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A bstrcict 
SofhYare testing is one of iniportant approaches to nssurc’ 
the reliability and quality of sofltvare. .Seqiiential 
prograniniing testing is jiairly sopliisticntetl process. The 
emergence of concurrent prograniniing in !lie recent ,venr.v. 
Sonie concurrent program testing nretlioclologies ore 
proposed to solve controlled execution and deterniiiii.vtn. 
However, there are +w discussions of concurren/ . w j i ~ r e  
testing from the inter-task viewpoints. lhis  p p e r  j i i~~ i i se s  
the testing view on the concurrent progranming through 
task decomposition. Four testing criteria nrc jiropo,wd / ( I  

test a concurrent program Progratnnrer cnn c/ioose (111 

appropriate testing strategy depending on the jiroperties of 
concurrent progranis. A coverage criterio lriererclty is 
provided. Moreover. hvo suggestions J;jr concurrent 
prograninring based on rendezvous conrplexity ore nrade. 

Inden Terms: Concurrent programs, softwarc tcstiiig 
criterion, software coinplexity, Ada langungc. rciidczvous. 

1. Introduction 
The purpose of software testing is tlic iissuriiiicc of 

softwarc quality and softwarc corrcctiicss. Tlic ciiicrgciicc 
of‘ concurrciit programming in rccciil years 17. I3 I. 
however, has presciited new tcstiiig problems and 
dEiculties wliich cannot be solvcd by regular scquciitial 
program testing techniques [ 11, 121. 111 the papcr. we will 
discuss the testing problems of concurrent programs and 
try to propose new testing strategies focused on iiilcr-tasks 
view. 

Concurrent programs are program witti c o ~ ~ i p o ~ i c ~ ~ t s  
that can be executed in parallel. Duc to iioiidclcriiiiiiisiii. 
concurrent programs can result in iiiaiiy instances of 
execution for tlie same set of input data. Altliorigli rcpcatcd 
execution of a nondeterministic concurrent prograni is 
possible, it is still not sunicient to investigate :ill such 
instances of execution. A worse casc scenario is that a fault 
occurs in only one instance of esecution, and that inst;incc 
of execution is never tested. 

The comnoii cliaracteristics or coiictirrciit 

pr0gr;iiiiiiiiiig arc csplicii idciitification of largc grain 
p:irallcl coiiiputation units (tasks). and csplicit intcr-task 
coiiiiiiiiiiicatioii via ii rcndczvous-style niecliaiiisiu. 
Existing coiiciirrciit prograiiiiiiing languages supply these 
c;ip;icitics. sucli ;is HALE I I l l .  CSP 161, Ada, and PCF 
FORTRAN 1‘91. CIC. To providc ii specific basis for the 
liirtlier disciissioiis. n’c clioose Ada as our description 
Siliiil)lC. ;iIt11011gli I I I C  rcsr~lts ; I ~ C  applicable to any programs 
that iisc rcndcn ous-likc sgiicliroiiizatioii. Tlic rerrtfezvoits 
coiiccpi coinbiiics proccss synchronization and 
coiiiiiiiiiiic:irioii I I .  41. This sgiicliroiiization or 
coiiiiiiiiriic;i(ioii to cscliaiigc iiilbrlliation is called tlic 
rciidcL\.oiis 151. Tlius wc rocus software testing i n  the 
rciidczvous for coiicurrciit programs and some testing 
stratcgics b;iscd 011 tlic rciidczvous are proposed. To 
providc ;I rociis. thc disciissioii in tlic reiiiaiiidcr of this 
p;ipcr \vi11 bc wit11 rcspcct to Ada. and wc assuiiie that 
vxiablcs arc not sliarcd by diffcrcnt tasks in concurrent 
11 i i  i ts. 

Tlic rcm:iiiitlcr or this p:ipcr is orgaiiizcd as follows. 
Scctioii 2 iiiti-oduccs ii s u n c ~  of concurrent progr;iiuiiiiiig 
tcstiiig. 111 scctioii 3. four tcstiiig criteria based on 
rciitlc/.vous via\. arc proposed and the coverage criteria 
l i i c ~ i r c l i ~  is pro\,idcd. . 1 1 1  scctioii 4. rotlr equalions for 
iiic;isuring coiiiplcsit! of coiictirrciit program arc proposcd. 
Scction 5 coiicludcs tlic papcr ;ind describes our plans for 
liiturc work. 

