active programme fitting with the
objectives and the timing of the project

- coordinate the software requirements, tool exchange and
experimentation examples for the national working groups.

- exchange the theoretical or empirical results of the national
working group studies

- try to inform the national working groups on the results of the
ongoing EC projects on formal methods




COST 247 Final Report
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COST 247 was originally conceived of in 1992 and a preliminary
workshop was held in Ankara, Turkey in December 1992. In this
workshop there were representatives from industry, research
organizations and universities from 10 different member countries
of COST and the proceedings of this workshop contained position
statements, including institutional settings and research interests
of potential participants in the project. Broadly based on the
outcome of this workshop the actual proposal was presented to COST
during 1993 and was open to the signatures of member country
representatives during 1993 after it was officially approved by
COST. The inaugural meeting for the action was held in Brussels
during December 1993 which has set the official starting date for

the action. .,

The administrative body of the action, namely the management
committee (MC), consists of the action chairman (K. Inan, Turkey),
action vice-chairman (S. Budkowski, France) ,chair of working group
1 (WG1) on E-LOTOS (enhanced LOTOS) standardization activities (H.
Garavel, France) , chair of WG2 on verification and analysis of
formal specifications (J. F. Groote, Netherlands), chair of WG3 on
conformance testing of communication software based on formal
methods (K. Tarnay, Hungary), chair of WG4 on simulation and
performance models using formal description techniques (P.
Dembinski, Poland), and 2 delegates from each member country (the
chair persons above are part of the 2 delegate teams from each

country).

During the total duration of the action - four years after a
one year extension request that was accepted in 1996 -

the following activities took place




(I) MC meetings and regular technical presentations

1st (inaugural) MC meeting :@ December 9,1993, Brussels, Belgium,
2nd MC meeting : 14,15 March, 1994, Utrecht, Netherlands:
3rd MC meeting : 19,20 September, 1994, Evry, France,

4th MC meeting : 9,10 February, 1995, Berlin, Germany,
Sth MC meeting : 12,13 June, 1995, Warsaw, Poland,

6th MC meeting : 26,27 October, 1995, Budapest, Hungary,
7th MC meeting : 12,13 February, 1996, Madrid, Spain,

8th MC meeting : 17,18 June, 1996, Maribor Slovenia,

9th MC meeting : 4,5 November, 1996, Antalya, Turkey,
10th MC meeting : 18,19 June, 1997, Zagrep, Croatia,

11th MC meeting : 15,16 October, 1997, Stirling, UK,

(IT) Workshops

(i) Preliminary workshop on COST 247, 10-13 December, 1992, Ankara,
Turkey

(ii) WGl workshop on E-LOTOS , 19,20 July, 1994, Brighton, UK,
(iii) WG3 workshop on conformance testing, 7,8 September, 1995,
Evry, France,

(iv) COST 247 1st International Workshop on Applied Formal Methods
In System Design , 17-19 June, 1996, Maribor, Slovenia,

(v) WG3 workshop on conformance testing, 9-11 September, 1996,
Darmstadt, Germany

(v) COST 247 2nd International Workshop on Applied Formal Methods
in System Design , 18 - 19 June’l§97, Zagreb, Croatia. '

(vi) WG3 workshop on conformance testing, 8-10 September, 1997,

Cheju, Korea

(ITI) Publications

(i) Proceedings of lst International Workshop on Applied Formal
Methods In System Design , June 1996, Maribor, Slovenia,




(ii) Proceedings of 2nd International Workshop on Applied Formal
Methods In System Design , June 1997, Zagrep, Croatia,

(iii) Special COST 247 issue of the journal Science of Computer
Programming, vol. 29, No. 1 & 2, July 1997, under the tﬁemé
“Methods of Software Design: Techniques and Applications” edited by
J. F. Groote (WG2 chairman) and M. Rem.

(IV) Short Term Missions

(1)

Host : Prof. Ken Turner, Stirling University, UK.

Visitor : Prof. G. Csopaki, Budapest University, Hungary

Date of visit : 3-10 August, 1996

Nature of the work : Modeling digital logic in SDL and HW/SW
codesign

(i1)

Host : Steve Schneider , Royal Holloway University , London, UK
Visitors (COST 247): Guy Leduc (Liege University), Juan Quemada
(Technical University of Madrid), Luis Llana (University of
Complutens, Madrid), |

Other participants : Lac Leonard (University of Liege), Gualberto
Garbay (Technical University of Madrid), Alan Jeffrey (University
of Sussex), Jim Davies (University of Reading), Jeremy Brians
(University of Reading)

Date of visit : November 13-18, 1994

Nature of work : Converging towards a real-time extension of LOTOS
(iii) Host : G. Leduc
Visitors (COST 247) : Hubert Garavel (INRIA, Rhones-Alpes), Alan

Jeffrey (University of Sussex)

Other participants : Mihaela Sighireanu ( INRIA Rhones-Alpes),
Ricardo Pena (University of Complutens, Madrid) , Charles Pecheur
(University of Liege)

Date of visit : April 22-25,1996

Nature of work : Setting down the basis for the new data types in
E-LOTOS




(V) International Conferences with joint COST 247 participation

IFIP PSTV 13-15 June, 1995, Warsaw, Poland

IFIP IWICS ,7-10 September, 1995, Evry, France.

Eleventh International Symposium on Computer an Information
Sciences(ISCIS XI) 4-7 November, 1996 , Antalya, Turkey.
IFIP IWTCS ,8-10 September, 1997, Cheju, Korea.

(V1) Standardization Activities

E-LOTOS standardization activities in former CCITT and present ITU

The rest of the final report are the abstracts of all the papers

presented at the technical sessions and/or workhops of COST 247.
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Description ’

ol the joint project of TUBITAK SR&DC with /\L('v/\'l‘]‘:lrr{’l‘il,l‘f’l‘:\ﬁ'
Review of a Design for Centrex - Levent
System Using SDL

The project involves the detailed design of the "Centrex™ facilities to e integrated into
the existing rural switeh Levent designed and prodaced by ALCATEL-TELETAS. The
project objectives are stated below,

(1) The SDL specification of the Centrex features integrated into the existing Levent
switch shall be generated. The SDL specification of the featnres that arve relevant to
Centrex and that already exist in Levent shall be covered in the final integrated SDI
specifications.  In case the complete detailed design SDL specifications of the Centrex
hinctions require bevond a 1 man-vear effort, either a relevant subset shall be covered or
the necessary additional humaun resource shall he recruited subject to the availability of
such human resource and the mutual agreement between TELETAR and TUBITAK.

(2) The entire detailed design shall be analyzed (simulation, verification) making use of
the tool SDT available in TUBITAK Software Rescarch and Development. Center. The
ontcome of this study shall be reported to TELISTAS.

(3) A separate part of the final report shall consist of methodological considerations. In
particalar throughout the process of writing and analyzing SDL specifications all the hot-
tlenecks and/or suitability of different specification styles or approaches shall he taken into
consideration in order to come up with conerete suggestions related to general software
methodology that vields maximum efficiency in speed. quality and flexibility (modnlarity
ete.) of the final sofltware product.

(1) The long term mission of the project is methodological. Tn particular this project is
viewed to be an initial industrial exercise Lo assess Uhe I’(%asa,l)ili(,y ol a new methodology for
soltware production based on plug-in modularity as in hardware design. Current rescarch
efforts in industrial communication software production have focused on the use of object
oriented techniques in order to achieve modularity, code re-usability and prototyping.
" The new standard for SDL, namely SDL ’92, is endowed with object oriented facilities
aud testing the nse of these Tacilitios in the context of conerete industrial design examples
is of substantial interest to commuunication and soltware companies as far as speed and.
elficiency of soltware production is involved. Tn TUBITARK a seperate rescarch team is
currently implementing an SDL92 simulator and is familiar in depth with the associated
features of SDL'92. Therefore although the specifications and analysis for Centrex shall
be implemented making use of the existing SDL88 language, effort. shall he spend on the
design of the objeet stracture (e, class hicrarchy and object library) for the Centrex
example in terms of the coneepts of SDL'92. A curvent. Buropean rescarch project that

parallels the vision above - albeit a closed one - is an EURERKA project that focuses on




cenerating the necessary libraries and the additional process objects in thercontext of the
langnage C44. The only partners in this industrial project are Bristol HP* angd Grenoble

.

In order fo meet its objectives the following procedure shall he adopted thronghont the
] g1 ] 2

;n'uj('('!. :

(1) There shall he at least 2 points of synchronization hetween TUBITAR and TELIFTAS
in the project:

(i) Alter the completion of the top level architecture design by TELETAS the ontcome
<hall be disseminated to the TUBITAK rescarch group and from there on both parties
shall pursue the detailed design independently. The estimated time for this point of svu-
chronzation is the end of June 1994,

(i1} After the completion of the detailed SDL design specilications the parties shall ex-
change their versions and a common SDL specification shall he adopted as a result of
a mutual consent. based on their experiences and design considerations. From there on
there shall only be a single SDL specification for further analysis by TUBITAK and for
implementation by TELETAS. The estimated time for this phase of synchronization is
November 1994,

(2) In addition to these two points of synchronization TUBITAIK shall produce 3-monthly
reports on the progress of the work carried out and a final conclusive report that contains

all the relevant findings and results related to the project summarized above.

(3) Throughout the project communication of the parties shall be established throngh an
operational communication link (e-mail+ftp, etc.). All the technical discussions as well
as soltware and/or document transforms shall preferably make use of this link.

(1) TELETAS shlellsupply TUBITAK with the technical details of the Levent exchange

and other relevant information whenever necessary.

(5) Since the project shall be carried out in the context of the international COST 217
project. TUBITAK shall make best use of exploiting the international contacts {(work-
shops. short term missions, ete.) according to the possible demands ol TELISTAR.

The project shall be a 1 man-year project starting as of June I, 1991, Any decision to
extend the human resonrce beyond the I man-year limit is subject to the mutual agree-

ment between TELETAS and TUBITAIK.
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PRELIMINARY CONCEPTS FOR A C++
ANIMATOR DESIGN FOR SDL 92 !

V. Levin, 2 A. Sulimov 3, H. Yenigiin and K. Inan ¢

Abstract

Preliminary considerations for a C++ animator design for SDL 92 are presented as
the starting point for the corresponding project. The design involves compiling SDL
992 into C++ code. C++ has been chosen as the target code in a hope to capture the
object oriented features of SDL 92 in a straightforward manner. The paper emphasises
this point just after the top level considerations.

Keywords : Communication Software , Spectfication Languages, Compilers, Object Orien-
tation

1 Introduction

SDL (Specification and Description Language) is a formal specification language which is
a joint CCITT-ISO standard (1, 2]. Originally conceived for telephony network specifica-
tion in early 1970ies it was later extended to incorporate data communication systems.
Recently the SDL 88 version was updated and a new standard called SDL 92 was issued.
SDL 92 incorporates new features that gives it a strong object orientation flavor and for
that reason hopes have been invested in it as a productive CASE tool to be used in com-
munication software methodologies .

Possibly owing to its simplicity as practiced by the engineers-in-the-field, SDL is a widely
used formal specification language in large communication industries, especially compared
to its other two rival formal specification languages LOTOS [3, 4] and ESTELLE [5, 6]
which are also CCITT-ISO standards. This is one pragmatic reason for focusing on a

" software platform to be designed around SDL. Another reason lies in the nature of the

complexity of modern communication systems. Whereas rapid developments in electronic
hardware and communication media technologies such as fiber optic reduced the costs of
mass standardized produced components. The same cannot be stated for the residing soft-
ware in these components. The complexity of the software for such highly distributed and
heteregenous systems are mostly due to distributed communication architectures, hetere-
genuity of interfaces, existence of multivendor hardware and software environments etc.

! Research supported by the Scientific and Technical Research Council of Turkey (TI“JBiTAK) Projects
EEEAG Yazihm 2 and COST 247

2presently with the Software Research and Development Center (SRDC) of TUBITAK, Ankara, Turkey,
on leave from the Keldysh Institute, Moscow, Russia.

3During March - August 1994 he was with SRDC, TUBITAK , presently he is at the Institute for
Informatics, Russian Academy of Sciences, Novosibirsk, Russia.

hoth are with the SRDC, TUBITAK, Ankara, Turkey.
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Producing and maintaing software for such systems can be both time consuming and sub-
ject to unexpected errors. A formal tool like SDL 92 possessing object oriented features
such as data encapsulation, code re-usability etc. is hoped to answer some of the km needs
of current software technologies.

The present paper describes an initial effort along the direction explained in the paragraph
above. Exploiting the similarity in the object oriented features of SDL 92 and the language
(44, results of a preliminary compiler design are reported. As a first step in establishing
a software architecture around SDL 92 it was decided to implement the anumator together
with the SDL graphical editor, GR/PR and PR/GR converters and other graphical or
similar tools required for practical operationality. Future steps shall incorporate building
tools such as verifier/validator, code generator for specified lower level platforms, test se-
quence generator, TTCN [7] editor etc.

An animator of a distributed system ‘s a software that has the capability of executing
possible sequences of execution of a communicating system. In particular an animator
based on SDL generates any feasible sequence of executions of a distributed system with
concurrently operating and communicating components formally specified in SDL. Un-
like sequential software, errors in concurrent software usually stem from unimagined but
possible execution orders of its concurrently operating components. An animator is the
simplest validation tool that supports an operational confidence on the specified software
by executing typical message exchange scenarios on the specified system. A thorough
verification can be done either by a computer aided symbolic proof system or via an ex-
haustive finite state verifier provided that the computational resources can cope with the
system complexity. In terms of the logical priority of the software platform mentioned
above, the animator is higher up on the hierarchy since tools like verifier, test sequence
validator or code generator shall all make use of the animator in order to generate all or
desired execution sequences. Structurally speaking these advanced tools have to make use
of and be based on an intermediate (common) core data (process) representation which
also forms the backbone of the animator [8].

In the next section we briefly describe the characteristic features of the language SDL92. In
sectfon 3 we present an outline of the SD‘L-isomorphic' C++ structures that capture various
aspects of SDL 92 constructs and additional C++ constructs that are used for the purpose
of animation and maintaining the synchronization semantics of SDL SDTdefinitions.

2 An Outline of SDL 92

In this section we present a brief guided tour of SDL 92. The level of details is no more
than to give the reader a flavor of the language and the reader is referred to [9] as a
detailed and well-guided source and [2] as the formal standard definition of SDL 92.

SDL has two isomorphic syntactical definitions : graphical and textual. The graphical
syntax SDL/GR is suggestive of the architecture of the communication system specified
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Figure 1: The SDL specification X

and hence much more preferred by the engineers-in-the-field as a tool for specification.
An SDL system is composed of SDL blocks as seen in Figure 1 . Blocks can be nested
and they usually model geographically coherent functional units of a system. Blocks are
connected via directed communication channels which model communication links con-
necting geographically seperated communication units. In SDL a communication channel
is defined as a FIFO queue. Unless the channel is specified to be delay-free, the underlying
FIFO queue is assumed to be infinite whereas a delay-free channel is a zero length queue
forcing spontaneous synchronization on its two end points. Each channel is allowed to
carry a set of signals. A signal name signifies a communication message of a specific type
with possible paraimeters of a desired data structure. Time delays occuring in channels
are arbitrary so that SDL semantics nondeterministically allow for all execution sequences
corresponding to delays within channels that occur arbitrary in space (different channels)
and time (different instances). . ° : :

The innermost unit of a possibly nested hierarchical block structure is called an SDL
process . Processes within a block are connected via signal routes which are delay-free
channels. Every process in SDL has a Pid (process identification). Processes can dynam-
ically be spawned by other processes. In the Figure 1 the block V is nested inside the
system X. Channels from and to the environment are specified by C1 and C2 whereas
signal routes R1,R2 and R3 connect processes Y and Z within the block V to each other
and to the external channels. Signal name lists for each of the channels and the signal
routes are specified, for example channel C1 carrying the signal Al etc.

Notwithstanding some exceptions such as dynamic process creation, procedure calls etc.,
processes in SDL can be thought of as generalized finite state machines. Part of the global
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state of an SDL process - see input queue below - consists of a location (genetalized state)
within a generalized finite state transition diagram together with the current value of its
internal variables. Each process has a distinct infinite input signal queue that receives
signals from other processes via signal routes or channels. Thus the current contents of
the input queue constitutes the remaining part of the global state of the process.

The graphical syntax that defines an SDL process is a program flow diagram of commu-
nication (read or write) or internal execution sequences. A communication execution 1s
either reading a signal from the input queue of the process or sending a signal to a signal
route or a channel that is eventually destined to another process within the system. A
simple internal execution is typically an (task) assignment statement or a logical branch-
ing. More complex executions involve spawning a child process or calling a procedure. An
SDL procedure defined within an SDL process is like a separate SDL process that shares
the input queue of the process and may share the variables defined within the calling
process. The calling process is frozen until the procedure process terminates and returns
to the calling instance of the original calling process.

SDL 92 differs from its previous version SDL 88 in a number of respects. First, instances
of SDL entities (e.g. blocks and processes) are differentiated from types of entities. The
graphical symbols used for instances and types of entities also differ. In the terminology of
object orientation types correspond to classes whereas instances correspond to objects. By
defining only the additional transitions for a given process type, new subtype processes can
be defined using the inheritance mechanism. Overriding of methods {transitions) within
the subtypes is also allowed by using wvirtual markings for the transitions of the parent
process. All this is hoped to make future life easy for a communication software depart-
ment by reducing the software specification and design methodology to a plug-in type of
hardware methodology by an appropriate use of a communication oriented class hierarchy
and object library.

A useful SDL construct is a service block defined within a process. A process can be
conceived to consist of one or more service blocks. A service block within a process is n

fact like an independent process except that it shares the common input queue and some

of the variables of the process.” The signals consumed (read) by different service blocks
within a process are disjoint and therefore no contention for input can take place. Service
blocks operate in a disciplined interleaving order whereby every service block moves from
one SDL state (a name given to the states where signals from the input queue are read
and consumed) into another while all the remaining service blocks are kept frozen at their
respective SDL states. The moving service block is uniquely determined by the contents of
the current and common input queue. Service partitioning is useful in designing processes
that actually perform concurrent tasks using disjoint sets of messages and sharing the
communication buffering resources (input queues).

Finally it is worth noting that SDL has a complicated semantics principally because of
its complex and difficult-to-implement synchronization mechanisms. To take an extreme
example, if the type of a destination process and a set of channels and/or signal routes are




given then SDL semantics demand that this signal reaches to one such process instance of
the type specified nondeterministically provided that currently such an instance exists and
a link consisting of channels and signal routes from the outputting source to the instance
in question exists that make use of at least one element of the given channel and signal
route set ° .

As to be witnessed in the next section the SDL 92 to C++ translation is not a simple
conversion of class and object structures of SDL 92 into the corresponding object ori-
ented structures of C4++ and requires intermediate control process structures to meet the
animation requirements and to maintain conformance to the SDL semantics.

3 C4+ Structure of the SDL 92 Animator , -

& g

Underlying the conceptual intermediate data structure that in turn is translated into C++
structures is a CSP-like process algebra & called ERPAL [10, 11]. The abstraction involved
in converting SDL programs into C++ structures therefore consists of two steps : the first
step is converting the entire operationality of the SDL animator into a new process ex-
pression in ERPAL that incorporates auxiliary control processes as well as translations of
the original SDL processes and the second step involves converting the ERPAL processes
into C++ structures. However because ERPAL has no object orientation features and
the intermediate ERPAL steps above can be dissolved within the final transformation into
C+4+ it is preferable to explain the direct translation primitives into C++ and refer to
the intermediate process abstractions whenever relevant.

The C++ animator for SDL 92 consists of two parts. The first part consists of general
control processes and structures that are common to all SDL 92 programs. In particular
there is the process called ControlManager that manages the entire animation steps, an-
other process ShowManager controls the visualization of the animation. Other auxiliary
control structures are included in a support library of C++ classes.

The second part of the animator consists of the classes that correspond to the actual block

-and process types, channels, signal routes etc. of the actual SDL 92 program. The class-
that corresponds to a process type in C++ - which in fact is an ERPAL process - is more

general than and somewhat different from an SDL process.

More specifically for every process type defined in SDL 92 (there may be no current in-
stance of it !) there exists an ever-present ERPAL process represented by a C++ class
called the PiSet manager or simply PiSet for that type. This process is responsible for
creating, deleting and in general book-keeping (such as keeping a list of the Pid’s of all the

®In the opinion of the authors of this article this is a very peculiar and a global routing constraint which
should fall within the responsibility of the design specifications rather than the synchronization semantics
of a language.

®An important point to note here is the kind of synchronization semantics used by ERPAL which is
rendezvous type that can model the buffered queue synchronization of SDL.




live instances) all the instances of the processes of that type. In particulali all messages
terminating in and emanating from instances of a given process type go throughtthe PiSet
process of the given type. The principal use of this ERPAL control construct is to satisfy
the synchronization semantics of SDL.

A plain SDL process type consisting of a single service in SDL 92 transforms into two
ERPAL processes operating in parallel corresponding to two C++ classes. One of these
is the actual body of the SDL process and the second one is a process called an mnput port
process that manages the input queue of the process. If the process consists of several
service blocks than each service block is modeled by a distinct ERPAL process communi-
cating (synchronizing) with the common input queue manager process.

Every SDL channel is also modeled as an ERPAL process with a single variable of generic
queue type. All the processes above are related to each other via repeated use of a uni-
versal parallel synchronization operator of ERPAL. Synchronization in the 5SDL context
has a simplifying aspect : no process can be blocked on an outputting operation and for
every act of outputting there corresponds a unique input operation of filling a channel
slot or an input queue slot of a given process - or, of course, losing of a message occurs
if no process can synchronize with the output operation. In other words mutual consent
for synchronization is not required as in a general rendezvous type of synchronization and
every output transition uniquely determines the outcome of the corresponding synchro-
nization move.

Similarly each SDL procedure defined within a process is modeled by a separate ERPAL
process that interacts with the calling process via a recursive use of ERPAL sequential
(or stack) operator. This operator is similar to Hoare’s sequential operator “;” or the
sequential operator “>>” of LOTOS [4].

This completes the outline of the process based description of the SDL 92 animator. Before
we present the C++ structures for the constructs above we briefly mention two different,
yet important, hierarchical structures in SDL 92 to C++ conversion. The first hierarchy
is the architectural hierarchy of the qommﬁnicaﬁqn system specified. At -the top of this
hierarcly is the entire system represented by the SDL system block as in Figure 1. Nested
blocks and channels and signal routes within blocks represent the functional hierarchy of
the system specified. The lowest atomic elements of this hierarchy are the SDL processes
or more precisely service blocks or active procedures incorporated in the processes. The
manner in which this hierarchy is captured in the C44- image consists of nesting of classes
within classes. Referring to the example given in Figure 1 the C++ classes corresponding
to the process type Y and signal routes R1 to R3 are defined within the C+4+ class
corresponding to the block type V. The explanation for the second hierarchy , namely
that of the C++ classes is postponed to the next section.




4 Representation of SDL 92 constructions in C+

3

4.1 Funétional and Class Hierarchies of the C++ Code

The C+4+ structure corresponding to an SDL 92 program consists of two parts :

1. an inpk'ut—dependent part that constitutes the C++ images of SDL constructions,

2. an input-independent part that is necessary for the purposes of animation.

The input—dependent part produced by the compiler preserves the first kind of systemic
hierarchy explained in the previous section. It does so by mapping the nested hierarchical
SDL entities 7 into a similarly nested set of C++ classes. Observe that the SDL hierarchy
explained in the previous section can be visualized as a tree with nodes as SDL entities and
branches as the nesting relations. The compiler can then be viewed as a transformer of
this tree into its isomorphic image tree where the transformed nodes are the corresponding
C++ classes. There are some exceptions to this rule. For example variables, which are
entities that are nested inside a process which is another entity, are not mapped into C++
classes. Rather they are defined as variables within the nesting C++ class.

We shall call SDL entities that are mapped into C++ classes SDL units. Among these
SDL units we further make active and passive unit distinction. An active SDL unit is
one that correspond to an ERPAL process. Namely, an entity that has a property of
evolving in time (i.e. it has a state). System, block, channel, signal route, process, service,
procedure and timer constitute active SDL units. Passive SDL units, on the other hand,
are signals and user defined data types.

Let an SDL unit be referred to as a self-instantiated unit if the instance of its creation
always coincides with that of the unit that embraces it. In this sense system, block, chan-
nel, signal route and service are self—instantiated SDL units whereas, in general, process,
procedure, timer and signal are not self-instantiated units. A self-instantiated SDL unit
is statically instantiated if it is created in.the beginning of the animation process. In this

sense with the exception of service, all self-instantiated units are statically instantiated.

In case of a self-instantiated unit Y, the C++ object representing its instance is created
and bound to the corresponding pointer PY within the constructor of the embracing C++
class CX.

Figure 2 below explains the next hierarchical structure, namely the class (inheritance)
hierarchy mentioned in the previous section. It depicts the class hierarchy structure of

“the C++ image of SDL programs. Here the classes named base classes correspond to
abstractions of concrete C-++ classes corresponding to concrete SDL units.

Figure 2 contains only the image classes of the SDL units. The set of all C4+4 classes
generated by the compiler are greater than this image set. In particular there are two

TIn SDL the term entityis used for SDL constructs such as system, block, process, signal, variable etc.
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important C++ classes on the level of the base classes that are generated for the purposes
of animation dynamics. These correspond to the following process types mentioned in
section 2 : input port process for managing the input queue of a process and PiSet process
for managing the instances of an SDL process type.

The tdp level class in Figure 2 has two methods as defined by the C++ code below :

typedef unsigned int card;
typedef card Idcode;
class Unit {

public:
virtual Idcode idcode () =
virtual char name () = 0;
}; // Unit

These methods represent identification and naming of units. The method name returns

a string given in the SDL program as the name- of a unit. The method idcode returns ..

a cardinal number which uniquely identifies the unit considered. Both methods are con-
cretized in the concrete classes derived from the base ones. The example below shows an
outline of the C++ code corresponding to the SDL system given in Figure 1.

Example 1

class X : public Block {

public:
Idcode idcode () { return O; };
char* name () { return "X"; };
class A1l : public Signal {
public:

Idcode idcede () { return 1; };

R




char* name () { return "A1"; };

}; // At

class A2 : public Signal {
public:
Idcode idcode () { return 2; };
char* name () { return "A2"; };
}; /1 A2
class Y : public Block {
public: :
Idcode idcode () { return 3; };
char* name () { return "Y"; };
class A3 : public Signal {
public:
Idcode idcode () { return 4; };
charx name () { return "A3"; };
y; // A3
class Z : public Process {
public:
Idcode idcode () { return 5; };:
char* name () { return “Z%"; 7};
/12
/Y
y; /1 X

4.2 Animation methods

Animation of an SDL program makes-use of two animation methods: ask and go. The
ask method simply implements searching for all the next events that may be executed
in an SDL entity whereas the go method actually implements the execution of the event
given as the argument of go. C++ objects that make use of these methods are the ani-
mated objects which correspond to SDL active units and process instances sets. So, the
methods ask and go are virtual within the base classes ActiveUnit and PISet. In the tree
of animated objects the leaves may be services, channels or active procedures.

The ask and go methods propogate right through the tree of animated objects. More pre-
cisely in the case of the ask method applied to node of the tree the method is recursively
passed down to the children until the leaves and the result is accumulatively passed on to
the original node. Once the user selects an event out of the possible next events offered by
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the ask method it first locates the object where this event lies and executes: the method
go at that object. Depending on the possible mode of use, these methods can be invoked
by the user explicitly or can be invoked automatically and subordinate to some execution

directive - such as execute all invisible events until the next visible (communication) event.

4.3 Implementing Visibility and Scoping

Implementing the visibility and scoping rules of SDL are based on the functional hierarchy
of the nested C++ classes mentioned earlier. In SDL system, block, process, service and
procedure are referred to as scope units and the name of an entity defined in a such a
scope unit can be visible not only in this unit but also inside the nested scope units. As
explained above, in our C++ representation, SDL units are represented by classes whereas
other SDL entities (variables, synonyms) are represented by C++ variables. They are de-
clared (as data members) inside those C++ classes which represent the SDL scope units
defining the corresponding SDL entities (variables, synonyms). Unfortunately whereas
the hierarchy of the nested C++ classes preserves and therefore automatically implements
the visibility and scoping semantics corresponding to SDL units the same is not true for
(44 variables corresponding to SDL entities given by variables and synonyms. Since
the visibility and scoping semantics for the variables defined within C++ classes do not
match the similar semantics for the SDL entities that they represent, additional measures
are required for a correct implementation.

Referring to Figure 1 above and using the SDL rules the signal names Al and A2 are
visible on the top level of system X and inside its inner block Y as Y does not redefine
these signals. On the other hand the signal name A3 is visible inside block Y and, in
particular, inside process Z, but not visible outside block Y since the definition of this
signal is encapsulated by block Y. Correspondingly referring to the code given in Example
1 above, the signal classes Al and A2 are visible on the top level of system class X and
within block class Y. Signal class A3 is visible inside block class Y and, in particular,
inside process class Z, but not outside Y.

The remark above illustrates how the SDL scoping and visibility semantics follows by a
straightforward C++ implementation for SDL units. On the other hand as expressed
in the paragraph above this approach does not solve the problem for SDL variables and
synonyms. The access to a variable declared in the embracing object and used in a nested
object is provided inside this nested object by making use of a pointer up (in the C++
sense) pointing to the embracing object in question. Consider Example 2 below where a
service S accesses a variable v declared in the embracing process Z. As seen in the example
a pointer up defined in class S is initialized by address of an object of the embracing class
7. This initialization is done inside the constructor S : when invoked in constructor of
7 it takes as its argument construction this (in C++ sense) which keeps address of the
embracing object of class Z.

Example 2.
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class Z : public Process {

public:
Tdcode idcode () { return 5; };
char* name () { return "Z"; };
int v;

class InputPortZ : public InputPort<2> {

}; // InputPortZ
class S : public Service {

protected: -
Z * up; -
public: : :
Idcode idcode () { return 6; };

char* name () { return "S"; };

S (Z*xuw :upCw) { ...}
¥; /1 s
S % s;

InputPortZ * input_port;
7z () { s = new S (this); input_port = new InputPortZ; };

3 /////////////////////////////////////////////////////////////////// z

4.4 A Process and a Service

In SDL, a process may be divided into services sharing its input port and some variables.
Another variant is a process without services. In the first case, all the process states and
transitions are written inside its services, in the second case — directly inside the process.
In order to simplify C++ representation, we reduce a process without services to a process
with one service. A :

Below is a short resume of the interaction between a process input port and the services
of the process. In accordance with SDL , the services of a process partition the incoming
signals into disjoint groups so that a signal put into the process input port can be con-
sumed by exactly one of the services of the process. Only the STATE nodes of services
are allowed to consume signals and atomicity of STATE node-to-STATE node transition
is preserved by freezing all other services at their STATE node while the active service
completes its transition to its next possible STATE node. Since the services of a process
use disjoint sets of signals there is no ambiguity or contention as to which unique service
deals with (consumes or saves) the signal at the head of the common input queue.

In SDL an INPUT branch may have a priority which means that the associated signal
with this branch is consumed first, where all the signals without priority that lead this

11




signal in the queue are saved. This is equivalent to the SAVE primitive of SI:)L where the

by

signals saved are those without priority in front of the priority signal.

As explained in the section above, an SDL process is an SDL unit and hence is represented
by a C4++ class. This class contains nested classes which represent the services, the in-
put port of the process and timers, procedures, signals and sorts (if any), i.e. those SDL
entities which are defined within the process. Example 2 above exhibits an outline code
for the C++ class representing the process Z. A service is also an SDL unit and hence
represented by a C++ class, which contains nested classes representing procedures and
sorts, if any, defined within it.

The input port of a process Z is represented by class InputPortZ coupled with pointer -
input_port which provides access to an object of this class and is declared within the C+4+
class representing process Z. The class InputPortZ is specific for process Z, because it deals
with the set of its valid input signals specific for the process. On the other hand, class
InputPortZ is derived from the base class InputPort given below and inherits its methods.

ey

template < card N >
class ProcessInput {
protected
list <S8ignal> queue;
enum SignalStatus {ACCEPTABLE, WITH_PRIORITY, SAVABLE, REMOVABLE};
SignalStatus signal_status [N];
public:
void input ( Signal * );
Signal * consume ( );
void acceptable ( card );
void with_priority ( card );
void savable ( card );
void reset_signal_status ( );

¥; // ProcessInput . - - ' .

A short description of the InputPort class methods follows. Method input is invoked with
a pointer to a signal as the argument, and places the pointer into list queue which keeps
a queue of incoming signals. In class InputPort there is also array signal _status whose
elements are associated with the elements of the set of valid input signals. A value of each
array element encodes the current status of the signal that the element associates with
- a signal ‘may have status ACCEPTABLE, WITH_PRIORITY, SAVABLE or REMOVABLE. Array
signal_status is filled by the services, namely, when a service reaches a STATE node.
The contents of list queue and array signal_status provide necessary information for
method ask to detect whether the process instance envisaged can consume a signal from
its input port. A service consumes a signal using the method consume.

class Service : public ActiveUnit {
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public:

protected:
EventTbl events;
card next_node;
card node_entry;
}; // Service

The nodes of SDL services are in fact the current states of the service objects. The methods
ask and go applied to objects involves computation based on the current states of those
objects. Whereas the method ask returns possible transitions from the state (node). the
method go actually forces this transition to occur into the next state. Example 3 below
exhibits an outline code for the C++ class representing the service S nested inside the
process 2. £

Example 3.

class S : public Service {
public: ‘
Idcode idcode () { return 6; };
char* pname () { return "S"; };
protected:
Z * up,
virtual void go_contl () {};
virtual void ask_contl () {}; ,
virtual void wait_go_contl ( Signal x ) {};
int x_v;
void START_go () { next_node = 1; };
void START ask () { events.init_1 ( idcode(), next_node, START_EV ); };
void ASSIGN_go () { x_v = 0; next_node = 2; F;
void ASSIGN_ask () { events.init_1 ( idcode(), next_node, INTERNAL_EV ); };
void .~ wait_.go .O; . . - V ) ' A
void wait_ask O;
void OQUTPUT_go Q)
void OUTPUT_ask () { events.init_1 ( idcode(), next_node, OUTPUT_EV Y ¥
void STOP_go ~ O ‘
void STOP_ask () { events.init_1 ( idcode(), next_node, STOP_EV ); };
public:
S(zZx*xu) :up (W {
events.init_empty;
next_node =AO;
node_entry = 1;
x_v = default_G.int_t;
};
void go ();
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void ask (Q);
};//S . \

In Example 3 variables events, next_node and node_entry belong to the base class Ser-
vice. They represent respectively a set of events possible for this service, the number a
node which will execute next, just as the service goes, and the number of entry into this
node which is used for STATE nodes. Variable x_v represents local variable x of the ser-
vice S. The four variables are initialized by constructor S. The structure object default G
contains default values for SDL data types; in particular the field int_t gives the default
value of data type int.

The control flow graph of a service is implicit in the implementation of the go method
updates the node counter next_node. The go and ask methods of the service make use of
this node counter to choose the next node: see Example 4 below.

Example 4.

void Z::S:: go () {
switch (next_node++) {

case 0 : START_go(); break;
case 1 : ASSIGN_go(); break;
case 2 : wait_go();  break;
case 3 : OUTPUT_go(); break;

case 4 : STOP_goQ); break;
default: go_cont1();

}
};

void Z::S:: ask () {
switch (next_node) {

case O : START_ask(); break; ,

‘case 1 : ASSIGN_ask(); break; S ) -
case 2 : wait_ask(); break;

case 3 : OUTPUT_ask(); break;

case 4 : STOP_ask(); break;
default: ask_conti();
) ‘

};

Example 3 demostrates that _ask methods fill the table called events with an element
representing an event by a triple, namely service identifier code, the node counter and an
event type. _go methods given in Example 3 are the simplest; yet a more complicated one
is given in Example 5 below.

Example 5.
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void void Z::S:: wait_go () {
Signal * s; '

switch ( node_entry ) {

case 1:
node_entry = 2;
up -> input_port -> reset_signal_status ();
up -> input_port -> acceptable { Al.idcode{() );
up -> input_port -> acceptable ( A3.idcode() );
break;

case 2:
number_of_entry = 1;
s = input_port -> consume ();
if ( s -> idcode == Al.idcode() ) next_node
if ( s -> idcode == A3.idcode() ) next_node
wait_go_contl ( s );

+

}; // wait_go

1]
w
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In Example 5, the node method wait_go corresponds to the STATE node wait given in
Figure 3. The implementation consists of two parts into which the two entries are con-
nected via a switch statement. The first part conveys to the process input port information
about status of signals. The second part consumes a signal from the process input port
by calling method consume of input_port and makes its respective transition.

The role of methods go_cont1, ask_cont1, and wait_go_cont1 are explained in the sub-
section below.

4.5 Representation of SDL Object-oriented Features

, In SDL 92 there are three object-oriented features: generic types with formal context pa- ,
-  rameters; inheritance, and virtuals. Each of these are in a part captured by C++ object- - _
” oriented features either in a straightforward manner or by indirect simulation schemas.

In simple cases SDL generic types are directly captured by C++ generic classes with
template parameters. Processes, procedures, signals, timers and sorts as formal context
parameters are represented by template classes. We can thus manage not only indepen-
dent formal context parameters but also a typical formal constraint concerning signals
with data decribed in [9] as follows )

process type pass.signals
< signal a ( atype ); newtype atype >

This generic process type is mapped to the C++ class below.
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service S;

del x Int; ‘

x:=0

wait

Al A3 ’

2
=

Figure 3: Service S

template < class a, class atype >
) class pass_signal {
}; // pass_signal

Inside this class the operator new a(d) where d is a variable declared of the atype type
can be used to generate objects representing instances of the signal a.

On the other hand firstly more complicated formal constraints can not be represented
in a similar simple way, because C4++ forbids template parameters that are functions of
profile a* £ (atype) and even of profile void £ (atype), where a and atype are again
template parameters. ‘ A -

Second, the use of a variable as a formal context parameter cannot also be captured by
this approach. This is because, variables are naturally represented by data members of a
C++ class, and data members cannot be template parameters.
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{ wait ) HN
» <

wait

Figure 4: A new transition

Next we discuss representation of inheritance. If an SDL unit U1 is defined so that it
inherits an SDL unit U, its C++ representation does so just in the same way:

class Ul : public U {

// classes and pointers for new entities added to U
y /Ut
In order to manage addition of a new tramsition leading from an (old) STATE node, a
virtual extension of the STATE node _go method is in advance written in the original
service U. This extension is a virtual method with suffix _go_cont1 and has originally an
empty body, i.e. a stub. Its call appears within the last statement of the STATE node _go
method body and so is operational if none of the previous if statements match the signal
consumed. See, for example, the implementation of the node method wait_go in Example
5 above. After a new transition from a STATE node, triggered by a signal a, appears in
the derived service U1, the empty implementation of the _go_cont1 method is overridden
by the implementation which in effect extends the STATE node _go method o manage
the signal a. Let, for example, the new transition exhibited in Figure 4 is added to the
service S shown in Figure 3. Then, the derived service is represented by the C++ class S1
" given in Example 6 below. Note that the mew virtual extension method wait_go_cont2 is
added into S1 to help further additions. »

class S1 : public S {
virtual void wait_go_cont2 ( Signal * s ) {};
void wait_go_contl ( Signal * s ) {
if (s -> idcode == A.idcode() )- { next_node = 2; }
wait_go_cont2 ( s ); ’
s
}; /7 st

A newly added transition may contain new nodes. For each of them the corresponding
couple of node methods _ask and _go are written down inside the derived service class.
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In order to manage the control flow graph of the derived service, we introdui:e virtual ex-
tensions of the switches which implement the ask and go methods of the original service.
Those virtual extensions are ask_cont1 and go_contl. They are used in a similar way as
the virtual extension of a STATE node method _go.

SDL virtuals are basically captured by indirect simulation schemas. We hope to explain
the relevant details in a posterior paper.

5 Conclusion

We have presented some preliminary considerations involved in compiling SDL 92 into
C++ code. In particular we have tried to explain why C++ was chosen as the target
code for animation and pointed out the conveniences of this choice in capturing the object
oriented features of SDL 92 in a simple manner. We have, on the other hand, also pointed
out some of difficulties encountered owing to the differences of SDL 92 and C++ in cap-
turing object orientation. The current project is in progress and we hope to complete the
entire compiler design based on the ideas expressed in this paper.
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Abstract

A new bilingual specification environment consist-
ing of the two languages SDL and S/R is described.
The new design is based on the SDL-to-S/R compiler
that was implemented at a previous phase and in-
troduces the necessary interface semantics as restric-
tions on special SDL shell processes that encapsulate
the interfaced S/R modules. The environment can
be used in SW/HW co-design by involving the veri-

fication engine COSPAN geared to the S/R language
specification.

1 Introduction

The paper extends the scope of our bilingual
approach initially introduced in [5] to describe
SW/HW systems where the HW part is modeled
as synchronous sequential logic composed of stan-
dard blocks (gates, registers) interconnected to each
other. In this paper we generalize this approach to
describe and illustrate a specification formalism for
distributed software (SW) operating under possibly
synchronous environment which may involve HW or
lower level software or any other environment that is
only suitable for specification by the other language
— in our case the synchronous language S/R — of

- the bilingual formalism. The distributed software is

specified in SDL (1] and the environment consisting
of synchronously operating components that are awk-
ward or impractical to be specified by SDL, such as
hardware (HW), are specified by the complementary
language S/R. of the bilingual formalism?.

In order to illustrate an abstract concept of a syn-
chronous environment we chose a simple abstract ma-
chine operating under a real time constraint. This ex-
ample also illustrates the hard time constrained Sys-
tem verification via the timing module of COSPAN
as applied to an SDL specification although, in gen-
eral, SDL is known for its lack of well-defined time

I'S/R (select/resolute) is an input language for the veri-
fication tool COSPAN. Both the language and the tool are
products of Bell Labs [6]
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semantics. Below we point out three distinct reasons
for choosing SDL and S/R as the language compo-
nents of our bilingual environment.

First, whereas SDL is an asynchronous language
that is specifically suitable for communicating soft-
ware component modeling, S/R is a synchronous lan-
guage that, for example. can easily model sequential
circuits based on state equations (like in VHDL) that
operate synchronously under the control of a single
clock. This makes the bilingual environment par-
ticularly attractive for SW/HW co-simulation or co-
verification.