2. Background of Coitcurreiit Program 
Testing 

Tlic csisting tcstiiig sti-atcgics of concurrent programs 
can bc dividcd into soiiie tccliniques 131. 

The first one is static ana!vsis. Taylor et al. propose a 
.s/ructurnl or white-hox tcstiiig incthod 1121. This technique 
;ipplics tlic traditional structural testing strategies to 
coiiciirrciit progrmis. Weiss obtain aiiotlier approach 
tow;irds tcstiiig by coiisidcring a concurrent program as a 
SCI of scqiiciiti;il prograiii I I4 I. Howevcr. this tlieciiiquc is 
liiiiitcd i n  11r;icticc bccausc of statc space csplosion. 

Sccoiid tcchiiiqiic is tcstiiig based on dcferininislic 
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execulioit. Tai, Ciirvcr and Obaid pi-oposc ;I dctci-iiiiiiistic 
esccutioii iccliiiiquc to dcbug coiicurrciil Ada progl.;iins 
[ I O J .  Tlicrc arc soiiic drwbacks sucli ;is sclcctioii of tlic 
appropriatc SYN-scquciiccs for covering tlic critic;il paths 
i s  a dilliculty poscd by this iiiciliotl. Also tlic ~~rograiiiiiicr 
has to aiumcratc all possiblc SYN-scquciiccs lor tcsting ;i 
parallel prograiii for ;ill possiblc iiistaiiccs of cscciitioii for 
a givcii input. 

Aiiotlier tccluiiqiic is testiiig bascd oii cxccritroii 
[races. A iiiccliaiiisiii for wriii i lerfirerm ///o//i lori/ i ,q ;iiid 

rcproductioii of a prcigraiii bcliavior of rcal-tiiiic sollivarc 
systciiis is proposcd by Tsai ct al. 1131. HO~YL'VCI.. i t  is 
diflicult to ctisurc that all possiblc csccutioii iiiskiiiccs ;IK 

tested. 
Yet aiiotlicr approach bascd 011 l'elri riels is proposcd 

by Morasca aiid Pczzc [ 151. lis shortcoiiiiiig is pi-actically 
infeasible for large programs. 

'1'11~ l:ist tcclitiiquc IS tcstiiig biiscd 011 co// l /w//et l  
execulion. Daiiiodaraii-Kiiiial x i d  Fiaiicioiii Iiwc 
proposcd a theory for tcstiiig / ? u / / ~ / ~ l c r / / i i i r ~ J ~ i ~  i/r /rres.vrrge 
passing program tliat is bascd oii coiifrol/eil csecritio/r 
wiUi pcriiiutcd deli\.cry of iiicss;igcs 121. 'iliis tcstiiig 
algoritliiii has a polynomial linic coiiiplcsity. 

3. A Rendezvous Orieiitccl Testing for 
Concurrent Progranis 

rendezvous i i i  Ada aiid how to tcst 11 coiiiplctcl) 
Geiierally, a space-tiiiie diagraiii. s l i o ~  ii  i i i  Iigiiic 3-1, 

is a coiivciueiit foriii to icpicsciit ;I pat allcl c\ccutioii 
However, it cmiiot rcpresciit iirultiplc ciilry acccp~iiig o l  
reiidezvous 

111 UlIS scctIoIl, we will discuss t l lC  basic 1 ) p C  ol' 

Task 1 ?'ask 2 Task 3 
Entry call Entry call 

Fig. 3-1. A cxaiiiple of spacc-tiiiic diagraiii 

I n  this paper, wc will use ;I iiiodilicd spacc-tiiiic 
diagram to show the rciidezvous. Wc appciid ii circlc oii thc 
time flow to reprcsctit ;iii ciitry call or ciitiy accepting 
statciiierit aiid label the ciitiy iiaiiic oii t~ic diagoii;iI ;irIow 
to dcscribc tlic occurriiig ciitiy. Thc circlcs arc dividcd into 
two classes: ciitry calling iiodc and ctitiy ;icccpting iiodc, 
markccl as EC ancl EA rcspectivcly. 

In Ada programming, tlic rciidc~vous is iiiiplciiiciitcd 
by enfry call and a c c t p  aiiioiig tasks. 

Clearly, the basic typc of rciidczvous is ;I task iiivokc 
aii ciitry call, tlicii thc rciidczvous is buildiiig. l'lici-cfoi-c. 
die tcstiiig is coiiiplctc wlicii wc csccuic a l l  ciitiy calls (i.c. 
all EC iiodcs) at Icast oiicc. Wc dclinc ;I critci-ioii, ~,lll-lY(' 

crilerio/r. to rcprcsciit tlic rcquii-ciiiciit for tlic rciidezvous 
tcstiirg. 

Critcrioii 1. A//-EC crilerion: 
All-/i(' o.ilerio/r is s:itisfictl iff wlicii all ciitry calls iii an 
Ada ptograiii arc tcstcd at lcast oiicc. i.e. cacli EC node of 
iiiodiiicd slxicc-tiiiic graph iiiiist bc traccd at least oiice. 0 

Oiic of tlic iiiiportarit cliaractcristics of coiicurrciit 
progr;iiiis is ~ro i r~ lc . f en i r i~ tc~~ ,  Noiidctcriiiiiiacy liippeils 
whcii :I coiicurrciit/par~~llcl progr;iiii with tlie saiiie iiiput 
data yiclds diffcrciit rcsults oii diPTereiit IUIIS. Any 
uoiidctcriiiiii;icy iii a concurrcnt/parallel program iiiakes it 
diflicult to dctcct the ciiusc o f  prograiii errors. 

Ada progriuiis ;illow ;I called task with iiiultiplc same 
C I I I I : ~  ;icccptiiig. For cssiiiplc rcduccd rrolll 181 is the 
followitig: 

E.~lllrlple I : 
'Tlic tasks bodics arc : 
ltrsk OOC!V /I  is , , I  

I / ,  I J  .' / / / lCtql !r ;  

hcgi// 
. L I  ~~ccep i  l:(x : i ~ r  oul illleger) do 

el/(/  (Iccepl; 
ciccepr I$Y I. i i r  o i i l  iirleger) do 

e//</ accepr; 

x : .r s I / I , '  

12 
x : :- .y l~ \I,' 

e,rd/I; ~ 

1n.4 OO(IV LI is 

*'i.3 , ,'I./i(h): 

e/ / ( /  11; 

11 : i/i/egcr; 

IYTl'(1)); 

l'lic iiiodificd spacc-tiiiie diagraiii is shown in figure 
3-2. 111 this c;isc. tlic ,4IL!X criferion will be satisfied wheii 
ciitry c;ill A.E( ) iii task B is csccuted once, e.g., (L3 vs. 
LI). Iiowcvcr. i t  is iiot ciiougli for covcriiig all possible . 
syiiclii-oiiizatioiis iiiiioiig tasks, likewise (L3 vs. L2) is lost. 
This. w'c proposc tlic sccoiid critcrioit, All-Possible-EA 
critcrioii. 

Ci'it c rioii 2. /I I/-Yossibk-EA crilrriotr : 
..I l l - l ' ~ ~ ~ ~ ~ ~ i l ~ l ~ ~ - l ~ , ~ l  crrterrotr IS satisfied i f f  each eiitry call 
iiiiist c.111 dl s'iiiic ciitiy accepts at least once, i.e. each edge 
froni ;I EC iiodc to dil'fcrciit EA iiodes of iiiodded space- 
t l l l lC glaph lllllSt bc 11:1ccd at least OIlCC. . 0 

A~iotlici. tcstiiig pioblcni of coiicuriciil programs IS race. A 
i x c  occiiis A( ;it1 ciiti-4 acccptiiig that iiiay coiitaiii at least 
I\vo calls i i i  its iccciwd qiicuc For Example 2, a i d  Uieir 
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iiiodificd spacc-tiiiic tliagniiii is slio\vii in  ligurc 3 - 3 .  