Second, S/R has the features to simulate asvn-
chronous and even nondeterministic behaviour and
can therefore model higher level abstractions if neces-

sary. Indeed it is precisely for this reason we decided -

to implement a compiler from SDL to-S/R. to start
with [4]. This feature is a definite advantage of the

bilingual specification environment since the specified :
code is compiled into pure S/R and then can be ver-

ified — as opposed to mere simulated — using the
powerful COSPAN tool. In this sense VHDL does
not seem to be a substitute for S/R since the former
has neither the higher level features like S/R nor a
verification engine like COSPAN. This is the basic
reason behind some of the shortcomings of the recent
work in SW/HW co-design (3, 7, 8], namely that the
tools are restricted to simulation and cannot perform
exhaustive verification. ‘ '

- Finally, our contacts with the industrial users of
SDL have revealed that SDL specifications frequently
contain an environment part which cannot be spec-
ified by SDL -— usually lower level interface parts
— and therefore the corresponding simulation plat-
forms either require manual intervention or are sim-
plistically modeled which may restrict the scope of
the validation exercise. Our bilingual formalism that
offers S/R as an additional specification language to-
gether with an interfacing notation is a remedy for
this problem since both simulation and verification
can then be carried out without the previous restric-




tons.

In general the advantage of having a second lan-
guage like S/R which has both low and high level
linguistic characteristics is a general asset in writing
specifications for design. In any context — that can-
not always be predicted -~ where using SDL is either
impossible (such as modeling a finite state machine!)
or at least difficult and awkward, S/R becomes a de-
sirable. complementary substitute.

In the next section we briefly outline features of
the languages SDL and S/R with a special empha-
sis on S/R since it is both less well-known and has
not-so-familiar features that are relatively alien to a
software engineering audience. In section 3 we de-
scribe the bilingual formalism and in sections 4 and
5 we illustrate our design via two simple examples
that involve a modular hardware alternating bit (AB)
protocol driven by software and a resource allocating
system subject to hard timing constraints, respec-
tively. In the first example the hardware is speci-
fied in S/R, the driving software is specified in SDI
and the SW/HW interface is specified by a special
SDL process called a shell process, the semantics of
which differs from ordinary SDL processes. In the
second example the clients are modeled by SDL soft-
ware processes whereas the server is modeled as an
S/R. process.

2 The languages SDL and S/R

SDL (specification and description language) is an
ITU-T/ISO standard language [1] used especially by
telecommunication industries for design and imple-
mentation of software for embedded systems. There
are both textual and graphical syntactic definitions of
SDL and the latter visual facility has made it popular

among the telecommunication software engineers as-
a relativelyv popular user-friendly tool for design and-

implementation. SDL is a prime example of the reac-
tive programming paradigm whereby independently
executing SDL processes progress one-at-a-time by
reading their input message reception queues and re-
act to these messages by making internal assignments
and by sending new messages to other processes’ in-
but queues. The reader is welcome to view the graph-
ical syntax given in Figure 3(c) as the flow chart of a
typical program segment in some ordinary program-
ming language.

Unlike SDL which is an asynchronous language
with interleaving semantics, S/R is a synchronous
formalisin within which all processes move simultane-
ously under ap imaginary global clock pulse referred

to as crank in S/R. The S/R Lugmage cujovs the
control theory paradign in which component dyyan-
teal systemms (S/R processes) are represented by stage
equations ';:
AN
z{n+1; = f(:.r:(u,):l-u.s'n\)x)

y(n) = glr(n). u(n)) (1)

Here n counts cranks — Imaginary clock pulses, wen-
tioned above. z(n) is a vector denoting the values of
the state variables just after the nth crank  hence-
forth referred to as the nth mstance, u(n) and y(m)
are the vector of input, and the output values respec-
tively at the nth crank. The-inputs are of rwo kinds.
Some are simply outputs of other processes which are
used as external inputs to the process. In the S/R
context, the latter process gets the access to cutput,
variables of other S/R processes via a declaration im-
port wvariable.name list. This is the mechanism of £
interprocess synchronization in S/R. In conventional
(control theoretic) terms this is shmply nterconnec-
tion of outputs of dynamical system blocks to the
mputs of other such blocks, The second kind of in-
put is the internal input where the valye 15 allowed

to be nondeterministically selected.

T

In S/R each variable is declared either as a state
variable (stvar) or a selection variable (selvar). The
nput u(n) and output y(n) variables are modeled = -
by:selection variables. In view of the state equation
model above the assignment of each state variable

corresponds to the next state function which is of the
form

zi(n+ 1) = filzi{n), .. ze(n),ug(n). . ... U (1))

' (2)
where the general format and the associated S /R syn-
tax for the function f; is given as

asgn z; —+ value,?guard, | . .. lvaluen?guardy (3)

~ where all the values and guards (predicates) are pos-

sible functions of the state vector z(n) and the input -
vector u(n) and '|* denctes the choice function?. In a
similar syntax, assignments are also made to selection
variables implementing the output equations

yi(n) = gi(z1(n), ..., zeln), wa(n), . . um(n)) (4)
where the associated S/R syntax for this kind of as-
signment is given by

asgn y; = value, 7guard, | . .. jvaluey ?quardy (5)

Whereas recursion is allowed and consequently thgre
is a one step delay in state assignments, no recursion

*In S/R the guards exhaust all possibilities by an .exphcn.
or implicit else function so that no f;j is a partial fu'nctlon.l Qn
the other hand, if guards are not mutually exclusive f; is in
fact a relation and further nondeterminism prevails.




is allowed for the output assignments and the current
putput values are simply read-out as a memoryless
function of the current state and input variables.

3 SDL&S/R interface formalism

In this section we decribe the SDLES/R interface
formalism for specifying systems in a bilingual envi-
ronment. In this formalism every S/R process which
has a direct interface to the software (or SDL) part
1s encapsulated within an SDL-like process called a
shell. The remaining processes are specified either in
proper SDL or proper S/R. In what follows we shall
use a terminology that assumes that S/ R processes
correspond to hardware and SDL ones to- software:
In view of our remarks above the S/R. part could also
be interpreted by some suitable entity that can be

viewed as an environment interacting with the SDL
part.

The SDL&S/R notation used to specify a shell ,

can syntactically be characterized as a restricted SDIL
with S/R aedaptation pragmas3. The adaptation prag-
mas are utilized in the SDL context as comments be-
ginning with keyword S/R. They are interpreted as
semantically meaningful statements that modify the
standard SDL semantics of the shell process to coor-
dinate executions on the two sides of the interface:
namely, the shell SDL constructs and the encapsu-
lated S/R process constructs. The modifications in-
volved in the shell semantics consist of restrictions to
normal SDL semantics and in that sense is a, refine-
ment of SDL that applies only within a shell process.

The interactions of a shell process with other shell
or non-shell SDL processes are governed by exactly
the ordinary SDL semantics. The restrictions men-

“tioned above apply only to-the interactions with the
“interfacing hardware modeled. by the encapsulated
‘S/Rprocess. The basic idea involved is the manage-
ment of the special variables shared by the shell SDL

(software) process and the encapsulated S/R (hard-
ware) process.

The shell communicates with the encapsulated
S/R process as if it itself is an S/R process. So, the
two, viewed both as S/ R processes, simply share some
selection variables. More precisely, the shell imports
from the encapsulated S /R. process some of its selec-
tion variables which are referred to as nterface vari-
ables. These variables are classified into input and

$The word pragma was first used in Algol 68 to mean a
semantically half-alive entity: it does not have an indepen-
dent semantics but it influences compilation by modifying the
semantics of another phrase which it qualifies.

output variables (relative to the encapsulated S/R
process) with the following assignment restriction: in-
put and output variables can only b.c; assigned values
within the shell process and the epcapsulated S/R
process, respectively. In the shell, whiclh is viewed as
an SDL process, the interface variables of both {input
and output) types are declared as its local variables
with defining occurrences followed by the adaptation
pragma /*S/R*/. Input and output variables are dis-
tinguished from each other simply by the use of an
SDL initializing expression which is made compulsory
for the former case and forbidden for the latter case.

The interface variables must be provided with val-
ues. Therefore, we allow for the shell and the en-
capsulated S/R process to share data types. It is
possible to define the type of a shared variable either
in the shell or in the encapsulated S/R process. A
shared variable data type can be declared in the shell

~ with adaptation pragma /*S/Rx/. Then the associ-

ated semantics implies that in the post-compilation
phase the encapsulated S/R process is forced to use
this type within its own declaration of this shared se-
lection variable. Alternatively the definition of the
shared data type can be declared in the encapsulated
S/R process. In this case we allow for such an ai-
ready, declared data type, say T, to be re-declared in
the shell without contents : newtype T endnevtype;
/*S/R*/. In the compiled S/R context, this data type
is filled with the contents extracted from its S/R def-

inition given in the encapsulated S/R process.

The shared access to an interface variable means.
that whenever this variable is assigned a value within
the shell or the encapsulated S/R process its value is
immediately reflected in the other process. We there-
fore extend S/R’s selection/resolution crank (imagi-
nary clock cycle) semantics partially to the shell pro-
cess to allow it to coordinate with the encapsulated

-S/R process. This is acqomi)}ished as follows..

In the shell we impose on a task (which is a box

* with assignments in the graphical format of SDL) an

atomicity constraint to tightly bind its execution to
the S/R crank cycle. So, in the compiled S/R im-
age of the shell process all the assignments contained
within one task execute at the same crank and differ-
ent tasks execute at different cranks. We do not allow
for a task box to contain repeated assignments to the
same variable. Any recursion in the assignment of
values to the interface (hence, input) variables is also
forbidden. These two restrictions on the assigninents
contained within one task box simply follow the S /R
assignment rules for selection variables explained in

“When the hardware environment is modular with standard
modules this would be the usual case.




the previous sectiou.

Another mechanism to coordinate the shell be-
haviour with the encapsulated S/R process is de-
vised via interrupt signals. From the S/R viewpoint,
a hardware interrupt is implemented by a predicate
that guards a transition handling the interrupt. In

the shell process we denote, in SDL notation, a syn-.

chronous interrupt by a priority input box with an
enabling condition where the latter stands for the in-
terrupt predicate used in S/R as mentioned above.
The interrupt signal expected at this priority input
box must be specified in the signalset list of the
shell and marked by the adaptation pragma S/R. In-
stances of this special interrupt signal must not ap-
pear anywhere else in the SDL environment since it
is not a genuine SDL signal and only a construct used
for this interrupt mechanism. The new semantics of
the interrupt signal input is such that the immedi-
ately following assignment transition starts executing
whenever the enabling condition appended to the in-
put box evaluates to true. Since this enabling condi-
tion can contain output variables which are assigned
values within the encapsulated S/R (hardware) pro-
cess, this semantics models hardware interrupts in
the same manner as in the S/R language. In order
to allow the interrupt input to coincide with other
standard SDL inputs coming from the software envi-
ronment we forbid other priority inputs — but allow

normal ones — at a state where interrupt inputs are
used. :

It may be important to assign values to hardware

input variables at the same S/R crank at which an

interrupt appears. So we assume that the first action
in the immediately following transition starts execut-
ing at the same crank as the interrupt schema de-
scibed above issues (and consumes) an interrupt sig-
nal:  This requirement together with the atomicity
imposed on a task allows for modelling conventional
interrupt handling, ' :

Finally, we generalize the coordination semantics
of the shell. First, in the shell, including its proce-

dures, an action is restricted to be a task, a decision, .

an output, a procedure call or a timer setting or reset-
ting. Second,; an expression can contain a procedure
call only if the corresponding procedure body con-

tains neither states nor actions, but only returns an

expression. Any expression in any context is assumed
to execute in one crank cycle. The first action in a
transition triggered by evaluating a decision starts

its own execution in the same crank within which the
decision was evaluated.

in — out
g '

xtn+1} = in{n)
out{n} = x(rz}:
S

t
t N

proc D AN
importin /*BinarySignal*/
stvar x: BinarySignal
selvar out: BinarySignal
init  x:=0
asgn X ->in
asgn ouli=x

end D

Figure 1: D(flip-flop)

ind - out

i/w()u

out = tnl*in2
proc AND
import inl, in2

selvar out: BinarySignal
asgn out:= [ 7(inl=1)*(in2=1) |

end AND
N Figure 2: AND

4 Example for SW/HW co-speci-
- fication: AB protocol

In this section we illustrate the bilingual specifi-
cation formalism via an example in which software
specified in SDL makes use of the hardware AB pro-
tocol to transmit a number of — in the example three!

— messages from the sender to the receiver side. The

AB_protocol is specified in the S/R language and pre-
sented by the iptercohnéction_ of standard hardware
circuit diagrams that implement the sender and re-
ceiver modules given in Figures 10{a) and 10(b) —
see Appendix — as well as the imperfect intermedi-
ate channel and the timer whose details are omitted
in the paper.

In order to explain the operation of the hardware
AB protocol we first direct the attention of the reader

to the state équation repi‘esentation of some standard

hardware blocks used in the example and we present
the corresponding S/R process code in the manner
explained in section 2. We start with the memoryless
gates such as AND, OR, XOR, INV where INV means
logical inversion. The state equations for the gates
have no state variables which would model memory.




| oul

x(n+1) = in(ny*ein)+xin}*e(n)

out{n) = x(n)

proc REG

import e /*enable signal*/,
in /*input of type T */
stvar x:T
selvar out: T
init  x:=initialvalue
asgn x->in’el x
asgn  oul=x
end REG

Figure 3: REG

So, the gate AND is defined by only the output equa-
tion of the type 4 (see section 2) which is explicitly ex-
pressed as out(j) = inl(j) *in2(j) where * stands for
the logical AND operation. The corresponding S/R
code is given in Figure 2. The state equations and
S/R code for the other memoryless gates are straight-
forward. On the other hand the simple delay circuit
D is defined by the state equations with a single state
variable (memory) which are given together with S/R
code in Figure 1. Note that the state and output as-
signment semantics are distinguished in this case by
delayed and nondelayed left-hand sides. Finally the
register buffer REG is defined by the state equations
and S/R code given in Figure 3. Note that unless the
enabling bit e is high the value of the register con-
tents remains unaltered.

The operation of the hardware sender can now

be described in terms of the sequential logic of the -
circuit diagram given in Figure 10 (a) in Appendix.

Whenever the enabling bit e is high, register REG
accepts the value of the Msg input. = Then this
value becomes available together with the <AB_tag>
output for transmission to the channel when the
<Msg_available> bit is high. The three inputs to the
gate OR1 represent three separate occasions which

raise the <Msg_available> bit and hence initiate a

transmission. These occasions are: a new message
is available or a timeout message is received or an
acknowledgement is received with the incorrect A Bit
(stands for ‘alternating bit’). The gate XOR1 mecha-
nizes the bit alternation facility. Whenever the re-
ceived ABit differs from the previously sent ABit
given by Transmitted_A Bit — which means succes-
ful transmission is completed — then the output of

block ABP

f.vignal s {(Integerj ; B]

Receiver /*shell*/

Sender /*shell*/

HW Sender HW Channel

HW Receiver

process A

dcl v Integer:=0;">

process B

dcl v Integer;

s(v)

~

s

Figure 4: ABP: SW part

XNOR1 and therefore with a single step of delay the
output of D1 (<Ready>) are both high, thus initiat-
ing the next message to be sent by the user. The in-
ternal loop between gates XOR1 and XNOR1 operates
in the manner desired: if output of XNOR1 is high
then the next value of Transmitted_ABit is replaced
by its complement. The Chan.ack signal which' is
the next AB_tagexp‘ecktedl by the receiver is received -
from the channel whenever the signal Chan_ack.avail
is high. Note that the latter signal can be also used to
model imperfect (lossy) channel by invoking the in-
ternal nondeterminism within the S/R model of the
channel as explained in section 2. A similar- expla-
nation also prevails on the receiver side which the
reader can easily follow from Figure 10 (b) given in
Appendix. '

Now we explain the user software that activates
the hardware AB protocol. This software is specified
in SDL in two parts: the part that does not inter-
act directly with the hardware and the part that de-
scribes the SW/HW interface, namely the SDL shgll
processes. The overall architecture is given in Fig-




process Sender /*shell*/

signalset Intr; /*S/IR*/

dcl viewed Ready Boolean,/*S/R*/
Msg Integer:=0, /*S/R*/
New_msg_avail Boolean:=False,/*S/R*¥/
v Integer,
Ready_ok Boolean:=False;

s(v) 2 Intr <

T (view Ready)
o)

Ready_ok:=True
Intr E < |

<view Ready or Ready_ok~>
l .

Msg:=v;

New_msg_avail:=True;

Ready_ok:=False;

[

process Receiver /*shell*/

» signalset Intr; /*S/R*/
del viewed Msg_ready Boolean,/*S/R*/
viewed Msg Integer;/*S/R*/

<ﬁiew Msg_ready>

s (view Msg)

Figure 5: ABP: shells

(A$=a) & (v=k)

else else
/m
{ OK p i N

(B.§ =b) & (v=k)

Liveness property:
Each message sent by A should
eventually be received by B

Figure 6: Verification task

ure 4. The hardware part described in S/R for the ™
sender, receiver and the channel are shown by the ;
darkened boxes and arrow and the four SDL processes *
play the role of user intentions specified by A and
B (user sender and user receiver) and the respective
shells that encapsulate the sender and receiver hard-
ware. The entire function of the shell processes, as
explained in the previous section, is to define the in-
terface between the software and the hardware and to
coordinate the demands coming from and responses
going to other SDL processes. '
The user SDL processes specified as A and B are
given in Figure 4. The process A simply requests to
send three consecutive messages with values 0,1 and -
2 to the receiver site and then halts. On the other
hand the receiving process B simply receives what is
coming from the outer world.

The respective shell SDL processes Sender and Re-
cetver are given in Figure 5. The Sender can read its
input buffer for signal s carrying the current value
of v. Sender goes to the state 1 where it waits for
the sender hardware interrupt signal Intr specified

by the enabling condition Ready. When the interrupt

occurs, Sender transfers the received value v to the
sender hardware input Msg together with the enable

“high hardware input e, using the special task with as-

signments as explained in the previous section. The
second branch at the state 0 is required because hard-
ware interrupt signal can arrive earlier than software
input. The Receiver process can easily be understood
in a similar way from Figure 5. ‘

In our exercise, the hardware AB protocol is spec-
ified in S/R and comprises of 33 S/R processes mod-
elling hardware blocks of standard types showr-x in
Figures 1-3. The software and shell processes glven
in Figures 4,5 are specified in SDL, gompiled into S/R
and then their S/R code is linked to the AB protocol




"S/R code. So, the entire SW/HW system is converted
mto some COSPAN w—automaton [6], thus allowing
verification using the COSPAN verifier. We have ap-
plied a specific verification technigue {2] linked to the
original SDL source of the COSPAN w—automaton.

In order to verify the system, we have specified
some COSPAN vwverification tasks which express sys-
tem requirements. In Figure 6, an example of the
verification task is presented for a liveness property:
each message v delivered from the user process A4
should eventually be received by the user process B.
This verification task is formalized by a two-state ac-
ceptance automaton synchronized to the system au-
tomaton via coupling of boolean predicates [6]. These
are predicates R4 and RBin Figure 6 that specify the
preconditions for a transition from one state to an-
other. RA means that process A delivers message v
— lLe., A reaches the location a in the process tran-
sition structure (see Figure 4, process A); RB means
that process B receives this message — i.e., B reaches

the location b in its transition structure (see Figure
4, process B).

The COSPAN verifier detects a violation of a sys-
tem requirement if the w—automaton of the system
contains an unspecified cycle. So, a verification task
must specify all the harmless cycles in the system.
One mechanism that facilitates cycle differentiation
is by using recur edges, marked by the sign ‘+' . In a
system cycle that contains a recur edge the verifica-
tion does not fail. For example, in Figure 6 only the
NOK self-cycle is left as harmfu] (bad) in the sense
that it is not protected by any recur edge. In view of
the fact that all other cycles are protected by recur
edges, the bad cycle will be. detected by COSPAN in
case a message is sent from A, but never received by
B. For our system, the task in F igure 6 performs for
each v=0,1,2 without any violations.

-5 - Example of a bilingual specification

" with timing constraints’ :

In this section we illustrate by a simple example
how the bilingual SDL&S/R formalism can be used
for specifying a combined system with timing con-
straints. Since it is the Cospan verifier that does the
timing verification, we take care to express the tim-
ing constraints in SDL in a manner that is suitable
for the Cospan verifier. ‘

The example system shown in F igures 7, 8 com-
prises of a HW server providing some service, two
identical SW clients of this server and a shell via
which the clients get an access to the server.

12

else

Idle ¢

(11,12}

process Server /* S/R */

newtype StateType /*S/R*/
literals Idle, Work, Result
endnewtype;

del req Boolean := false, /*S/R input*/
§ StateType; /*S/R output*/

exported procedure GetResult
Jpar out Res Integer;

O

E&' = if $=Result then [ else 0 fi }

-

exported procedure Open
Jpar in No Integer, out Ack Integer

-0

req := True,
Ack :=if $=Idle then No else 0fi

-

l

procedure 0per<2

procedure
GetResult

<

| |

Figure 7: A timed HW model and its shell




process ClientA dcl Ack, R Integer :=()>"
imported procedure
Open, GetResult;
M; L
L0
Open T
(SELF,Ack)
(False) Delay(L1)
(True) l
: ‘lL__j S/ A
Delay(L2)
GetResult(R
L4
Delay(L3)
]

Figure 8: SW Client

_ The server is modeled in S/R as a three-state au-
tomaton. It waits for a request from a client. at the
- state Idle. After réceiving a request, the server moves
to the state Work, where it supplies the requested ser-
vice within a time duration of ¢t1 and then moves to
the state Result. The client can then read the pro-
duced result within a time duration £2 after which the
server comes back into the state Idle. The client’s re-
quest which triggers the transition of the server from
Idle to Work is the True value of the server selection
variable req. The symbol req stands for the input
variable of the server shared with the shell process
— which also is called Server. During each three-
phase service cycle durations ¢1 and 2 are nonde-
terministically selected within the intervals {T1,T%}

and {T3,T4}, respectively, which are specified at the
states Work and Result.

else ClientA.$=1L__¢6

/W\\ NOK
et

i
ClientA.§ = ll__g‘

(a) Liveness property:
each Client eventually gets access 1o the Server

€

else

+.
true
else

I := (ClientA.$=IL__4)*(ClientA.R=0)
(b) Safety property:

each Client gets its Result from the Server

. e

N

else )
I :=(ClientA.$=IL_ 2)*(ClientB.$=IL__2)

+ X; true
ox ! ok
N/

(c) Safety property:

each Client cannot be served simultaneously

Figure 9: The verification tasks for the timed model

The server shell is specified in the SDL&S/R in-
terface formalism described in section 3. However,
for this example we used more developed interface
features, namely, SDL synchronous communication
facility provided by remote procedures. We remind
that a remote procedure is a procedure declared in
its owner process as ezported. This means-that it ¢an
be remotely called from other process(es). Although
the remote procedure call is formally implemented via
the basic SDL asynchronous signal exchange — us-
ing implicit SDL channels — it obeys a protocol that
guarantees the following synchronization: the calling
process does not move from the point where it calls
the procedure until the procedure exporter process
receives the implicit signal with the procedure call,
serves the call, and sends the result back to the call-
ing process by an implicit signal.