TaskB TaskA Task B Task A 

perirrrtfrr/iotr of e l l  possiblc ciitiy calls. 

Xisk I3 Task T Task C Task I3 Task T Task C 

Note: LI a i d  t 2  are tlflercnt entry acccptiag, but tlicy 
accept Uie same entry 
Fig. 3-2. Two possible riiodificd space-timc diagraiiis lor 
Example 1 

The tasks c a i  be abstractly dcscribcd i i i  Esaiiiplc 2 
bclow: 

EXunlpIe 2: 
The tasks bodies arc : 
rask body I' is 

i INTEGER; 
begin 

accept Display(iir : i i i  LINE) do 
i:= I ;  

display character rri(i); 

exit wlieii iir(i) = LF; 
i : = i t  I ;  

loop 

'end loop 
eiid accept; 

eiid 11 
lask bodv U is 
L : LINE(I..2SJ); 
l:Uisplay(L); 

end B; 
tusk bo+ C' is 

'V : LIN,Y(I..25-+); 
I. Uispluy(-V); I .  

Blld C'; 
If we iiccd to coiisidcr tlic orderiiig rclatioiisliip, tlic racc of 
1iicSs:igcs displnyiiig liolii Tiisk B iiild l'iisk C wi l l  1i;i l)p~ii .  

For testiiig races, we proposc tlic tliird critcrioii, AlI-LY'- 
I'eriiiute critcrioii. 

Criteriuu 3. All-EC-PL.rriuiritioti crileriorr: 
All-EC-t.'erirrulatioii criterioii is satisficd iK dl possiblc 
periiiutadoii iii received clucuc of cacli ciilry ;icccpl arc 
tested at least oIicc, i.c. the periiiukitioii or all cdgcs lioiii 
different EC iiodes to a EA node of iiiodificd SpiiCC-tiIiiC 
graph iiiust be traced at least oiicc. 0 

Thus l le  testiiig cases iiicludc not oiily ((ECI. EA) 
aid (EC2. EA)} but also ((EC2, EA) aiid (ECI. EA);, i s . ,  
tlie iiuiiibcr test cases of aii ciitry acccptiiig is tlic 

Fig. 3-3. Tw:o possiblc-uiodified spacc-lik diagram for 
Esaiiiplc 2 

Maiiy lesks iiiay liavc seiit tlie same eiilry calls to a 
rcccivcd t;isk thiit hiis iiiultiplc ~ ~ i t r y  acceptiiig for Uie Silllie 
ciitry iiiiiiic. If tlic csccutcd ordcriiig aiiioiig Llie eiilry calls 
niid tlic 1i;ippciicd acccptiiig statciiiciit arc dependcnt, Uicn 
tlic All-EC-Pci-iiiutc critcrioii is iiol ciiougli because it just 
tcsls (Iic pcriiiiitiitioii of individual ciitry acccpthg. It 
caiiiiot lcst tlic pcriiiutcd rclatioiisliip betwceii dflcreiit 
eiitiy acccpliiig. 'Tlius. wc proposc the rourth critcrioii to 
tcst llic potcntiiil ordcriiig-dcpcndciit pcnuutation of all 
c i i q  calls i i i  all ciitry acceptiiig with tlic sal ic ciitry IIUIIC. 

la Es;iiiiplc 3, cstciidcd rrooi Exaiiiple 1. Figure 3-4 
dcpicts tlicir possiblc iiiodificd space-timc diagraiiis. 

Evrirlrple 3: 
TIic Iasks bodics arc : 
rcrsli hoi!v / I  is 

hegiir 
L I  (iccep~ IY(x : iir out inkger) do 

e1rd trcccpl; 
L2 ticcepl li(x : 111 out iir[eger) do 

cwl clc:cel)l; 

u, I J  : iiiteger; 

x :=x f U ;  

x : - .r + 1': 

eli(l .4; 
t(i.sl< Doclv I1 is 

h : iiiktger; 
.'1.3 . . I .  I<(h); 

1'1 rr(1)); 
e11tl 11; 
tcrsl; hoc!\, ( ' I S  

c : i///eger; 
LJ /I. b.'(c); 

" I lc ) ;  
elld (. *; 