The SW part of the example system consists of the
two identical client processes one of which is §pec»
ified in Figure 8 as the ClientA. process. ClientA
progresses by first sending a request to the server




p—e

shell (by calling the remote procedure Open), and
then checks the server's acknowledgement, either re-
peats the request to the server or, first gets the result
from the server and second, repeats the request to
the server. Associated with these actions are time
delays symbolized by procedure boxes named Delay
as shown in the SDL diagram of Figure 8. Such a de-
lay procedure can be implemented in SDL with a de-
lay parameter t by setting some timer to the value of
NOW-+t, where NOW is the current time and waiting
for the Timeout signal at a state where all the other
signals are saved. We assume that all the actions in-
volved into this procedure (timer setting, signal sav-
ing, timeout signal consuming) have 0 duration.

The way that the timing constraints induced by
the delay procedures translate into Cospan is accom-
plished by first noting the actual Cospan states corre-
sponding to the SDL pseudo states shown by dashed
circles (e.g. IL__0to IL__7in Figure 4) and then intro-
ducing lower and upper bound for the time delays at
those Cospan states that correspond to SDL pseudo
states before the delay procedures. :

The shell process is presented in Figure 7 in graph-
ical SDL. It includes declaration of shared variables
req (input) and § (output). The variable § gives the
shell an access to the current state of the HW server
(Idle, Work or Result). Declaration part of the shell
process also includes remote procedures Open and
GetResult. In the transition part of the shell process,
there is only one state 0, in which it serves procedure
calls.

Procedure Open sets the shared variable req of the
HW server to True (request i§ received), and sets
an acknowledgement Ack into the number of the re-
questing client, provided the server is in its Idle state,
which is signified by the value of §.

_ Proceduie GetResult sets its output palraxfxeter Res

to 1, provided the server is in its Result state.

The final S/R code is verified using the Cospan-

verifier and the tasks given in Figure 9 corresponding
to desired safety and liveness properties. Whereas
there is only one liveness property to be verified that
corresponds to nonstarvation and given as a task in
Figure 9(a), there are two safety properties given by
Figures 9(b) and 9(c) corresponding to correct re-

sponse by the server and mutual exclusion, respec-
tively.

Since this is a verification task with hard time con-
straints, the actual values of the timing parameters
have to be supplied to Cospan. The underlying ver-

ification method for timed systems and the models
used for timed automata in Cospan is beyond the
scope of this paper and the reader is referred to (6]
for a detailed treatment. ;

For the values “t

T1=1,T3=2 L1=4, L2=2 L3=3

all the safety and liveness properties were succesfully
verified. On the other hand, if all the timing parame-
ters were set to 1, verification of the liveness property
and when they were set as

T1=2T3=2 Ll=1,L2=1, L3=1,

verification of the safety property given by 9(b) failed.
Since the example is simple enough, the reader can
independently justify these results by simple calcula-
tion.

6 Conclusion

We have presented a bilingual SDL&S/R inter-
face formalism. It allows specifying a combined soft-
ware/hardware system in a natural way: software
components are specified in SDL. hardware compo-
nents are specified in S/R and the design of the SDL--
based notation to specify the interfaces between soft-
ware and hardware components semantically extends
SDL though being a syntactic restriction of SDL. The
semantic extension of SDL allows for a special shell
process to share variables coupling architecture be-
tween the encapsulating shell process and the encap-
sulated hardware S/R process. The shared variables
are precisely those representing the interface registers
for writing and reading data to and from the hard-

ware.

_From the implementation point of view, the bilin-- )

gual SDL&S/R formalism has been designed in a way
that can utilize the existing compiler from SDL into
S/R [4). In other words, once the bilingual specifica-
tion stage is complete, the code can be converted into
a pure S/R code making use of the existing compiler
from SDL into S/R with the necessary additions to
incorporate the interface semantics explained in the

. paper. The ability to convert the bilingual specifica-

tion code into a monolingual S/R code is a definite
advantage of the design presented since this allows
the verification of the co-design using the powerful
Cospan verification tool which is currently undergo-

ing a transformation to become a full commercial

product of Bell Labs.

E
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Abstract

In [11], a transition leaping mechanism of /6.5,
10] is presenied as an additional and powerful com-
plexity reducing mechanism used together with partial
order methods for finile state verification. In this pa-
per we improve on the original leaping approach by
selting il an @ more general context thereby enhancing
the potential for greater complezity reduction. In par-
ticular by allowing ample sets that are not necessarily
disjornt we present leaping resulls both for safely and
liveness vertfication where the latter is presented only
under a fairness assumption.

1 Introduction

Partial order methods exploit the interleaving re-
dundancy for finite state systems and use a smaller
fraction of the reachable states for the purpose of ver-
ification such as deadlock detection, model checking
ete. [7, 9. 1]. Notwithstanding different versions of
the partial order approach each with its own termi-
nology they all share the trace equivalence definition
that is based on independence of transitions - that
generates the interleaving redundancy - and proper-

ties that are robust relative to the equivalence classes.

Recently a simple. vet powerful mechanism has
been suggested as an approach that further reduces
the elective search space for verification [11]. The ap-
proach in [11]is based on defining synchronous transi-
tion groups called simultancously executible sels [5, 6]
and leap sets [10, ] I} that consist of a set of indepen-
denl transitions such that not only the order in which
these transitions are executed but also the interme
diate states reached by mdividual executions bear no
relevance to the final outcome of the verification ex-
ercise. ence one can get away with exceating these
transitions in any, but only one such, fixed order - sav-
g in total execution tme - and ignoring the storage
of the intermediate states of the executions - saving

K. Inan *
Ilectrical & Electronies Fng. Dept.
Middle Last Technical University
Balgat- Ankara
Turkey
inan@srdc.metu.edu.tr

m both memory and time - without losing any infor-
mation relevant 1o the verification verdict.

In this paper we extend these results to a more gen-
eral setting. In particular we define maximal leap sets
that allow for ample sets (in our choice of terminology
persistent sets) that are not necessarily disjoint. We
first define a unique leap automaton of a given au-
tomaton corresponding to a given complete collection
- i.e., a set of persistent sets such that every enabled
transition is covered at least by one persistent set - of
persistent sets at each state of the original automa-
ton. We exhibit the nature of leaping based on the
richness of the set of persistent sets at sach state, that
underlies the leap automaton. In particular we show
that, in general. the richer the persistent set collec-
tions, the greater is the leaping. hence complexity re-
duction, potential. Our subsequent results cssentially
state that the original automaton can be replaced by
its.simpler leap automaton where the properties to
be verified remain mtact.

In the next section we present the hasic concepts
and definitions culminating in the definition of a leap
antomaton. In section 3 we present our main results.
First we show how to generate the appropriate initial
maximal leap set at any state-for a given finite or in-
finité string originatingat that state. By an iterative
use of this result we genérate the sequence of leap
sets for the Teap automaton for a given finite string
that terminates in a deadlock (Theorem | on safety
verification) or an infinite fair string (Theorem 2 on
liveness verification) of the original automaton. We
briefly discuss our results in the Conclusions section.

2 Preliminaries

Let 4 = (Q. Y. = qu) denote a deterministic au-
tomaton where ) ix the state set, ¥ is the event.al-

phabet set where the clements of ¥ label the transi-
tions, —: () —- () 15 partial (transition) funclion

&




for cach o € ¥ and qo € @ s the minal siate. \We
use the word ‘transition’ to mean the | label 6 of a
transition. Hence, for example, we say that the tran-
sition @ is enabled at a state ¢ if for <om( g, q Loy

For this we use the shorter notation g — . We use
e same notation for the transitive closure, hence we
write ¢ = ¢’ where s € ¥7 as a short-cut notation for
consecutive transitions of the string s.

Next we define a dependency relation between the
¢ransitions of an automaton A and a siring equiva-
lence based on this definition ([4]).

Definition 1

. A symmetric and reflexive relation D € T x T s sard
to be a dependency relation #ff for two transilions
o0 €L z, (c,0'YE D zmpltcs that for every q € (0 :

.
(1) ¢ 2o if and only zfq L. whenever q — ¢’ and
vice-versa when o and o' are mierchanged

"’ N

(2) [fq——* andq——~ then q —"-'q iffg — ¢"

Definition 2

Two transitions o and ¢ are said to be independent
if (0,0') ¢ D. Two sirings s and ' are sard to be
equivalent, denoted by s = &', if one of the strings
can be obtained from the other by a sequence of per-
mutations of adjacent and independent events il

Remark 1
I - Note that by inductive application of condition

(2) of Definition 1, it can easily be seen that if-x and

. :

s' are equivalent and ¢ 2 ¢ and ¢ = ¢" then ¢’ = 4"
2 - In applications A is a product machine (of com-
municating sequential processes) and the structure
of each transition is in terms of synchronizations of
the processes that participate in it and mterleaving
of processes that do not. Intuitively we can assume
that if ¢; is the ith local component of a giobal state
and Li-is such that gi Z if'and onlv if o € [ then

- no two pairs of transitions in I'; caw be wmdependent.
In a number of models (e.g. SDL [8§]) either only vne
transition at g; is enabled or any of the cnabled tran-
sitions, after execution, pre-empts the others - such
as in reading from the input queues in SDL - and
hence local transitions are always dependent among
themselves. Independence and choice occurs for the
transitions of the product machine when they belong
to the ciabled transitions of different component pro-
COSSCS.

Next we define the persistency' of a sct of transitions,

that is, a set of transitions that remain enabled along
all paths thatl start from some current state and move

via Lransitions oulside this set.

"Phe teru persistent set is dnie to {1} andd is based on the
notion of faithful decomposition given in {2].

Definition 3

Letq be a green state of A0 be the sl of all enalfed
transilions at g and U C A.0We say thal a non-cmply
I is a persistent sel tff for vveny stromg s of the form
s=ay... op witha; @V fori= 1. kandgq Sl
follows thal ay and 5 arc in({(prn(/(:nl Jor all v € L.
A sel of persisienl sels G al the stalc q 1s saud Lo be
complete tf A = Uxeag N ’

Any set of persistent sets that include the entire set
of enabled events (which clearly is a persistent set)
is a complete set. Another conceptually simple - but
computationally burdensome ! - example of a com-

plete set is the set of all persistent sets.

Definition 4

Let ¢ be a given stale of A, A be the set of all cnablc(l
transitions at q. G be a camplete set of pcrszsieni sets
al g. © C A is called a leap set (of transilionsjfat g
relative to G if for cach 0 € © lhere exisls a persistent
set Ty € G such that 8 € Ty and (O\ {0}) N T = .
The leap set O is called maximal if if has no strict
superset that is a leap sel.

We can now define the leap automaton Leap(A).

Definition 5
The leap automaton rclative to a given collection
{G(q)}seq of complete persistent sets defined at each

state q corresponding 1o a given nulomaton A =
(Q.5,%. qg) is dcﬁned by Leap(4) = (Q. 2":——[‘,(101
where g ——:L ¢ iff g = q' where s is a string composed
of concatenaiions of elements of the sel © in any or-
der where © is a mazimal leap set of transitions al g
relative to G(q).

Remark 2

If ©is a leap set at some state ¢ then all the tran
sitions in © are patrwise independent. hence any twe
strings obtained by concatenating the events in © us
ing different orderings are equivalent. :

3  Main Result

In this section we present the main result in term
of two theorems that relate an automaton -/ to it
corrospondmg, leap automaton Leap(A). The fattc
i< a formalism which acts as a simplifving complexit
relief mechanism since it is an automaton thal visit
only a subset of the states of the original .\u(m\mtu
and carries all the information relevant for verific:

Lo,

We define any wnlinite string s € € L=< {y)originati
at state ¢ Lo be a fairstring iff for every persistent s
1" at ¢ there is at least one transition o that occurs

< that is dependent (1.e. not independent) on son



pransttion e 1T 3 The following lermmn relates
asimgle feap of the leap antomaton Leap(AYy 1o the

transtbions of .

Loemmia 1
Lol be a stale common to A and Lea ) Lol s be
i Pt

a string originaling al the state q of A that is cither

fimtc and leads to « deadlock statc or s imfinite and
Jarr: Thew there crists a finite string s = Aw such
that of < s finete <" = 5 and of i is infinite s has a
X . !

Jinde prefiz Cwelh o' =t and ¢ =, apt gy where ©
ts e sel of all the iransitions in the slrurg A

Prool of Lemma -
For cach persistent set [

N

Glg) at ¢ let ~(1) be
the unique transtlion in I that occurs earliest in the
string 5. Note that each persistent set must. have
at least one transition that occurs in the string s ei-
ther because there is a deadlock state and no tran-
sition can remain enabled until then: or because of
the fairness condition that a transition cannot remain
cuabled forever without another transition executing
that 1s dependent on it. Denote the set of all distinct
transitions obtained in this wav and enabled at q by
the symbol ©'. We describe below a niethod to con-
struct a subset © of © which is a maximal leap set.

Order the clements of @ according to the sequence
in which they appear earliest in the string s and call
these ordered elements AN A 0. Let G be the
set ol all persistent sets in G(q7 for which T € Gy ff
0. € I Clearly Upoy /Gy = Gig} since every persis-

tent set must be an element of come G by construc-
tion. Now let © be any subset of © such that -

(1) UrenGr = Glg) where A denotes the indes <ot of
the transitions of © that also remain in © :

(23 If K" C KN then Utz nGr C Glq) where the set
inclusions are both sirict.

IR is an index set for which (1) above is sat-
sfied we define 1 miN
7€ rem{K), K \ {7} also satisfies (1), The algo-
rithm to compute a subset O can then be expressed
as follows :

Maximal Leap Sct Algorithum

(1) Set. Ky o= {0’ Cde= U and go o (1)

() I rem(K;) = ¢ stop K= A os the desired
mdex set for O: olse go 1o {H1)

(1) Choose any j e rom{N) sel Ny o= G {J}
and go to (1), ’

We claim that © given by the algorithin is a maxi-
malleap set. To prove that it s a leap set we first note
that Tor cach k € K there exists at least one persis-
teut set Iy € Gy such that, Pro @ G, forallue N\ {4},
For if this is not true then A fails Lo sat islv the max-

Kosuch that for any .

naality condition aiven by (25 above <nee {2y Inils
with A v 100208 We e thien ehioose for cach 0,
the special persistent set e for I & K owhich proves
the requireniont for o leap set siped U Uy Tor any
J € NN The acr that 10 is s follesvs from
the fact that A = N, sadisfios {1}y when the algo-
rithm terminates,

We now bt A= 0,0, .0, where dy.o0 0, are
the clements of the set ©. Note that if s is finite
then s = Ao where « s obtained from s by delet-

ing the earliest instances of each 5,7 =1, ,n.
m it I s s infivite then choose the finite prefix ¢
of s as the shortest prefix of s that imcorporates all

the occurences 0, Clearly ¢t = A where, this time,

w is the finite string obtained from { by deleting all
the instances 4, in it. In both cases the equivalence
relation is an obvious consequence of the definition.

This completes the proof. QED

Repeated use of Lemma | mmmediately leads to the
following result on deadlocks.

Theorem 1

Let A be given automalon and {G(0)}4e0 a collection
of complele persistent sels. A string s originates at
the initial stalc g and lerminates at a deadlock state
ga for the auviomaton A fand only if 5 = s¢... .5,

wch that gy 2° O dth O
such that g — .. A d - Un T Leeap( Ay (d WHIL D5
denoting the set of transitions that occur in the string

8-

The next theeren shows that every infinite fair string
of A can be generated. up to independence equiva-
lence. by the bap nutomaton Leap{ 1)

Theorem 2

Let A be glven wulomaton and {G(q)}yeq a collection
of complele persistent sets. The string s is an mfinite
Jawr string of A thal originates at the inilial stale 9o
of A if and only of for cach integern there exists
a finide prefir 1" of s such that 1" = s,.5,. . Sp st

Qq Q,,
and gy ;.

denotes the set of transitions that oceur in S5
Proof of Theoren
Let nobe given and apply Lenima 1 first to generate
- i . . N
S0 1= sawe. where s = (0 with 1Y a linite prelix ol
O .
s. By lemma we have ¢y —leapiy 1i- where Qg is
the set of events that occur in sq and is a maximal
feap set. Now assunie that construction is comiplete
with s

! — =1
-} = !

[T
where 771 s a finite prefix of s and statement of the

theorem holds up to n — I

TSN L N, Ll g with s
Now apply the lemma

‘i
at the state g, and s replaced by w,, _.s" where s is
defined via the relation s = ("= & If 1 is the finite

wrefix of wy, i " upon application of the fenuna, we
" | Pl

CAT U T L api Ay ey where 91"




11 i

choose (% = (" 15" where s 1s the part of §* that
is incorporated in the finite prefix ¢ (it could be the
empty string). The proof for the converse result is

obvious. QD

Remark 3

(1) The most trivial case of the leap automaton is
when cach set G(q) is a singleton with the set of all
enabled transitions which is complete. Under this
restriction the leap automaton and the original au-
tomaton coincide. Every leap set O is a singleton
and no leaping - thus no complexity relief - occurs. If
two complete collections are related by Glq) C G'{q)
for all 4 € @ then the leap automaton Leap’{ A) corre-
sponding to the primed collection leaps over the leap
automaton Leap(A). This is because every maximal
Jeap set relative to G(g) at ¢ is a leap set that is not
necessarily maximal relative to G'(¢) since the latter
has additional persistent sets that may add new tran-
sitions to the original leap set. In the same spirit of
the above proof every string s of the leap automa-
ton Leap(A) relative to G(g) can be segmented as
$,.50...., where each s; = ©1.04 ... .07, corresponds
to a single transition of the primed leap automaton
with © = Uk:m@Jk. This corresponds to the ob-
vious observation that the more refined the collec-
tion of persistent sets at a state the greater is the
leap distance and the associated complexity relief via
by-passing intermediate states and transitions. The
trade-off here depends on the burden in computing
complete and richer persistent set collections.

(2) Leap(A) can be used for LTL model-checking al-
gorithms instead of A. Given a next-time free LTL
formula ¢, let visy; € T be the set of visible transi-
tons where o € visg iff there exist two states q.q
such that ¢ = ¢’ and there is an atomic proposition
p occuring in o such that the truth value of p at ¢ is
not the same as that of p at ¢'. In other words, execu-
. tion of the transition ¢ can change the truth value of
an atomic proposition in @. It is shown in (7] that if
the dependency relation D satisfies visg x visg C D
and s = &, then s satisfies ¢ iff s satisfies ¢. Since
under the fairness assumption, Leap(A) can produce
an cquivalent string for cach string A can produce,
Leap(A) can be used for next-time free LT'L model
checking provided that the dependency relation used
satisties visy % visg € D.

(3) We replace the depth-first-search (DFS) used for
A with ample sets iu [7] by a DFS for the leap au-
tomaton Leap(.1) taking all transitions into account.
Il the leap automaton is explicitly modeled, then
other algorithms (c.g. the supertrace algorithm) can
be used to further reduce complexity. '

4 Conclusions

We presented results that shqw that properties of
an autornata 1 1o be verified can be reduced verify-
ing its leap automata Leap() whicht, in general, 1s of
much smaller size both in terms of its transition and
reachability sets. Qur results are presently restricted
to fair strings and in that sense more restricted com-
pared to results in [7]. Yet, notwithstanding the re-
striction Lo fair strings, our results are more gen-
eral than their predeccssors owing to the definition
of maximal leap sets. Currently efforts are on the
way to extend the results to the case that entails un-
fair strings where transitions are classified into silent

T

and visible ones as in [7].
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Abstract

A general model for constructing minimal length checking sequences is proposed. The model is based on the characteristics of checking
sequences and sets of state identification and verification sequences. Some existing methods are shown to be special cases of the proposed
model. The minimality of the resulting checking sequences is discussed and heuristic algorithms for the construction of minimal length
checking sequences given. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Testing the implementations of systems with respect to
their specifications is a crucial activity to ensure their
correct functioning. The specification of a system in diverse
areas such as switching, telephone, communication proto-
cols, lexical analysis, pattern matching, and machine learn-
ing can be modeled by a Mealy automaton. Foundations of
testing an implementation of a system, modeled as an auto-
maton, can be found in a sequential circuit and switching
system testing literature [1-5], where determining, under
certain assumptions, whether any given “black box” imple-
mentation M’ of a Mealy automaton M is functioning
correctly is referred to as a fault detection experiment.
This experiment consists of applying an input sequence
(derived from M) to M, observing the actual output
sequence produced by M’ in response to the application of
the input sequence, and comparing the actual output
sequence to the.expected output sequence (derived from
M). The applied input sequence is a checking sequence rela-
tive to M.

Given M, the construction of a checking sequence from M
that determines whether any given implementation M’ is a
correct implementation of M is sought in practice by consid-
ering some basic assumptions. The assumptions, commonly
made in the literature [1-14], are that M is deterministic,
minimal, completely specified and represented by a strongly
connected directed graph, that M’ is deterministic and has

* Corresponding author.
E-mail addresses: inan@sabanciuniveedu.tr (K. Inan); ural@csi.
uottawa.ca (H. Ural)

the same set of inputs and outputs as M, and that faults do
not increase the number of states in M’ but may alter the
output and destination of transitions in M’. Further, the con-
struction of a checking sequence must deal with the “black
box” nature of a given implementation M’ of M which
allows only limited controllability and observability of M’,
i.e. in order to deduce that every state transition of M is
implemented correctly by M’, to verify the state transition
from state s; to s, under input x, (a) before the application of
x, M’ must be transferred to the state recognized as sj, (b) the
output produced by M’ in response to the application of x
must be as specified in M, (c) the state reached by M’ after
the application of x must be recognized as s;.

Hence, a crucial part of testing the correct implementa-
tion of each transition is recognizing the starting and termi-
nating states of the transition. The recognition of a state of
an automaton, M, can be achieved by a distinguishing
sequence, unique input—output sequence, or a set of char-
acterizing sequences. Based on these sequences, a variety of
methods for the construction of checking sequences have
been proposed in the literature. Some of these methods
make a restrictive assumption of reliable reset feature,
which requires an implementation of a given automaton to
correctly reset to the initial state from any state under a
specific reset input [6,7,9,12]. The methods that do not
make the restrictive assumption also do not make an explicit
attempt to obtain a minimal length checking sequence
[10,14]. The minimality of the length of an input sequence
to be used for testing purposes is studied outside the context
of checking sequences [8,15-21]. These studies call the
resulting minimal length input sequence a test sequence
due to the fact that not all the components of a checking

0950-5849/99/§ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
PIL: S0950-5849(99)00038-5
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sequence are present in the input sequence. Some of these
studies concentrated on the analysis of the effects of
sub-sequences on the length of the input sequence
{17,18,21].

In this work, based on the characteristics of checking
sequences, a general model for constructing minimal length
checking sequences is proposed. In Section 2, related termi-
nology is introduced. In Section 3, characteristics of state
identification and verification sequences are discussed. In
Section 4, a general model for formulating minimal length
checking sequences is presented and a proof for the resulting
sequences to be checking sequences is given. This section
also shows that the previous methods are special cases for
the proposed model. In Section 5, minimality of the result-
ing checking sequences based on the concept of overlapping
is discussed and a heuristic algorithm for the construction of
minimal length checking sequences is given. Section 6 gives
the concluding remarks.

2. Preliminaries

We assume that we are given a Mealy automaton
M = (0,3, 3, 8,A,qp), where Q is the finite state set, X
and 3,,, the finite input and output alphabets, 8 : O X 2; — O,
the transition function, A : Q X Z; — X, the output func-
tion and gy the initial state. We also assume that M is deter-
ministic and complete, i.e. the transition function, &, and the
output function, A, are both total functions. We let without
ambiguity & and A also denote their reflexive and transitive
closures. Thus, 8 and A are extended to the functions & :
OX3I—Qand A : OXI] — 35

In terms of the above definition we can view an
automaton M as an edge labeled multi-graph G =
(V.E), where the set V of vertices and the set E of
edges correspond to the set O of states and the set of
transitions of M, respectively. We assume that M is
represented by a strongly connected digraph. Each
edge e = (v;,v;x/y) € E is a state transition from state
5; € Q to state 5, € Q with input x € %; and output
y € 2, where v; is the head of e denoted by head(e),
v, is the tail of e denoted by tail(e), the input/output (or
i/0) pair x/y is_the label of e denoted by l(e). A transfer
sequence in G from vertex v; to vertex v; is the projec-
tion of the label of a path from v; to v; on ;. An
automaton M has the reset feature if there is an input
r such that 8(q,r) = q¢ and A(q,r) = null for each g €
0.

Next we first present a notation to be used in subse-
quent sections in characterizing the paths in a digraph
G = (V,E), representing a given Mealy automaton M. A
path p in G is a sequence of edges given as
p=ey.ey,...,e,, n = 1. A subpath p’ of p is a sequence
of edges given by: er.epiq.....€,, Where l Sk =m=n.
For a path p in G, the label of p denoted by I(p) stands
for the concatenation of labels of the edges in p. Let

head(p) and tail(p) represent the head(e) and tail(e,) of
the path p = e,,...,¢,. Also, let [i(p) and [ (p) denote the
projections of the label sequences on %; and X, respec-
tively. For any path p, let p’ denote the jth element of
the vertex sequence corresponding to the path p, and
IpY = (I (pY/l,(pY) is the label of the jth edge in the
path. The cost (or length) of an edge is the number of 1/0 pairs
in the label of the edge. The cost (or length) of a path p is the
sum of the lengths of edges included in p. A path with the
minimum length among all paths from v, to v, is called a
shortest path from v, to v, The concatenation of two
sequences (or paths) p and p' is denoted by p.p’. For the
rest of the paper we assume that the reader is familiar with
the graph theoretic terminology [22-24].

Next we develop concepts related to the equivalence
of automata. For this we first define equivalence of two
states g, ¢’ of an automaton M by considering g = ¢' iff
Mg, s) = Mg, s) for all s € %]. We can extend this defi-
nition of equivalence to the states of two automata.
Hence, let M' = (0',3,,3%,,8, A ,qh) be another auto-
maton over identical input and output alphabets.
Assume without loss of generality that Q N Q' = . If
g€ Qand ¢ €0, then let ¢ = ¢’ iff A(g.s) =N (¢',9)
for all s €%, We say that M is equivalent to M,
denoted by M = M', iff g, = qp. We say that M’ is
homomorphic to M, if there exists some function
(homomorphism) f : Q — Q' that preserves the transi-
tions and outputs in the sense that 8'(f(q), o) =
f(8(g, o) and  A(f(g),0) = Ag,0), for every
gEQ ¢gd€Q, and cEZ,. M is said to be
isomorphic to M, if it is homomorphic where the homo-
morphism f is a bijection. If M and M’ are isomorphic
and g = f(qp), then M = M'. M is said to be a minimal
representation if distinct states in M are not equivalent.
If M is not a minimal state machine then there is a
quotient machine M/ = obtained from M which is
both minimal and equivalent to M. It is possible to
define equivalence of states—and hence, automata—in
a restricted manner. Let I C X be a given set of input

sequences, we then denote ¢ L q'iff A(g,s) = A(g', s) for all

s € I. Extension to M = M’ follows the obvious logic.

Let M be a given automaton and let Oy, be a set of Mealy
automata that contains M. Then, a checking sequence s
relative to M and the set @, is an element of X such that

VM’ E(I)M(MEM’ @M‘é}M’). 1)

In the following sections, we shall design sequences s in
order to prove that a black box automaton M ! subject to
certain constraints, represented by the set @, responds to
the sequence s in precisely the same manner as a given white
box automaton M, if and only if it is equivalent to M.
Clearly, according to the above definition this is true if
and only if such a sequence s is a checking sequence relative
to M and ®@,,. In general, we assume that elements of the set
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Oy, are deterministic' automata over the same input and
output alphabets as M. Later we shall assume that the
number of states of elements of &, are uniformly bounded
by some integer.

3. A model for state identification and state verification

In general, the construction of a checking sequence
consists of the following three distinct stages:

1. Construction of path segments for state identification;

2. Construction of paths for fransition and stare verifica-
tion;

3. Integrating results of the previous stages to compute a
low cost (optimal relative to the elements of (1) and (2)
above) checking sequence.

Given an implementation M’ of an automaton M, the first
stage involves deciding those input segments by which we
can distinguish |Q| distinct states of the implementation
{black box) M’. The second stage involves verification of
each transition (edge) of M in M’. This stage naturally
involves the recognition of head and tail of the transitions
in question as states of M. It will be shown later that the
input segments that identify the states and those that verify
them are related, but they may not be identical. Finally, the
third stage involves defining a general problem of optimal
integration of the components given in the identification and
verification stages.

In this section we present a general structure to construct
the necessary input sequences for state recognition (i.e. state
identification and state verification). In Section 4, we formu-
late the integration optimization problem and discuss the
special cases corresponding to various assumptions made
in the literature.

The key concept under state identification is given by the
following definition.

Definition 1. Let U(q) denote a set of input sequences in
3 for each state g € Q of a given M. A collection U =
{U(@)}gep is called a distinguishing suite for M if the
following condition holds: for all ¢,¢' € Q with q#q,
there exists u € U(q) and u' € U(g') and p € 3}, such
thatp = u, p = ' and AM(q,p) # A(g', p) where * < stands
for the string prefix relation.

In order to ensure that a distinguishing suite has no redun-
dancies, we first define a partial order on the set of all
distinguishing suites for M and derive a concept of effi-
ciency relative to this partial order.

"It is not necessary to assume that elements of @y, are complete and
minimal Mealy automata as is sometimes assumed in the literature.
Completeness is an indirect consequence of the checking experiment itself
and if the automaton under test is not minimal then what we identify is the
minimal state equivalent version.

Definition 2. Let / and /' be any two sets of input
sequences in i of a given M. We say | =, I’ iff for each
i € 1, there exists i’ & I', such that i = . Let U, U’ denote
two distinguishing suites for M. We define a partial order by
letting U =< U' iff for each ¢ € Q, U(g) =, U'(g). A distin-
guishing suite, U, is called efficient if it is minimal relative
to “ =", ie.if U'is another distinguishing suite and U’ < U
then U’ = U.

Remark 1. (1) Let DS denote a distinguishing sequence
for M, then U(g) := {DS} for all ¢ & Q and the associated U
is a distinguishing suite. In order to make this into an effi-
cient distinguishing suite we let for each ¢ € O, U(g) =
{DS(g)} where DS(g) denotes the shortest prefix of DS
which distinguishes ¢ from all the other states. Note that
if DS itself is minimal (i.e. it does not have a prefix that is a
distinguishing sequence), then at least for one ¢ € O we
must have DS(g) = DS. Also, note that for a given DS the
efficient distinguishing suite is unique. V
(2) We first define a set of characterizing sequences -
(usually referred to as a W-set [7]) as follows:

Definition 3. A minimal set of input sequences W :=
{wy,wy,...,w,} is called a W-set of a given M if it satisfies
the property that for every pair ¢, ¢’ € Q with ¢ # ¢’ there
exists a characterizing sequence w; € W such that
Mg, w;) # A(g',w;). By minimality, it is meant that no
proper subset of W enjoys the property expressed above.

It can be seen that if U(g) == W for all ¢ € Q, then the
associated U is a distinguishing suite. It is also intuitively
clear that U is not necessarily efficient. In order to obtain an
efficient version of U we can first generate different copies
of W, say W(g), for each ¢ by trimming or removing
elements-—which is a special case where the prefix is the
empty string!—of W to obtain strict prefixes. Unfortunately,
unlike the previous case of a single DS, efficient solutions
are abundant as we demonstrate and elaborate below.

In order to pursue the trimming procedure we first arbi-
trarily order the states in  as qy....,¢,. In order to compute
U, we trim elements in W to obtain a W(q,) in some arbitrary
way such that if U, is obtained from U by only replacing
U(gq;) by W(q)), then U, is a one-minimal distinguishing
suite in the sense that if U’ is also a distinguishing suite
where U' X U; and U'(g)) = Uy(g)) for j = 2,...,n then
U' = U,. Now assume (inductively) we have computed a
distinguishing suite U, where U(g,,) = U(g,) = W for
m >k and Up(q,,) = W(g,,) for 1 = m = k. Also assume
that U, is k-minimal, exactly in the above sense: that if U'is
also a distinguishing suite where U’ < U, and U'(qj) =
U(gy) forj =k + 1,...,n, then U’ = Uj.

We then select W(g.4,) by arbitrarily trimming the
elements of W such that if U4, is obtained from U, simply
by replacing U, (g;4,) = W by W(g,4 ) then itis a k + 1-
minimal distinguishing suite. The desired result is given by
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U, which is an n-minimal, or equivalently, an efficient
distinguishing suite. Note that in the above construction
there are basically two degrees of freedom: the ordering of
the states and the manner in which Up(gie ) =W 1s
replaced by Ujsi(gis1) = W(ggs ). This clearly implies
that there is a multiplicity of distinguishing suites that are
efficient in a non-comparable manner, save for-somewhat
artificial-cost constraints that can be imposed to compute an
optimal solution among these efficient solutions.

(3) Now let u(q) denote the projection of a Unique Input—
Output Sequence (UIO) sequence [11] for state ¢ € Qon 2,
As a special case for the W-set above we can take the collec-
tion of UIO sequences given by W = {u(g)},eo- We pursue
this special case to illustrate what the efficient distinguish-
ing suite looks like for a particular choice of state ordering.

The set W(g;) is a singleton consisting of u(g,) only. The
set W(g,) consists of two elements, namely u,(¢1) and u(q,)
where u5(g,) is the shortest prefix of u(g,) that distinguishes
the states g, and ¢,. Generalizing, we see that W(g,) has k
elements with one element u(q,) and the rest {u(g;)}j<s
where 1;(g;) is the shortest prefix of u(g;) that distinguishes
states g, and g;. Note that the definitions of (q;) that appear
in this construction are independent of the selected order of
states by which the final efficient suite is built.

Now let us pursue the analysis one step further. Define a
distinguishing suite U by letting

Ulgy) = {ulge)) | {melg))-

j#k

Also, let U; denote any of the distinguishing suites,
constructed as above, that starts with the state g; (the order
for the rest of the states is irrelevant). We then have the
following structure: each distinguishing suite U is efficient
and in particular has a single input corresponding to state g;
and satisfies the relation U; < U. The application of the jth
component of U; consisting of u(g)) is sufficient in the veri-
fication of the state g; provided that all the elements of U(gy)
are applied at each state g, at the state identification stage.
This is because u(g;) distinguishes the state g; from any other
state g, as by assumption u,(g;) = u(g;) has been applied to
the state g at the state identification stage to distinguish it
from state g;. This coincides with the usual practice {7,12]
except that in the usual case the untrimmed input u(g;) is
used instead of the shortest prefix ux(g)).

(4) The above idea can be generalized to the case where a
UIO does not necessarily exist for each state g (See Propo-
sitions 2 and 3 in Section 4.1).

4. Construction of checking sequences

Before we describe the useful segments to build the
checking sequences, we first describe concepts and methods
related to identifying the states of a black box by output
observations. Let 2 denote the set of all partitions of the
state set 0. We define the function A : Xi — 2 as follows:

p € A(syiff Ju € X such that

X Ep e Ax,s) = u.

Note that if s < s' (ie. s is a prefix of s'), then A(s)
refines A(s). The following definitions are relative to a
given Mealy automaton M and the function A derived
from it. )

A sequence s € X is called a Distinguishing Sequence
(DS) iff every element of A(s) is a singleton set. It is known
that a DS may not exist for every minimal automaton [1],
and determining the existence of a DS is PSPACE-complete
[25]. The sequence s € % is called the projection of a UIO
on 3, corresponding to a state ¢ € Q iff {g} € A(s). Note
that not every state of a minimal automaton has a UIO [11].
The sequence s € 3 is called a Characterizing Sequence
(CS) cormresponding to a pair of states p,q € Q iff
Mp,s) # Mg, s), or equivalently no element of A(s)
contains both p and g. It is known that a pair of states p,
g € Q of a minimal automaton can always be distinguished
by a sequence of at most |0l — 1 inputs [1].

4.1. Forming elements of checking sequences

The treatment below covers the general case: a DS may
not exist for M and possible number of states of each
element of ®,, is bounded by |Q] + &, where £ is a given
fixed integer. The formulation allows for a smooth passage
first to the special case where & = 0—the usual assumption
made in the literature—and then to the special case where it
is further assumed that a DS exists. In what follows, the
terminology may not be the usual one in the literature,
hence we caution the reader to consider the underlying
reasoning carefully. Most of the definitions involve a path
p in the digraph G representing a given automaton M (in
short G of a given M) and nodes on this path. We imply the
distinction between the formal reference to this node, such
as head(p) for some path p, and the corresponding state.
Hence, when we refer to a set of nodes on a path the corre-
sponding states of M (or vertices of G) can all be equal to
each other as in the coherency definition below.

Whenever a property of a state is suggested by the termi-
nology used in the definitions, what usually is meant is not a
property of the states of the given automaton M correspond-
ing to the nodes on the path, but the corresponding states of
an implementation M' € &, of M when the same mput
derived from the path p, namely [(p), is applied to M.
More precisely, when we say that a node x on a path p in
M given by x = 8(qy, s), where s is a prefix of L(p), has a
certain property we actually refer to the corresponding state
x' of M’ given by x' = &' (g6, $). An implicit understandmg
behind the concepts is that the outputs of M and M' are
identical when subject to the same input. Only when this
assumption holds, we have to prove that M = M’, as other-
wise the test fails and the verdict is negative, i.e. M is a
faulty implementation of M.

A key concept lies in the recognition of some nodes on a
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path as having an identical, but an unknown common value
(i.e. a state of the automaton M) during an experiment. This
concept is captured in the definition of coherent sets below.

Definition 4. Let p be a given path in G of a given M that
starts at g, and let {x;};; be a set of nodes on the path p
which are considered as having the same value
x = x; = &(qo. 5), where each s; is a prefix of [i(p). The
collection {x;};e; is said to be a coherent set of nodes iff
the corresponding states of an M' € ®,,, given by x| :=
8/(q6,sj),j € J are also, (}}acognized as having a single
value in Q' whenever M = M'.

The proofs of the following three propositions are
straightforward and omitted.

Proposition 1. Let p be a given path in G of a given M
where coherent sets are subsets of nodes on p.

(a) Every subset of a coherent set is coherent.

(b) Suppose A and B are coherent sets with the same
common value, then A U B is also a coherent set with the
same common value.

(c) f {P;};e; is aset of paths on p and {head(p))};c; is a
coherent set, then the set {tail(p;)};e, is also a coherent set
provided I{p;) is a constant label sequence independent of j &
J.

Using the concept of coherent sets, the relation between
the state identification and state verification stages can be
easily highlighted. This relation is explained by the follow-
ing two propositions.

Proposition 2. Let U; and U be two given distingunishing
suites with U; < U. Let p be any path in G of a given M that

starts in g,, and assume that M’ "D 0 and Q'] = |0 Also
assume that for each ¢ € Q and u € U(g), p has a subpath
p(u,q) starting at state g and /i(p(u,q)) = u and for each v €
Uj(g)) there is a subpath of p,(v) starting at state g; such that
I{p/v)) = wv. Under these conditions if the sets
{head(p(u,qj))|u € Ulgy} and {head(p,—(v))!v € Ulgp} are
coherent, so is the set {head(p(u,g))lu € U(g)} U
{head(p(v)lv € Uy(g)).

Now let a W-set of M be assumed to be given and let
W(g;) =W be a minimal set that distinguishes g; from
every other state g ¥ g;. We now construct a not necessarily
efficient, distinguishing suite U for M as follows:

) W(g) C U(g)),

(i1) For each k # j, choose any w € W(q,) that will
distinguish g, from g;. Then if w' is the shortest prefix of
w that still distinguishes g, from g;, then let w' € U(g,).

Proposition 3. Under the choice of Ul(g,) above the set U
is a distingnishing suite, and for each ¢, there exists an

efficient distinguishing suite U, such that Ug,) = W(g;)
and U, = U.

Remark 2. In the same spirit as in (3) of Remark 1, as
long as all the inputs in U(g;) are applied to states g;,j =
1,..., n, at the state identification stage, it is enough to apply
the inputs in Uj(g;) = W(g;) to state g; at the state verifica-
tion stage. This generalizes the distinction between the iden-
tification and verification stages of the states of the unknown
automaton M’ in a precise manner.

For the case where a DS exists for a given M, coherent
sets on a path p can easily be identified. If s; == 5;.DS.s are
prefixes of fi(p) for j € J, then the nodes x; = &(gy, 5;) form a
coherent set, provided the outputs A(y;, DS)are identical for
J € J where y; = S(qo,sj-). Note that {y;} is also a coherent
set.

For the case where a DS does not exist, identifying coher- |
ent sets is more prominent. For this we can employ a W-set. )
The difficulty of identifying states arises from the need to:
apply more than one sequence in a W-set at a single state
without any reset feature to repeat the experiment. For this,
one uses additional concepts originally suggested in Ref. 5]
and generalized in Ref. [10]. The key concept here is that of
a locating sequence.

Recall that £ = 0 is differential bound, taken with respect
to the number of states of M, on the number of states of
M' € ®,,. We shall define a locating sequence and derive
associated results for the general case of £ > 0. For this we
shall need the following definitions and results. The W-set
defined for the automaton M is extended to another finite set
of input sequences called the Z-set given by

Z=WUZ,WU...UGE)"W, (2)

where for any language L, L* denotes k-fold language self-
concatenation. For the sake of analysis, we define Z(k)by

Zk) = WU S, WU- UG .w. (3)
Note that Z(0) = W and Z(¢) = Z. Also note that

{Eilk+l -1

Izl = > (W= [Zf) = W] = =T

j=0.k

We define a partition function A : N — £ relative to the
automaton M’ in @y, where N denotes the set of nonnega-
tive integers and the set & denotes the set of all partitions
defined in Q’. A is defined by considering

pEAK) & A2 =N©,2), Vx,y €p, Yz E Z(Kk).