Tlic fourth critcrioii is dcscribcd ;is tlic rollowiiig : 

Critcrioii 4. AIl-EC-Ue~ietrJ~ticy-Perttiututi~n criterion: 
All-,Y( '-L)c/)eiitleircy-l'eririulatioii criterion is satisfied iJT 
all possiblc pcniiiilalioiis in rcccivcd queue of all entry 
;icccpling will1 tlic S;IIIIC ciitry iiaiiic arc tested at least OIICC, 
i.c.. tlic pcriiiiitjitioii of all cdgcs from dilkrcnt EC iiodcs to 
e;icli EA iiodc \vi111 tlic s;iiiic ciitry iiaiie of iiiodifkd 
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space-tiiiie graph rnust bc trxcd ;it Ic:ist oncc 1 - 1  

The test cases arc {(L3. LI), (L4. L1) and (L4. LI).  
(L3, L1) and (L3, L2). (L4, L2) and (LA, L2). (L?. L2) .ind 
(L3, Ll),  (L3, L2) and (L4, LI),  (L3. L2):, I c . the iiuiiibcr 
of test cases IS the suinniary of the pci niiit,itions of ,111 
possible e n 0  call ol' ~iidividual cntq accepting plus llic 
pennutahons of all possiblc entry c;ills i n  differciit cntry 
accepting. The coverage criteria hicrarclij for proposcd 
testing strategies IS shown i n  figurc 3-5 

Task B Task A Task C Task B Task A Task C 

Task B Task A Task C Task B TaskA Task C . 
LmL3w 

Fig. 3 4 .  Possible space-tinie diagrams for ~xaii iple 4 

According to the coverage criteria Iiicr;ircliy iilid thcir 
proof, we make two suggestions as the following: 
(1) Don't ccritr:ilizc all entry iicccptiiig in few ti islts: I t  

means thc load of called tasks arc Iicaly. Many tasks 
will send entry calls to tlic saiiie cntq acccpting of a 
called task. 
Don't distribute accepting stiitcinciits to iiccept tlic 
same entry: It iiicaiis tlicre arc i i i ~ i n ~  possibilities 
when a task sends an e n t y  call. 
When a concurrent progriiiii Iias tlic iibovc tivo 

properks, it means the difliculty of tcstiiig task will bc 
raised. It would be advised for redcsign to decreasing thc 
complexity of testing , 

(2) 

All-EC-DepeIldency-Pcnuutatiou 
j. 

All-EC-Pennutation 
4 

All-Possible-EA 

All-EC 

Fig. 3-5. Rendezvous-based testing covcragc criteria Iiicrai-chy 

i 

4. Soltw:~ re IVI et rics li, I' Coil CII i w i i  t 1'rogr:tiiis 
t l irou$i T:isI< Deconiposition 

Fin:ill!. ;I ncu vicw to nic:isiirc thc cornplcxity of a 
concurrciit progi-;iiii is proposed. As nicntioncd above. 
syiicliroiiizalioii and coiiiiuuiiicatioii arc the niajor 
diffcrciiccs bcl\vccri coiicurrcnt prograins arid sequciitial 
progr:iins. Tlic co:iiplcsity iiic:istircnicnt of a concurrent 
prograin is ;ilso ciiip1i;isizcd in tlic rcndezvous. The 
iiuiiibcr of rciidczvous is naturally an important factor for 
tlic coiiiplexity or tlic conctirrcnt program. Therefore, thc 
niiiiibcr of difTcrcnl cntry. I\/. wlierc each eiitrq has  in^ 
clltly c;lll st;llclllcllls ;Ind I / [ ;  entry ncccptance SlillCIlIcIIts. 
C:III be used lo coiiip;irc tlic coiiiplcsity aiiioiig concurrent 
pt-ogr;inis. l'lic lirst cqu;itioii for iiiciis~iriiig ;I concuirciit 
progr;iiii is Ilic following: 

Eqiicitioir I 
C ~ S  = ~ i i , . : ~ ,  wlicrc cps IIIC:IIIS t~ic complexity of a 
C O I I C I I ~ I ' C I I ~  progr;uii. M and i n l i  arc defined in tlie previous 
scctioii. and  tlic iiidcs i (from I to M)  represents each 
individu;il enti?. 