As Z(k) C Z(k + 1) = X,.Z(k) U W, it follows that the
partition A(k + 1) refines A(k).

L) . .
Lemma 1. Suppose that M = M', where p is any path in
G of a given M with the property that there exists subpaths
{Pjm}m=1wij=1,0)> Such that head(p;,,) = x; for each m and
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Lpim) = Wars where x; denote elements of . Under these
conditions A(0) = |Q].

Proof. The responses of M at each x; is distinguished at
least by one element w,, in W by definition and by L(p)-
equivalence, identical responses identify [Q] distinct states
in M’, hence the partition induced by W = Z(0) satisfies
A= |0l O

Lemma 2. If A(k) is not atomic (i.e. elements are single-
ton sets) then |A(k + 1) = [AG)] + 1.

Proof. As A(k) is not atomic, there exists p € A(k) and
x,y € p such that x # y. Clearly, there cannot exist o such
that A'(x, &) # A'(y, o) since this would violate the defini-
tion of p. On the contrary, if for any
o, 8 (x, o) = &'(y, o)then x and y can never be distinguished,
and as x # y this would violate the minimality assumption
of automaton M'. [J

Therefore, for all o the corresponding outputs are the
same and there must exist elements p'(a),p"(0) € Ak)
such that x' = 8'(x,0) € p' and y' = &'(y,0) € p” with
x' # . If p' # p” then the lemma follows, as x',y' can
be distinguished by some z € Z(k) which implies that x
and y can be distinguished by 0.z € Z(k + 1) and therefore
the set p splits into A(k + 1) which strictly refines A(k).

The only other possibility left is when p’ = p”. By apply-
ing the same argument applied to x,y € p to X'y ep',we
either arrive at a contradiction or prove the lemma as
demonstrated above; or as there are a finite number of parti-
tions and states, we enter a cycle where a previous pair of
states and a partition repeats. This again contradicts the
minimality of M’ as none of the pair of states appearing in
this cycle can be distinguished.

We now define a locating sequence based on a Z-set
defined above.

Definition 5. A locating sequence denoted by Ly is an
input sequence in % that satisfies the following property:

Let p be a path in G of a given M that starts at g, and
{p;}jes be any set of subpaths of p with the properties:
head(p;) = g and Li(p)) = Lyy, where ' = 8(q, Lyg). If 5; 18
the input projection of the label of a prefix path of p that
terminates at tail(p;), then the collection of nodes {xj]xj ==
8(qo. 5))}, is a coherent set with a common value ¢'.

The following proposition is on the existence of locating
sequences. The constructive proof of this proposition and
the associated complexity results on the size of the sequence
is given in the Appendix.

Proposition 4. For any g, g' € Q of a given M there exists
a locating sequence Ly, If L, is another sequence obtained
from L, by attaching a prefix and a postfix to it, derived

from a path prefix and postfix of p, respectively, then 1t is
also a locating sequence.

The key property of locating sequences is their ability to
generate coherent sets. The following, definitions generalize
an original idea given in Ref. [2] and used in Ref. [13] in the
context of distinguishing sequences, notwithstanding differ-
ences induced by the generalizations and the concept of
coherency.

Definition 6. Let p be a path in G of a given M that starts at
Go-

(a) Let {p;} =z D 2 collection of subpaths of p, then
the set of nodes {head(p;)};— jzs) 15 said to be z-recognized
in p if it is a coherent set and /i(p)) = z;.

(b) A node x on p is said to be t-recognized in p if there
exists a set of subpaths {p;}j=1jzs Such that
{head(p))}j=1 jze) 1S @ z-recognized set and the set {{x} U
{head(pp)}j=1jzn|} 1S @ coherent set.

The common value of a coherent set is identified by the -
responses of the elements of the coherent set to the elements
of the special subset of the Z-set, namely the W-set.

The next definition is on the verification of an edge with
the Z-set.

Definition 7. An edge ¢ of G of a given M is said to be
verified along a path p in G that starts at g, if there exists a
subpath p' of p such that head(p") is r-recognized in p as
head(e), I(p) = I(e) and tail(p) is t-recognized in p as
tail(e).

The following proposition shows how -recognition
proliferates through edge verification.

Proposition 5. Let p be a path in G of a given M that starts
at g, and let p’ be a subpath of p such that all edges of G that
correspond to all edges of the subpath p' are verified in p.
Under these conditions if head(p') is t-recognized in p then
tail(p') is t-recognized in p.

Proof. In what follows, all the 7~ and z-recognitions are
with respect to path p. Let ¢' be the final edge in the subpath
p'. By a standard induction argument on the length of the
subpath p’, we assume that head(e') is t-recognized and it
has to be proved that tail(e’) is t-recognized. As the edge e of
G corresponding to ¢’ in p' is verified there exists a subpath
p; of p such that head(p)) is t-recognized as head(e), I(p;) =
I(e) = I(¢) and tail(p,) is r-recognized as tail(e). As head(e”)
is t-recognized there are subpaths {v;- }i=1jz(s Of p such that
{head(v})} =11z is z-recognized and {{head(e")} U
{head(v;)} =1z} 18 2 coherent set. On the contrary, as
head{p,) is t-recognized as head(e) there exists subpaths
{P2j}j=1z(¢ Such that {head(pyj)} ;=1 7o 1S z-recognized
and {{head(e)} U {headW2j)':1’[2(8)i} is also a coherent
set. However, as the common value of both the coherent
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sets equals head(e), we must have {head(e”), head(p;)} also
a coherent set by (a) and (b) of Proposition 1. This implies,
this time by (c) of Proposition 1 that {tail(e), tail(p,)} is
also a coherent set as I(p,) = I(¢/) = l(¢). O

It remains to be proved, using the fact that tail(p,) is -
recognized, that tail(e’) is r-recognized. The latter implies
the existence of subpaths {p3};— 7,y such that
{{tail(py)} U {head(pxj }i=1izey} 18 @ coherent set and
{head(p3))}j=1 7 18 z-recognized in p, which in turn,
implies that {{tail(e")} U {head{ P3jlj=1z0|) 18 @ coherent
set where {head(psj)};— 7y is z-recognized. This proves
that tail(e’) is t-recognized and the proof is complete.

The main result that relates these concepts to a set of
sufficient conditions for the input projection of the label of
a path to be a checking sequence, is given by the following
theorem.

Theorem 1. Let p be a path in G of a given M that starts at
q.- Then the sequence [i(p) is a checking sequence relative to
M and @y, if every edge e of G is verified in p.

Proof. In order to prove that [i(p) is a checking sequence
we first assume that M = M', where M’ € ®,,. If each edge
of G is verified in p then the head of each edge e is -
recognized. This, in turn, implies that there exists subpaths
Pjm such that the set {head(p;,)} =) |z(») 1S z-recognized for
j=1..J0l

Now let s, be those prefixes of L(p) which lead to
head(p;,). We define a function f : Q — Q' by letting

F(&q0, 531)) = 8'(q0, ;1) @)

forj = 1,...,]Q|. We shall prove below that fis an isomorph-
ism onto a subset of Q.

By definition of z-recognition, we have L(p;,) = z,, and
each set {head(pj,)}, 7 is distinctly identified as
havmg the common coherency value, say x;. Therefore, if
j#j we must have the group of responses
{le(pjm)}mZI,!Z(s){ #* {lo(pj'm)}m:1,|l(e)] by definition of the
W-set which is a subset of the Z-set. On the contrary, by
li{p)-equivalence A and A’ are indistinguishable on any
segment of [i(p) which implies that the group of responses
defined above also distinguish |Q] distinct states of the auto-
maton M’. The equality &(qo, 5j,) = x; holds for any m by
the coherency assumption of z-recognition and hence, in
particular, it holds for m = 1 which implies that the argu-
ment of f in Eq. (4) is the value x;. As the definition of
coherency and the existence of paths p;, ensure that the
values on the RHS of (4) are also distinct for different j,
the function f is well-defined in |Q| and is an injection.
Therefore, in order to prove that fis an isomorphism it is
enough to prove that it is a homomorphism.

We define the binary relation R, on Q X Q' for the given
path p in G by letting (x,x') € R, iff for some prefix s of

Li(p),x = 8(qo,s) and x' = §'(q{, 5). The following lemma
relates R, to the function f.

Lemma 3. Suppose that (x,x') € R, and x is t-recognized
in p, then X' = f(x). ,

Proof of Lemma. Let k be the index for which
x = 8(qq, S¢1), which is possible as the latter exhausts all
possible states of (@ by assumption. Hence, f(x)=
£(8(q0, 51)) = 8'(qo, si). As x is t—recognized there exists
subpaths {p}},- 1z(e)] Where {head(p)}, 1jZ(e)| 1S Z-TECOE-
nized and {{x} U {head(p’)} . 12|} 18 @ coherent set. Let
{yl }v—l,)Zm! be the set of states in M’ such that
(head(p}).y,) € R,. Then by definition of coherency, for
each v we have y,=x" and therefore A'(x',z)=
X}, z,). However, as {head(p Dh=1z(s) 18 z-Tecognized
m p we must have [i(p),) = z, by definition. We claim that
x" = f(x) = 8'(¢y, si1) as both yield the same outputs to the )
Z-set. [J

This is because the conditions of Lemma 1 are satisfied by
the existence of the subset of paths pj,, for which li(p;,.) = wj,
for some 1 < h = |W|. Therefore, using Lemma 2 it follows
that A(e) is atomic, and hence identical responses by two
states x' and 8'(q{, 5;,) of M’ to the elements of the Z-set
implies the desired equality.

In order to prove that

(&g, o)) = 8'(f(g), o)
Mg, o) = X (f(g), o) (5)

for any ¢ € Q and o € 3; we shall use the above lemma and
the edge verification properties of p. Clearly the above
formulas correspond to an edge e with head(e) = g,
tail(e) = 6(q,0) and l(e) = a/A(g, o). As the edge ¢ is veri-
fied in p there exists a subpath p’ of length one in p such that
head(p’) is t-recognized as ¢ = head(e) in p,l(p') =
o/A(q, o) and tail(p') is t-recognized as tail(e) = &(q,0).
Let y and y' be uniquely identified as the corresponding
states in Q' for head(p’) and tail(p’), respectively, i.e.
(head(p'),y), (tail(p')y) € R,,.
By Lemma 3 and f-recognition assumptions we have

y = f(head(p")

y' = f(tail(p")). ©
Also as p' is a subpath of p, we have
Y =80 =28 ™

and moreover, as p’ verifies the edge e

Mg, o) = A(head(p’), ) = A'(y, o)

which proves, after considering y = f(q), the second rela-
tion in Eq. (5). Substituting tail(p’) = 8(q, o) and y’ given
by (7) in the first equation in (6) proves the first relation in
Eq. (5) and the proof is complete. [J
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4.2. Building checking sequences

In this section, we first specify a concrete checking
sequence for theoretical purposes and then we discuss the
various strategies for lowering its cost. Our formulations
will be of the form of finding a minimum length path p in
G that starts at g, subject to the constraint that a given set of
paths {p;};es are subpaths of p. We shall demonstrate that
this problem can be transformed into a rural Chinese post-
man tour (RCPT) problem. We first look at the general case.
Let {Lx;;xj } =140/ e locating sequences ending up at the
states {x;},-1 10! of M that cover the entire state set Q of M,
and xj are arbitrary.

Proposition 6. Ifapathp in G of a given M that starts at go
has subpaths given by

(D) APjm} =1 jolm=1z(etr  WHETE  Pjm = P1j:Pojm and
head(pu) = X;‘, ll(plj) = L'rg.,() and li(p?.jm) = Zms and

@) {tim }jzl,\Ql;kZIyglzil;m:l.lZ(s)l’ where Ly = 1yj-Fojic-T3jhm
and head(tu) = xj, li(tlj) = Lx;xj’ li(thk) = Oy and
li(t3jkm) = Zms

where the inputs o cover the entire input alphabet i
then the sequence L(p) is a checking sequence.

Proof. We make use of Theorem 1 for the proof. Hence,
we have to demonstrate that each edge is verified. Let e be
any edge where head(e) = x; and I(e) = op/y. We claim that
the path verifies ¢. First head(ty;) is t-recognized by the
presence of the subpaths {pj,}j=1jolm=1z(e) by the coher-
ence property of the locating sequence, Loy, and the z-
recognition of the set {head(pjm) }m=1,z¢e)- imilar consid-
eration holds for tail(#,;) which equals head(t;;,) for any m,
as it is z-recognized—hence t-recognized——by the presence
of the subpaths f3;,. On the contrary, l(tyy) = lle) = oy
by construction which proves the desired edge verification
and hence the theorem. O

The next question one asks is whether further economiz-
ing the length of the checking sequence is possible. The
answer to this question is affirmative. We first simplify the
checking sequence-above by replacing the subpaths fj, by
thiom Where £ = bjg3jims 1-€- in without the initial locating
sequence part. Instead we impose the additional condition
that head(t) is t-recognized. Here we can make use of
Proposition 5 and synthesize the path p by making use of
the already verified edges. We summarize this situation by
the following proposition, the proof of which is simple and
hence omitted.

Proposition 7. If apathpin Gof agiven M that starts at g
has subpaths as in Proposition 6 with the following two
modifications:

(1) Each fj, is replaced by t}k,,, as explained above,

(2) The states head(f;) are all r-recognized, then Li(p) is a
checking sequence.

How can we further transform this formulation such that
it reads as an RCPT problem? Two approaches exist for this
transformation. The first one is an extension of the approach
suggested in Ref. [13]. The second approach exploits the
freedom in choosing a specific tour after solving the RCPT
problem-—which only fixes the edge;s used and the number
of times they must be traversed for which there are a multi-
plicity of possible Euler tours—{26]. Before we discuss
these approaches we transform the basic graph G into
another graph G' in a manner to incorporate the constrained
paths as additional edges.

Consider the graph G = (V,E) given by M. Let V' be an
exact replica of V called the image set of V. Intuitively,
elements of V' shall be used as those elements of V that
are t-recognized upon arrival. We now define a new graph
G'=(VUV,EUE UE"UE"). The additional edges
are defined below:

(1) A black edge corresponding to an edge e = (v,vy) in E
is placed from the image of v; in V' towards its target v;in V"
with the same label as the label of e. Call these additional.
edges E'. All edges E of G are also black edges. All black
edges, whether they start from a t-recognized vertex in V' or
not, always end up in an unrecognized vertex in V.

(2) Every path pj, = P1j-Pojm contributes two special and
consecutive blue edges: the first edge starts from vertex
head(py;) and ends up in vertex tail’(p)), and the second
edge starts from tail'(p;;) and ends up in tail(py,). Here
primes refer to the images of vertices in V that are in V',
The fact that an end point vertex is in V' denotes that after a
Jocating sequence, the arrival vertex is -recognized if all pj,
are subpaths of p. We call these set of blue edges E".

(3) All paths t;k,,, are placed as single red edges as
follows: from vertex head'(;) in V' to the vertex
tail(f3;1,,) in V. We call these set of edges E".

At this stage our first formulation is to find a minimum-
cost path T that starts at go and covers all the edges corre-
sponding to the two consecutive blue edge paths p;, =
Pp1j-Pajm and all the red edges in G'. Here there is no novelty
by using t}k,,, instead of 1y, as for covering the red edges the
first locating sequence edges are essential to reach to V'
nodes. We now suggest the two heuristic solutions to the
problem of finding a T, defined above making use of Propo-
sition 5. The minimization problem in question is an
instance of the RCPT problem which is known to be NP-
complete in the general case [23].

Solution 1 (An extension of an idea in Ref. [13]). Choose
any spanning tree in G rooted at any desired vertex. Call the
edges of this spanning tree gray edges and place these edges
between the vertices of V' and delete any black edges
emanating from a vertex In V' if they coincide in input
label with a gray edge emanating from the same vertex.
That is, we obtain the graph G” from G’ by adding new
gray edges that are represented by the set E" and deleting
some edges from the set E' as explained above. The
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following lemma explains why the problem formulated via
G can be solved in this manner.

Lemma 4. Let p be any path in G” that starts at g, and
covers the subpaths pj, and tj"km, then both the head and the
tajl vertices of each gray edge in p is t-recognized.

Proof. We use induction on the depth of the heads and
tails of the gray edges relative to the spanning tree. First we
observe that all the red edges that verify a gray edge have
the same starting vertex in V'. We start with the root vertex
of the spanning tree. By construction the only way to arrive
at the root vertex is via a locating sequence from a vertex in
V and as all p, paths are covered in p the root is t-recog-
nized by definition. Now assume that all heads and tails of
gray edges with depth K are -recognized. Let j be the head
or tail of a gray edge of depth K + 1in V'. The only way to
arrive at such a vertex is through other vertices of V' via
gray edges that emanate from vertices of depth K or smaller.
By the induction hypothesis and Preposition 5, the vertex j is
t-recognized provided the final gray edge that starts from
some vertex, say i € V', of depth K, that arrives at j is
verified. However, as the group of red edges that verify
this gray edge also leave from vertex i, its verification is
legitimate as each t}km is covered in p and the only vertices
involved in arriving at vertex i are those of depth K or
smaller which are r-recognized by the induction hypothesis.
This completes the proof. [

Solution 2 (Solution via selection of an Euler tour
{26]). Here we replace the spanning tree of G for the
previous solution that defines the gray edges by the entire
graph G. Therefore, all edges of G are placed between the
vertices in V' with gray colors and all outgoing black edges
from V' are removed. After the RCPT problem is solved we
try to choose the associated Euler tour to satisfy the t-recog-
nition of nodes prior to application of a transition testing red
edge. The tour must be so selected that whenever a gray
edge is traversed it is already verified by having traversed all
its corresponding red edges. A sufficient condition to guar-
antee this is given by the following proposition.

Proposition 8. Suppose it is possible to choose the maxi-
mal arborescence tree for constructing the Euler tour in such
a way that no red edge that is used for verifying a gray edge
that occurs in the solution of the RCPT problem belongs to
the arborescence tree. Then the input projection of the label
of the corresponding path starting from the initial state is a
checking sequence.

Proof of Proposition. As an edge in the maximal arbor-
escence tree denotes the last edge to be traversed from the
node for which the edge in question is an outgoing one, and
as for a given edge of G its red edges used for verification
and its corresponding gray edge are incident as outgoing
edges of single common node in V' it follows that the tour

can be so selected that all the red edges are traversed before
the corresponding gray edge is traversed. This implies by
Proposition 5 that tails of gray edges are r-recognized rela-
tive to this Euler tour and the result follows from
Proposition 7. I

'

L

If choosing the arborescence tree in the way described in
Proposition 8 is not possible we revert to some simple heur-
istics for adding gray or black edges to the solution of the
RCPT problem. As the solution of this problem, in general,
already necessitates heuristics, not much is lost by this step
and practical examples confirm the efficiency of this prag-
matic approach. We refer the reader to the example at the
end of this section that illustrates solution 2 described above
for the case where a distinguishing sequence exists.

Basically, there is no difference when a problem is trans-
formed into the special case & = 0. On the contrary, if we
further transform it to the special case when a DS exists,
slightly simpler and finer solutions are available. We briefly
discuss these in the following.

We refer to the single element of W by definition as DS.
Theorem 1 induces the path constraints {d;};., ;o where d; 1s
the path with head(d;) = x; of G; moves according to the
input label /i(d) = DS.;, where /; is a minimum length
transfer sequence from 8(x;,DS) to the final state tail(d)) =
x! ; where x'j is completely arbitrary. We assume that the
problem is solved for all possible choices of x; correspond-
ing to each x; and without loss of generality, henceforth, we
fix x} at some constant value. The next constraint is the
transition verification path segment and we assume that
each transition path is followed by the appropriate d; path
for the z-recognition, instead of t-recognition, of the final
states. More precisely, the next set of path constraints are of
the form p; where the first index j signifies the start state x;
of the transition to be checked and the second index k codes
the input symbol o, which fixes the transition. Thus, we
have head(py) = x; and li(pp) = o.li{d,), where the edge
e verified is given as head(e) = x;, tail(e) = x,, and l{e) = o}/
Alx, o).

Unfortunately, these constraints are not sufficient to solve
the problem as the f-recognition of the start state of a transi-
tion-is not guaranteed. One strategy to cope with this
problem is to replace the d; constraints by d’j = did,y,
where tail(d)) = head(d,;) = x,. This is made precise by
the following proposition.

Proposition 9. Let p be any path in G of a given M that

starts at go and assume that for each J, k, d’j and py are

subpaths of p. Under these conditions and the equivalence
.. L . .

condition M & M’ for any J, k, tail(d;) and tail(py) are t-

recognized.

Proof. As tail(py) = tail(d,), it is enough to prove the
result for d;. If d; occurs in d'j- = dd,, then tail{d) =
head(d,,) and the latter is z-recognized in d,, and therefore,
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r-recognized. I d; occurs in d, = d,.d; then we consider the
subpath d'j = d,.d,,; and conclude that {tail(d)), head(d,,)} is
a coherent set as each is preceded by a DS.J; applied at the
same state x;, and therefore tail(d) is t-recognized as
head(d,,;) is z-recognized. Finally, if d; occurs in py for
some [ and k then again tail(d)) = tail(py) is 1, recognized
using d'; as in the previous case. [

In spite of modification towards double DS sequence
constraints the resulting p still may not qualify to be a
checking sequence. In constructing the path p, in addition
to the given subpath constraints, we must ensure that every
time we enter a path py, head(py) is t-recognized as this is
demanded by the definition of transition verification.
However, this is a special case of the problem for which
two distinct solutions are suggested above. Note that, unlike
the general case, for this special case all blue and red edges
used for recognition and verification end up in V' nodes by
Proposition 9. In solution 1, the only nodes in V are those
entered by black edges. In solution 2, there is no need for the
V and V' distinction, hence they can be superimposed on
each other. We illustrate the method discussed above via the
example given below. In particular, we apply to this
example the method proposed in solution 2. Application
of solution 1 to this example has been treated elsewhere
[13] and will not be repeated here.