The cqri:ition counts a l l  ciitry c;ills instruction. This is 
the iiiost siiiiplc c x c  i n  which all cntp call stateinenis and 
e n t c  ;icccpt;incc statciiiciits arc ow-to-one' iiiappiiig. If 
diffcrciil c n t ~  ; I C C C ~ I ; I I I C ~  statciiicnts rcceivcd tlic saiiie 
ciitry. like Es;iiiiplc 2: wc nccd to consider the possible 
rciidczvous combination. Tliercforc. the sccoiid equation is 
prcsciircd iis f o l l o w  

Eqrrcriiorr 2 
Cpa = I ~ ' ~ = ~ (  inei * iigi) . wlicrc cps iiiciins tIie coiiiplcxity 
or ;I concurrciil prograin. and nI3 is defincd in the above 
scction. 

Houc \c r  tlic iii:ijoi c1i;ii;ictciistic of 21 concurrent 
pi ogriiiii IS  iiicc Tlic I;ICCS iii'ikc iioiideteriiiHiisiii i i i  

coiictiirciii progi,iiiis : i i i d  incrcasc tlic difficulj i n  tlic 
tcsttiig 1,isk According to thc proof of Tlicoiciii 1. wc caii 
c;ilctil;itc tlic pcr~iit~ti i t~o~is of a l l  rendezvous i n  an Ada 
progr'iiii ;ind llic pcriiitita(ions of all rendezbous include all 
r x c  c ~ s c s  Tlirts. u c  proposc tlic tlurd equation to nieasure 
tlic coii iplc~it~ of iiii Ada program 

Eqrriiliori 3 
C ~ A  = C , = i ( ~ ~ l  I * n i b ,  !). nlicic I IIIC:IIIS each individual 
ciitn, fioiii I to M 

hl 

Wlicii u c  coiisidcr ~ h c  ordcrmg dcpeiidencq aniorig 
e n t ~  c;ills. the third cqu;ition iiiust bc extended to the 
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fourth equation as tlic following: 

Equation 4 
Cpx = C I = l ( ( ~ ~ E I  * mEl !) + C(nEi, 
where i inearis each iiidividual entry, rrom I to M, aiid C(x, 
y) nicaiis combinatioti, from s choosing y.  

hl * inE1!). 

According to these nietrics equations, we make two 
suggestions as the following: 

(1) Don't centralizc all entry acccptancc statciiiciits 111 
few tasks. It means the load of called tasks are Iicavy 
Many tasks will send entry calls to tlic siiiiic entry 
acceptance of a called task Wlicti wc tncrc:isc m i  

entry call, the rendcmous complc.\itj \ \ i l l  iticrcasc 
tremendously 

( 2 )  Don't distribute acccptancc statcniciits to iicccp~ thc 
same entry: It tiicans tlicre are many possibilities \\.hcii ;I 
task sends an entry call Wlien \\e increase an entry 
acceptance statement to receive tlic s m c  ciiti) . thc 
rendezvous will also increase treinciidouslj 

When a concurrent program has tlic abovc t no  
properties, it would be advised for redcsign to dccrcxc 
coniplesity. 

5. Conclusion and Future work 
In our research. a rendezvous point of \ i c w  ror 

concurrent program testing is proposcd. Four tcstiiig 
criteria based on the rendezvous for coiicurretit/parallel 
progranis are presented. A covcragc critcria Iiicrxcliy for 
the four criteria is also provided. Furtlicrniorc. wc iiiakc 
two suggestions for concurrent prograiiiining bnscd OH 
rendezvous complexity. 

In future related work. wc will consider the 
conjunction of rendczvous with other Ada instructions, 
such as select, delay, selective-wait. etc.. and proposc more 
testing criteria to help software engineers foy testing tasks. 
We will also extend the iiivestigation IO gcncral pwallcl 
programming language with explicit lexically-specified 
parallel constructs. Moreover, wc will tlicii apply the 
methodology to other similar progratnming etivironiiicnts. 
e.g., event-driven programniing, network progr;iiiiiiiing 
and object-oriented programming. 
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