Consider the automaton M given in Fig. 1(a). A minimal
distinguishing sequence for M is given by DS = aa. Using
the procedure described in (1) of Remark 1 we derive the
following efficient distinguishing suite: DS(1) = DS(2) =
aa and DS(3) = a, where the integer within the parentheses
denotes the state at which the reduced distinguishing
sequence is applied. In Fig. 1(b), the solution to the RCPT
problem is given. Noting the path inclusion relation,
dblue3 C dblue2, it is enough for the tour to include the
extra edges dbluel, dblue2 for state recognition, where
dbluei is the single edge that stands for the path resulting
in applying two consecutive distinguishing sequences at
state ¢ which, by Proposition 9, guarantees ¢-recognition at
the node of arrival if the arrival occurs at the end of a blue
edge (corresponding to the path for a distinguishing
sequence). Similarly, the inclusion relations redil C dbluei
for i = 1,2,3, it is enough to include the paths redi2 for i =
1,2,3 for transition verification. Therefore, the rural edges
for the RCPT problem are redi for i = 1,2,3 and dbluei for
i = 1,2. Hence, as seen in Fig. 1(b), the only black edge of
the original graph G of M used to solve the RCPT problem is
the edge from node 1 to 2 with the label a/0, and the edge
must be included twice (as shown by the integer in parenth-
eses) so that the degree of each node is neutralized to zero
for an Euler tour to exist. It remains to choose the Euler tour
for this RCPT solution appropriately so that in the tour,
before any black edge is traversed the corresponding red
edge must have been traversed for having verified the
black edge before it is used. As explained above this can

be accomplished if no arborescence [22] edge is chosen as a
red edge. This is what we explain next.

In Fig. 2, we show the maximal arborescence for the
graph given in Fig. 1(b). Root node is the initial state 1
and by definition of the arborescence tree the last edge, in
the tour starting from the root, to leave node ¢ is towards
node | with a null label; the last edgeto leave node 3 is
towards node e again with null label and the last edge to
leave node 2 is towards node 3 with the label dblue2. Hence,
no arborescence edge is red as desired and a feasible Euler
tour starting from the root node is: red12.dbluel.a/
0.red22.red32.a/0.dblue2 null.null which corresponds to
the minimum length path red12.dbluel.a/0.red22.red32.a/
0.dblue2 with a total cost of 16 units if the cost of each
transition is taken as 1 unit.>’

5. The effect of overlapping path segments

In this section, we investigate the problem of exploiting.
the overlapping property of desired subpaths in synthesizing
a path that corresponds to a checking sequence. We say that
an ordered pair (p,p") of paths p and p' of G of a given M are
overlapping if for p = e,...e, and p’ = e'...e}, there exists
anmsuchthat n — n' + 2 =m=n— 1,and ¢, =
eh...e! .+ In short, a strict postfix of p is a strict prefix
of p’ (i.e. no path includes the other). In the extreme case the
common postfix and prefix may consist of a single edge,
namely, the last edge of p is the first edge of p'. A sequence
of paths (p;,p2,...,p,) 1s said to be overlapping if every pair
(pi,pi+1) of paths are overlapping for i = 1,...,n — 1. The
sequence is said to be a maximal overlapping one relative to
a set of paths P if the sequence cannot be extended in the
backward or forward direction by adding another distinct
element of P to it. Now let P = {p;};=|, » be a finite set of
paths in G of a given M. We want to solve the problem of
computing a minimum cost path p such that for each I, p;is a
subpath of p. We shall transform this into an RCPT problem.
Note that the special case of the problem above, where each
path consists of a single edge, is already in the standard
RCPT form.

We shall assume that no two elements of the set P stand in
the relation of being a subpath of the other. If a path'in Pis a
subpath of another path it has null contribution as a
constraint, as the latter path already solves the constraint
imposed by the former. If such subpaths exist, we simply
remove the included paths from the set P. Our strategy of
attack for the above problem consists of two steps. In the
first step, we atomize parts of the paths above by replacing

® If the same approach is applied without using the efficient distinguish-
ing suite based on the DS, the minimal cost of the solution can be shown to
be 21 units, hence 25% reduction in cost can be attributed to the use of the
efficient distinguishing suite.

* Itis interesting to note that the solution 1 above, applied to this example
yields a checking sequence with a minimum cost of 33 units as reported in
Ref. {13].
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red ]2 = ba/11 dbluel = aaa/001
red22 = baa/000 dblueZ = aaaa/0100
red32 = ba/11 dblue3 = aaa/ 100

M D

a/0G

(a) The Automaton M

dbluein redil, i=1,2,3
dblue2 o dblue3

ool a/0(2)

(b) The solution of RCPT

Fig. 1. An automaton M and the solution of the RCPI problem.

them with special externally defined edges in such a way
that the atomization—hence, simplification—is the
coarsest without destroying potential overlapping oppor-
tunities. Clearly the coarsest possible atomization corre-
sponds to the replacement of each path p; by a special
edge whereby the problem reduces to an RCPT problem.
Such an atomization may destroy the overlapping possibi-
lities if some of the paths in P overlap in the sense explained
above. Hence, in the second step we augment G of M by
splitting the vertices in such a way that with the help of the
new vertices, covering a path p; reduces to covering a
special edge in the augmented graph, meanwhile economiz-
ing the total path length via exploitation of overlapping.

In order to obtain the coarsest atomization we proceed as
follows:

For a given maximally overlapping sequence (py,....pn),
where each p; € P, we decompose the union ¥, of these
paths into a minimum number of concatenated subpaths, i.e.

Y =puPaer-.. Prk

such that for each p; and each py, pj is either subpath of p; or
Pix N p; = . Repeating this for each maximally overlap-
ping sequence of P, the coarsest refinement is obtained in
the following way*:

1. if a path p; is common to more than one group, say Y} and
Yy, then we make the necessary refinement by path split-
ting such that every subpath py of this common path that
appears in one of the concatenations above also appears
as a subpath p; = py in the other concatenation and
vice-versa;

2. we first assign concatenated transition edges e;; to conca-
tenated  subpaths py, such that head(e;) =
head(p,,), tail(e, ;) = tail(p, ), all other intermediate
vertices of the concatenated edges ey are newly defined
and the label of each ey is the entire label of the path p;
and its cost defined as the entire cost of the path given by
Pi Next we assign for each path p; = Pigs -+ Pitk for

“In case the sequence is cyclic, slight modifications are required in the
procedure explained. The cyclic case is illustrated in Fig. 3(b) below.

which i; # 1 an edge ej; such that head(ej) =
head(p ), tail(ej,) = head(e;) and the label of e}, is
equal to l(eijk, s € 1) and similarly for cost.

The augmented graph G’ is obtained by using these
augmented edges {ey,ex} in the way described above. The -
head of every special edge e, added above corresponds to a
state given by x = head(py) in the original graph G. For
every transition edge from x to y with label [ in the original
graph we add at the intermediate vertices of the path
€kr v €ny (1. fori #% 1 and i 7 my), an edge from head(ey)
to state y with a label /. Finally, a path may appear in more
than one distinct maximal overlapping set. If this is the case
then:

We superimpose all the edges e for different values of &
that correspond to subpaths of this common path,

Similarly, we superimpose the edges ej;andej,: if they
correspond to the same shared path.

In the augmented graph every path constraint contributes
one and only one edge constraint in the RCPT problem,
namely the edge eilk corresponding to the path p; =
Pige--Pitk- This completes the entire description of the
augmented graph G’ = (V',E").

We illustrate the above description in Fig. 3, where (a)
corresponds to a case with three overlapping paths, and (b)
corresponds to the same situation with cyclic termination. In
part (a) of the figure, the augmented new edges on the over-
lapping path are shown with el,e'l, e2,e'2, 3 where the
beginning node hl and the end node 13 belong to the
graph G, whereas all the other intermediate nodes are
new. We denote the intermediate nodes by
h'2,t'1,2andh'3 to remind that they are mirror images of
the corresponding non-primed nodes of G. The edges to be

Fig. 2. Maximal arborescence.
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(a) The non-cyclic case

t'3 v 2

(b} The cyclic case

Fig. 3. Overlapping augmentation.

included in the RCPT are el, €2 and €3 representing the
three overlapping paths that they terminate. The paths that
are used in climbing into the overlapping zone are repre-
sented by the edges ¢"2 and ¢"3 in the figure. The label of
¢"2 is equal to the concatenation of the labels of el and e2
and similar labelling holds for ¢”3. Finally, exit from the
intermediate region of the overlapping zone is possible via
null label and null cost edges from #'1 to 1 and 2 to 12,
respectively, as shown in the figure. In part (b) of the figure,
we illustrate the case where the last path cyclically overlaps
with the first path. The overlapping zone is a cycle of edges,
starts at node k'1 and completes the loop with the final edge
¢'3, and the rest as simple modification of the previous case.

Finally, we extend the example given Fig. 1 of the
previous section by exploiting overlapping. We first observe
that the path sequences (dbluel,dblue2) and (dblue2,dbluel)
are both maximal cyclic overlapping sequences and no
others exist. These cyclic overlappings are captured by the
following augmentation given in Fig. 4. The edges to be
included in the RCPT formulation are e2 and e3. The labels
of the climbing edges that relate the loop to the actual graph
are indicated in the figure. The loop replaces the dbluei
edges of the previous solution. Red edges remain intact,
as they do not overlap. The solution after augmenting the
original graph with the loop given in Fig. 4 is given in Fig. 5.
We note that the red edge that occurs in the arborescence
tree is not used in verifying the only gray edge in the exam-
ple, which is between nodes 1 and 2 and denoted by its label
al0. Therefore, by Propositions 8 and 9, the conditions for
legitimate edge verification are maintained. The optimal
path is given by red12.al0.¢' .€2.€3.al0.red22.red32 with a
total cost of 14 units.

6. Conclusions

We have presented a general model for constructing mini-
mal length checking sequences from a given deterministic
FSM M. The model is based on characteristics of checking
sequences and sets of state identification and verification
sequences. The generality of the model lies in the fact that
it relaxes the common assumptions made in the literature on
M and its implementation M', and that it utilizes a distin-
‘guishing suite which is composed of either distinguishing

sequences, characterization sets, or unique input-output
sequences depending on their existence. Moreover, the
model is general in the sense that it does not depend on an
a priori choice of subpaths that collectively identify the
states of M'. Further, the connectivity of the underlying
digraph representing the model is guaranteed to obtain a
rural Chinese postman path. Therefore, the proposed
model provides a means of obtaining a globally optimal
solution to the construction of a checking sequence of mini-
mal length.

The proposed model and related heuristics lend them-
selves to overlapping segments of input sequences in an
attempt to construct checking sequences of optimal length.
To the best of our knowledge, this is the first method that
uses the concept of overlapping introduced by Hennie {3]
for the construction of checking sequences (not “test
sequences” as studied earlier in the literature). Our experi-
ments show that wherever possible, the use of overlapping
reduces the length of checking sequences 10~15% of the
length of the sequences obtained without overlapping.

Appendix A

In order to prove Proposition 4 we start with the following
lemma, the proof of which is straightforward and omitted.

Lemma5. LetB=(X,%;2..6".A" xp) be any Mealy auto-
maton with m states and let £, s € 57, Then for any x € X
there exists an integer k such that 0 = k <mand §"(x,t.55 =
5" (x.t.5™).

The next lemma makes use of the previous one to fix the
system given by automaton B to a single state prior to the
application of each a;, in the absence of a reset feature.

Lemma 6. Let {a;};=1n be a set of input sequences and
consider the forward recursion given by

6,'_.1.1 = 6;.((1,’.6,’)"’, [ = 1,...,N - 1,

where 6, := e = emptytrace. Under these conditions for any
¥ € X there exists an integer k(i), such that if r; is the
solution of the backward recursion

ry = ri+1fi(9i), i=N-— 1,...,1
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2
a/0 a/0

4

to node 1

to node 3

1

label(e') = aaa/010; (2,3,1,2) path
label(e'') = aa/00 ; (1,2,3) path

Fig. 4. Cyclic overlapping.

where ry = e and f; is given by
0,.(a,.6) Pa, k() =0

fi(6) = )

e = emptysequence  otherwise

such that the following properties are enjoyed by the
sequences of traces 6, r;:

1. 6"(x,r.0) = 8"(x,0p), i =1,...N — 1,
2. r.0.a;1s aprefix of rp .0, fori=1,....N — L.

Proof. Using the forward recursion expression for 8.,
we obtain:

o m
Fivr-Oie1 = Fivp-6:.0a;.6))".

Assuming x € X is given we apply Lemma 5 with ¢ =
ri+1.0; and s == (a;.0;) and depict the existence of an integer k
suchthat 0 = k <m — 1 and

8" (6, 114 1.60:.a;.0)") = 8"(x, 11y 1.60:.(a;.6)").

Now set k(i) == k — 1, then if k ¥ 0 then k(i) = 0 and by
definition of f;

8”(x, Tivy .Bi.(ai.ﬁi)k) = 8”()(, iy ,Oi.(ai.Gi)k(i).ai.Gi)
== 5”()(, r,».@i)

where we substituted for r;;, using the backward recursion.

If, on the contrary, k = 0, then k(i) = — 1 and f; = e by

(a) Solution of Overlapping RCPT

definition, which again yields the same result. This proves
(1) of the lemma. To prove (2) simply note that

. 1 k(i)
r,»H.(),vH = riﬂ.@,.(aiﬂ,‘)' > r,-H.B,‘.(a,-.(?,») ¢ .(11.9"4(1,’

= ri.«9,v,a,r

'

if ks 0.1tk =0, rip.; = r; and the result again holds. [0

The complexity of the input sequence 8y in Lemma 6 is
given by the next lemma.

Lemma 7. The length of the sequence 8 is given by

N~ 1
Oxl =m > (m+ DN g (8)

=
In particular, if / := |aj| for all j = 1,..., N, then

[0y = LA+ 1 +mh 9)

The proof involves straightforward computation and is
omitted.

Now assume that the automaton M has n := |Q] states and
the black box automaton M’ has states not larger than n + &.
Recalling the definition of Z, let z;,...,77,) denote the
elements of Z. For any state g of M define g, := z,.1; for i =
1,....JZ(¢)|, where I, is a transfer sequence for which
6(g,z:.0)) = ¢. This choice of a; has the following conse-
quence.

Lemma 8. If B = M in Lemma 6 (in particular 8" == §,
m:=n and N:= |Z(&)|) and the values of g, are as above, then
8(q,ri.0) = g forall i = 1,...,|2(&)|.

Proof. We claim that each 6, and r; are of the general form
h.h3....h¥, where each h; € {a,...,ay}. This follows from
the forward recursive definition of 6; and substituting this
form for 6, in the backward recursion for r; similar result is
also proved for r,. However, as §(q,q;) = g by the construc-
tion of each a; above the desired result follows as r,.8; is of
the same form as 6; and ., O

(b) Maximal Arborescence

Fig. 5. Solution with overlapping.




812 K. Inan, H. Ural / Information and Software Technology 41 (1999) 799812

Proof of Proposition 4. We define the locating sequence
as Ly = Oz Qjze), Where 8, is defined as in Lemma 6
with the a; as above, N = |Z(¢)|, and m = n + &. If this
sequence is applied at any arbitrary state x of the black box,
which has at most n + & states, then by applying Lemma 6
to the black box, i.e. with B = M’, r;can be selected in such a
manner to satisfy (1) of the lemma, i.e.

5,(.76, r,-.@,') = 8I(X, 9‘;2(5)1)71' = 1,“-9 ‘Z(g)I -1,

and as demonstrated in the proof of Lemma 6, r;0; is a prefix
nested sequence with the largest element 6j.). Moreover,
(2) of the lemma shows that the structure of this common
state value, say x”, is such that each z; is applied at this state.

Now assume that p is given and L, occurs a number of
times in /(p), where the path p satisfies the conditions of
Lemma 1 and M is [i(p)-equivalent to M ', By Lemma 8 and
part (2) of Lemma 6, in the M automaton the response set to
the elements of Z in every occasion of application of L,
within /;(p) are identical and equal to the response given at
state g. This implies that the response set to the elements of
Z of every fixed state of M’ " corresponding to an occasion of
Ly are also identical. If, on the contrary, the two states x, y
of Q' yield the same response set to all the elements of Z
then they must belong to some partition A(¢). However, as
the assumption of Lemma 1 holds by the choice of p, it
follows from Lemma 2 that A(e) must be atomic. Therefore,
it must be the case that x = y. This proves that the states
reached at the end of each L, sequence are the same and the
coherency conclusion follows. [

Finally, if L, is derived from L, by attaching a prefix
and a postfix to it, then the prefix is irrelevant as long as the
path condition for L, is satisfied and the fact that the final
state sets are coherent follows from Proposition 1, part (¢).

Note that the size of the locating sequence L, is given by
the result of Lemma 7. For the simplest special case where
& = 0and |[W| = 2 the length is 1.2 + (1 + |Q]) if [wp.I| =
le.Iz‘ = [

References

[1] A. Gill, Introduction to the Theor.y of Finite-State Machines, McGraw
Hill, New York, 1962.

[2] G. GénenC, A method for the design of fault detection experiments,
IEEE Transactions on Computers 19 (1970) 551-558.

[3] F.C. Hennie, Fault detecting experiments for sequential circuits, in:
Proc. Fifth Ann. Symp. Switching Circuit Theory and Logical Design,
1964, Princeton, NJ, pp. 95-110, 1964.

{41 ML.P. Vasilevskii, Failure diagnosis of automata, Kibernetika 4 (1973)
98-108.

[5] Z. Kohavi, Switching and Finite Automata Theory, McGraw Hill,
New York, 1978.

[6] W.Y.L. Chan, S.T. Vuong, M.R. Tto, An improved protocol test
generation procedure based on UlOs, Proceedings of ACM
SIGCOMM 89 (1989) 283-294.

[7] T.S.Chow, Testing software design modeled by finite state machines,
IEEE Transactions on Software Epgineering SE-4 (1978) 179-187.

[8] A.T. Dahbura, K.X. Sabnani, M.Ul. Uyar, Formal methods for gener-
ating protocol conformance test sequences, Proceedings of the IEEE
78 (1990) 1317-1325.

[9] S. Fujiwara, et al., Test selection based on finite state models, [EEE
Transactions on Software Engineering SE-17 (6) (1991) 591-603.

[10] A. Rezaki, H. Ural, Construction of checking sequences based on
characterization sets, Computer Communications 18 (12) (1995)
911-920.

{11] K.X. Sabnani, A.T. Dahbura, A protocol test generation procedure,
Computer Networks and ISDN Systems 15 (4) (1988) 285--297.

[12] D.P. Sidhu, T.K. Leung, Formal methods for protocol testing: a
detailed study, IEEE Transactions on Software Engineering SE-15
(1989) 413-426.

{13] H. Ural, X. Wu, F. Zhang, On minimizing the lengths of checking
sequences, IEEE Transactions on Computers 46 (1) (1997) 93-99.

[14] M. Yannakakis, D. Lee, Testing finite state machines: fault
detection, Journal of Computer and System Sciences 50 (1995)
209-227.

[15] A.V. Aho, et al., An optimization technique for protocol conformance
test sequence generation based on UIO sequences and rural Chinese
postman tours, IEEE Transactions on Communication COM-39 (11)
(1991) 1604-1615.

[16] S.C. Boyd, H. Ural, On the complexity of generating optimal test
sequences, IEEE Transactions on Software Engineering SE-17
(1991) 976-978.

[17] M.S. Chen, Y. Choi, A. Kershenbaum, Approaches utilizing segment
overlap to minimize test sequences, in: Proc. PSTV ’90, Ottawa,
Canada, 1990, pp. 6784,

[18] R.E. Miller, S. Paul, On the generation of minimum-length confor-
mance tests for communication protocols, IEEE/ACM Transactions
on Networking 1 (1) (1993) 116-129.

{19] Y.N. Shen, F. Lombardi, A.T. Dahbura, Protocol conformance testing
using multiple UIO sequences, IEEE Transactions on Communica-
tions COM-40 (1992) 1282-1287.

[20] H. Ural, K. Zhu, Optimal length test sequence generation using distin-
guishing sequences, IEEE/ACM Transactions on Networking 1 (3)
(1993) 358-371.

[21] B. Yang, H. Ural, Protocol conformance test generation using multi-
ple UIO sequences with overlapping, in: Proc. ACM SIGCOMM 90,
Philadelphia, USA, 1990, pp. 118-125.

[22] LA, Bondy, U.S.R. Murty, Graph Theory With Applications, Else-
vier, New York, 1976.

[23] J. Edmonds, E.L. Johnson, Matching euler tours and the Chinese
postman, Mathematical Programming 5 (1973) 88-124.

[24] M.K. Kuan, Graphic programming using odd or even points, Chinese
Mathematics 1 (1962) 273-277.

[25] D. Lee, M. Yannakakis, Testing finite state machines: state identifica-
tion and verification, IEEE Transactions on Computers 43 (1994)
306-320.

{26] H. Calgm, Implementation of an optimal conformance test sequence
generation using distinguishing sequences and modified rural post
man tour algorithm, Master’s thesis, Middle East Technica
University, Ankara, Turkey, 1996.

SO ———




Information and Software Technology Notes for Authors
{also available at: www .elsevier.nl/locate/infsof}

please follow these instructions carefully to ensure that the review and publication of
your paper is as swilt and efficient as possible. These notes may be copied freely.

Aims and scope

Information and Software Technology is the international technical journal covering
sohtware development. The Journal addresses the problems that arise when devel
oping, maintaining, and modifying information systems in today’s organizations. It
provides up-to-date information on the latest sofiware development research.

Submissions
Contributions falling into the following categories will be considered for publication

« Onginal high-quality research and review papers {preferably no more than 20
double line spaced rmanuscript pages, including tables and illustrations}

«  Short communications, for rapid publication (ne more than 10 double line spaced
manuscript pages including tables and figures).

Information and Software Technology also publishes book reviews and conference
reports. Contributions for the calendar of forthcoming events should be sent to the
Group Editor,

Contributions are normally received with the understanding that they comprise ori-
ginal, unpublished material and are not being submitted for publication elsewhere,
Translated material, which has not been published in English, will also be considered.
All submissions should be accompanied by a written declaration, signed by all
authors, that the paper has not been submitted for consideration elsewhere. Authors
are solely responsible for the factual sccuracy of their papers. The receipt of manu-
scripts will be acknowledged.

Address for submissions - Papers may be submitted to either of the Co-editors
Professor Martin Shepperd, Department of Computing, Bournemouth University,
Poole House, Talbot Campus, Fern Barrow, Poole, Dorset BH12 588, UK,

Michaet Dyer, Dycon Systems, Suite 780, 7201 Wisconsin Avenue, Bethesda, MD
20814, USA.

Any queries regarding accepted papers, proofs or offprints should be addressed to
Elsevier Science Ireland L1d., Elsevier House, Brookvale Plaza, East Park, Shannon,
Co. Clare, ireland. Tel.: (+353] 61 709600; Fax: (+353) 61 708114,

Review process

All contributions are read by two or more referees to ensure both accuracy and
relevance, and revisions to the script may thus be required. On acceptance, contribu-
tions are subject to editorial amendment to suit house style. When a manuscript is
returned tor revision prior to final acceptance, the revised version must be submitted
as soon as possible after the author's receipt of the referees’ reports. Revised manu-
scnipts returned after four months will be considered as new submissions subject 1o
full re-review.

Copyright

The submission of a paper will imply that, if accepted for publication, it will not be
published elsewhere in the same form, in any language, without the consent of the
Publisher. Before publication, authors are requested to assign Copyright to Elsevier
Science B.V. to sanction reprints and photocopies, and to authorize the reprinting of
complete issues or volumes according to demand. It is the author's responsibility to
obtain written permission to quote matenal that has appeated in another
publication.

Disk submission

Information and Software Technology welcomes contributions prepared on disk,
Disks should be sent with the final revised manuscript, and not the original submis-
sion. Please contact the editorial office for full instructions or refer to back issues of
the journal for notes on disk preparation.

Preparation of scripts

You should write in ciear and concise English. Spelling should follow the Oxford
English Dictionary. Authors whose native tongue is not English are assured that
in-house editorial attention to their contributions will improve clarity and acceptability
to readers. Four copies of each article are required, typed on one side of A4 only, in
double spacing (including abstract and references) and with wide margins. Please
number every sheet of paper. Authors are responsible for ensuring that all manu-
scripts (whether original or revised) are accurately typed before final submission.
Manuscripts will be returned to the authors with a set of instructions if they are
not presented according to these Notes for Authors.

Arrangement of papers
You should arrange your contribution in the following order:

1. Paper title, author’'s name, affiliation, full postal address and telephone and fax
numbers. Affiliations and addresses of co-authors should be clearly indicated.
The title should be short, specific and informative.

2. Self-contained abstract of approximately 100 words, outlining in a single para-
graph the aims, scope and conclusions of the paper; three kaywords, for index-
ing purposes.

3. The text, suitably divided under numbered headings.

4. Acknowledgements (if any).

5. References (double spaced, and following the journal style).

6. Appendix (if any).

7. Tables {each on a separate sheet).

8. Captions to itiustrations {grouped on a separate sheet or sheets).

9. [Hlustrations, each on a separate sheet containing no text, and clearly labelled
with the journal title, author's nare and illustration number.

Styte of text

Subdivide your paper in the simplest way possible, consistent with clarity. The text
should usually follow the standard sequence of introduction, method, results and

discussion. Headings and subheadings for different sections of the paper should
be clearly indicated and numbered appropristely. Ensure that all figures and tables
are mentioned in the text, and that all references are cited in number order Note that
trade narmes should have an initial capital letter.

Units and abbreviations

Al measurements and data should be given in S1 units, or if Si units do not exist, in an
internationally accepted unit. If you use any symbol or unit that may not be generally
recognized, please include an explanatory footnote the Hirsttime itis used, to help the
referees, editors and readers. It s also helpful 10 identity Greek symbols by name in
the margin the first time they appear. Abbreviations and acronyms should only be
used for unwieldy terms and names which occur frequently in the manuscript,
Abbreviations should be used consistently throughout the text, and must be clearly
defined in full on first use.

Mathematical and technical setting

Detailed mathematical discussion should be placed in an appendix. Equations
and formulae should be typewritten wherever possible. Equations should be
numbered consecutively with Arabic numerals in parentheses on the nght hand
side of the page. Special symbols should be identified in the margin, and the
meaning of all symbols should be explained in the text where they first occur, if
you use several symbols, a list of definitions (not necessarily for publication} witl
help the editor. Type or mark mathematical equations exactly as they should
appear in print. Journal style for letter symbols is as follows: variables, italic
type {indicated by underlining}, constants, roman type; matrices and vectors,
bold type (indicated by wavy undertining).

Tables

Tables should be numbered consecutively in Arabic numerals, and given a suitable
caption. All table columns should have an explanatory heading, and, where appro-
priate, units of measurement. Footnotes to tables should be typed below the table,
and should be referred 1o by superscript letters. Avoid the use of vertical rules. Tables
should not duplicate results presented elsewhere in the manuscript, .. in graphs.

lHustrations

All graphs, photographs, diagrams and other drawings {including chemical structures)
shouid be referred to as Figures, and numbered consecutively in Arabic numerals. All
lustrations must be clearly labelled with the journal title, author's name and figure
number.

Hlustrations shouid be provided in camera ready form, suitable for reproduction with-
out retouching. They will be photographically reduced in size, typically 1o fit one or
two columns of the journal {approximately 85 or 175 mmy}, and this should be borne in
mind to ensure that lines and lettering remain clear and do not break up on reduction.
After reduction, lettering should be approximately the same size as the type used for
the text in the journal.

Please ensure that all illustrations within a paper are consistent in style and quality.
Atable is usually more effective than a graph or a paragraph of text for recording data.

Graphs and line drawings

The minimum amount of descriptive text should be used on graphs and drawings;
label curves, etc. with single-letter symbols {i.e. a, b, ¢, etc)) and place descriptive
matter in the figure caption. Scale grids should not be used in graphs unless required
for actual measurements. Please use a selection of the following symbols on graphs:
+, %, 05,0, I @ A, ¥ Graph axes should be labelled with the variabie written out in
tull, along the length of the axis, with the unit in parentheses {for example, Length of
sample (mmij). Lower case letters should be used throughout, with an initial capital
letter for the first word only.

if your iltustrations are computer generated, please supply the blackest possible laser
output.

Photographs

Supply four sets of black and white prints. If necessary, a scale should be marked on
the photograph. Please note that photocopies of photographs are not acceptable.
Colour reproduction is available if the author is willing to bear the additional incre-
mental reproduction and printing costs. Please contact the editorial office for details.
Adetter confirming the author’s willingness to accept these costs should be sent with
the revised manuscripts.

Authors should note that illustrations will not be returned unless specifically
requested.

References

in the text, indicate references to the literature by Arabic numerals in square brackets
which run consecutively through the paper. If you cite a reference more than once in
the text, use the same number each time. References should follow the styfe in the
journal, Please ensure that references are complete, i.e. that they include, where
relevant, author’s name, journal or book title, year of publication, volume number,
page number, editors, publishers and place of publication. if in doubt, please include
all available information. Take care that references are mentioned in the text in the
correct number order.

Proofs

Correspondence and proots for cofrection wilt be sent to the first named author
unless otherwise indicated.

Proots should be checked carefully for typesetting errors, and any queries should be
answered in full. It is important that proofs are returned within the tme stated or
publication wili be delayed/errors may not be corrected. Authors may be charged for
any alterations other than typesetters’ errors.

Offprints

The corresponding author will receive 50 offprints of the paper and one copy of the
journal tree of charge. Extra copies of offprints, minimum 50, can be ordered when
proofs are returned.




Fr 2

L ond st

07
SDL VE ERPAL DILLERINI KULLANARAK YAPILAN SUREC
BELIRTMELERININ KARSILASTIRILMASI

Ali SEZGIN
Yiksek Lisans Tezi, Elektrik ve Elektronik Mithendisligi Anabilim Dali
Tez Yoneticisi: Prof. Dr. KKemal INAN
loylal, 1994, 145 say/[a.

Veri haberlesmesindeki artan karmasgiklik ile bicimsel betimleme teknikle-
rine olan ihtiya¢ her zamankinden daha 6nemli bir duruma geldi. Bu yizden,
guntimuzin en énemli arastirma konulavindan biri, etkili birv bicimsel betimleme
teknigi bulmaktir.

Bu tezde, yeni bir bigimsel betimleme teknigi dili olan ERPAL’in spesi-
fikasyon giicti ve esnekligi, bazi spesifikasyonlar ERPAL’de yazmak suretiyle
gosterilmisgtir.

ERPAL’e 6zel olan. olay denetlemenin kullanimini gostermek icin Milner’in
zamanlama problemi anlatildi. Protokol spesifikasyonunun inceliklerini géstermek
1gin, en basit protokollerden biri olan zebani oyunu érnek olarak verilmistir. Daha
karmagik bir 63‘nek olarak, OSI'nin basit bir siirimii olan Inres distunilmistir.
Son olarak, LOTOS, CSP, Estelle, SDL gibi ¢ok kullamlan dillerin ontinde hala
biliytk bir engel olan hareketli aglarm spesifikasyonu, ERPAL'm bu 1ste nasil
kullantldigimi gostermek igin verilmigtir. -

Cebirsel bir dil olan ERPAL ile genisletilmis sonlu durum makinasini temsil
eden SDL arasindaki farklari ve benzerlikleri gostermek icin, bazi spesifikasyonlar
ayni zamanda SDL ile de yapilngtir.

Anahtar sdzcikler: Bigimsel Tammlama Teknikleri, Cebirsel Diller, SDL, ERPAL

Bilim Daly Sayisal Kodu: 619.02.02
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VENI BIR CEBIRSEL DiL ERPAL VE SDL-92'NiN BIR ALTKUMESININ
ERPAL'E CEVIRILMESI

Hisni YENIGUN
Viiksek Lisans Tezi. Elektrik ve Elektronik Mihendisligi Anabilim Dah
Tez Yéneticisi: Assoc. Prof. Semih BILGEN
Ocak, 1995, 158 sayfa.

Bu tezde, Sonlu Kendi kendini gagiran Siiveg cebirinin ([1, 2, 3}) islemcilerine
dayal olan, yeni bir cebirsel siireg belirtim dili ERPAL (Geligtinlmig Kendi ken-
dini cagiran Cebirsel Sireg Dili) yazim kurallan ve iglemecilerinin iglevsel anlam-

Jan verilerekten tammlannustir. Ayrica SDL yapilanndan ERPAL yapilarima

ceviri icin gerekli olan kurallar da verilmis ve agiklanmmgtir. ERPAL egzam anlama
Szellikleri acisindan bakildigmda diger yaygn olarak bilinen CSP ([4]) ve LOTOS
(5, 6]) gibi dillere nazaran ifade giiciniin daha yiksek oldugu gorilmektedir. ER-
PAL su anda SDL92-to-C-++ ceviricisinin tasarm agamasinda fikirsel duzeyde

bir ara veri (siireg) yapist olarak kullamlmaktadir.

Anahtar sozciikler: Aynk Olay Sistemleri, Formal Tammlama Teknikler, Cebirsel

Diller, SDL.

Bilim Da! Saysal Kodu: 619.02.02
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BiR SONLU DURUM MAKINASI ICIN TANIMLAYICI KUMELER
KULLANARAK TEST DIiZiSI URETIMI

Giclin, Onur Mehmet
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii

Tez Yoneticisi: Prof. Dr. Kemal INAN

Ocak 1996, 70 sayfa

Bu tezde, bir model sonlu durum makinast i¢in ayirt edici dizi
bulunamadi@t genel durumda, eniyi test dizisi tiretimi problemi incelenmis
ve gergeklestirilmistir. Calisma ayn1 zamanda, muhtemelen hatali bir

- uygulamanin belirtimine gore daha fazla durum sayisina sahip olabilecegi
kosulda, bir sonlu durum makinasi i¢in test dizisi {iretiminin arastirmasini da

kapsamaktadir.

Anahtar Kelimeler: Sonlu Durum Makinasi, Test, Test Dizisi,
Kontrol Dizisi, Ayt Edici Dizi, Tanimlayict Kiime, Ayt Edici Kiime,

Kirsal Postaci Turu



e T

OZ

SDL’92 DERLEYICISI ON-YUZUNUN TASARIMI VE GELISTIRILMESI

Doyuran, Ahmet Uygar
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bsliimii
Tez Yéneticisi: Prof. Dr. Kemal Inan

Ortak Tez Yoneticisi: Dr. Vladimir Levin

Mayis 1996, 144 sayfa

SDL belirtimlerinin dogrulanmas: ve benzetimi icin, bu belirtimlerin cesitli dillere

gevrilmesi gerekir. Bu amacla, SDL'92 derleyicileri icin ortak bir én-yiiz geligti-

rilmistir. On-yiiz bir SDL belirtimini alarak buna egdeger agac yapisina dayanan

bir ara gosterim olugturur. Bu ara gdsterim hedef dilden bagimsiz olup hedef dil

iiretimine uygun bir yapidadir. Bu ¢alismada 6n-yiiziin tasarim ve geligtirilmesi

ile ilgili detaylar verilmistir. On-yiiziin her agamasl agiklanmigtir, ara gosterimin

yapisi anlatilmigtir. Olugturulan modiillerin test yontemi agiklanmigtir.

Anahtar Kelimeler: derleyici, 0n-yiiz, bi¢imsel belirtim, yazahm miihendisligi,

iletigim yazhim, ayrigtiricy, SDL
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ISDN 2. KATMANININ SDL 92 KULLANILARAK BELIRTIMI| VE
GEGERLILIK SINAMASI

Cenberci, Dogus
Yuksek Lisans, Elektrik-Elektronik Mihendisligi Balimu

Tez Yoneticisi : Prof. Dr. Kemal Inan

Ocak 1997, 115 sayfa

Bu tez calismasinda iki is basariimisti: [k olarak, Tumlesik
Hizmetler Sayisal Sebekesi (ISDN) kullanici-sebeke arabirimi veri baglant:
katmant (Katman 2) hizmetlerinin, SDL araci Object Geode kullanilarak
belirtimi  gergeklestirilmistir. Daha sonra bu belirtim, gegerliliginin
sinanmasinin  yanisira, SDL  aracinin  benzetim ve ¢6zUimleme
yeteneklerinin kesfedilmesi amaci ile, ¢esitli test senaryolan igin mesaj

sirasi grafikleri (MSC) ile birlikte ¢éztmlenmistir.

‘Anahtar Soézcukler : ISDN Katman 2, -SDL, MSC, Object Geode
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XPRESS TASIYICI PROTOKOLUNUN
SDL 92 KULLANILARAK
BELIRTIMI VE GECERLILIK SINAMASI

DALKIRAN, Ismail

Yiiksek Lisans, Elektrik-Elektronik Mithendisligi Bolimi

Tez Yoneticisi: Prof. Dr. KEMAL Inan

Nisan 1997, 144 sayfa

Bu tezde, SDL arac1 SDT 3.02 ile Xpress Tasiyict Protokoli

(XTP) belirtimlenmistir. Bu belirtim, SDT’nin Gegerleyici ve Benzetici

araglannin sinama kabiliyetleri sayesinde mesaj siras1 grafikleriyle (MSC)

tammlanmig test senaryolan ve durum uzay: kesif teknikleri kullanilarak analiz

edilmistir.

Anahtar Sozciikler : Express Tagiyic1 Protokolii, SDL, MSC, SDT
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SDL SISTEMLERININ KISMi SIRALAMA METODLARI ILE
DOGRULANMASI

Sen, Mehmet Alper
Yiksek Lisans. Elektrik ve Elektronik Mithendisligi Boliimii

Tez Yoéneticisi: Prof. Dr. Kemal Inan

Mayis 1997, 99 sayfa

Kismi siralama metodlan endiistriyel boyuttaki sistemlerin bicimsel olarak dogru-

lanmasinda kullanilan durum alam ufaltim tekniklerinden biridir. Kismi siralama
metodlarindan yararlanan siirekli kiimeler metodunun SDL programlarina uygu-
lanmas: ile SDL sistemleri icin kargikhktan kurtaran teknikler turetilmigtir. Bu
nedenle SDL programlarni, SDL dilinin detaylanm soyutlayarak, modelleyen
SSM adh bir otomat tammlanmgtir. Haberlegen SSM’ler i¢in siirekli kiimelerin
gerekli ve yeterli karakterizasyonu tiiretilmistir ve bu da siirekli kiime hesaplan-
masinda bir algoritma formiile edilmesinde-kullamlmigtir. Sonuglann tiiretildigi
SDL alt kiimesi save ve priority inputs gibi girig dizisinde FIFO okuma disiplini-
ni ihlal eden SDL kavramlarim kapsamaktadir. Geligtirilen yaklagimin sonuclarn
POVSDL adh bir yazilim araci ile gerceklegtirilmistir ve deney sonuclan kangiklik

azaltiminin biiyiik oranda oldugunu géstermistir.

Anahtar Kelimeler: dogrulama, kismi siralama azaltum, siirekli kiime, bi¢imsel

belirtim, ayrigtiner, yazihm miithendisligi, iletigim yazilimi, SDL
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AYRIK OLAYLI DIZGELER ICIN KONTROL ICERME/SECME
YAKLASIMI VE KATMANLI KONTROLE UYGULANMASI

Nergis, Aydin
Doktora, Elektrik ve Elektronik Mithendisligi Boliimii

Tez Yoéneticisi : Prof. Dr. Kemal Inan

Ekim 1997, 106 sayfa

Bu tez ayrik olayli dizgelerin kontrol problemleri igin icerme/segme yaklagi-

mi olarak adlandirilan yeni bir yaklagimi 6nermektedir. Bu yaklagimda kontrol

edilen siireg, igerme siireci olarak adlandirilan tiim olas: kontrol davraniglari

~ - igeren bir siire’g olarak tanimlafnr Bu §ek11de &enetleylm kavraml ortadan

kalkar ve kontrol yontemleri bir 1§erme stirecinden tam veya eksik tamimh

davramsglarin segimine indirgenir. Bu yaklagim siirekli kontrol dizgeleri icin

geligtirilen ve ‘Differential Inclusions’ olarak adlandirilan kuramn ayrik olayh
dizgelerdeki kargiligi olarak goriilebilir.

Bu tezde icerme/se¢me kuraminin fikirleri ve teknikleri katmanh (hiyerar-
sik) dizgelere uyarlandi. Ust katmadaki herhangi bir se¢me alt katmanda en az
bir segmeye kargilik gelecek gekilde iist katman icerme siireci sistematik olarak
alt katman icerme siirecinden elde edildi. Karmagiklig1 azaltmak icin kuram,

bir bilgisayar programlama dili yorumlayicinin iist seviye bir dilden alt seviye

Vv

... .. . @

'"/



gikig dilini tiretmesine benzer gekilde st katman segme yap1 taslarindan alt

katmanin tiim segimlerini tretir. ‘

\

Anahtar Kelimeler : Ayrik olaylh dizgeler, Denetimli Kontrol, Katmanl Kont-

rol
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UYUM SINAMASI URETILMESI ICIN ALGORITMALAR

Serdar, Burak
Yiiksek Lisans, Elektrik-Elektronik Mithendisligi Bolimi
Tez Yoneticisi: Dog. Dr. Giiney Goneng
Ortak Tez Yéneticisi: Prof. Dr. Kemal Inan

Temmuz 1998, 63 Sayfa

Bu tezde, sonlu durum makinasi belirtimleri i¢in uyum sinamas) tretilmesi igin bir
model onerilmistir. ‘Kara kutu’ uygulamalarin belirtimlerine uyumunu sinamanin tek
yolu, uygulamaya girdiler vermek ve beklenen giktilarin alinip alinmadigini gozlemektir.
Ideal olarak, bir uyum sinamasi uygulamalardaki olasi her hatayi bulmaldir. Onerilen
model, belirli varsayimlar altinda tiim hatalari bulmak igin kontrol dizilerinde bu-
lunmas: yeterli olan kosullar1 belirlemekte kullanilmigtir. Ayirt edici diziler ve tek
girdi/giktidizileri kullamlarak, sifirlama oldugu ve olmadig 1 durumlar igin algoritmalar

geligtirilmigtir. Bu algoritmalar C++ programlama dili kullanilarak gergeklenmistir.

Anahtar sozciikler: Uyum sinamasi, ayirt edici diziler, tek girdi/cikt1 dizileri
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