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Modeling and Verification of Workflows with Time Constraints
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ABSTRACT

Recently, automated business processing systems, so called workflow systems, have been studied. Even though each
task has noticible duration inherently, most of previous models regard it as a simple finite automaton where state
transitions occur instantly. In this paper, we propose a modeling method for workflows each of whose component task
has minimum processing time and due-date. Firstly, we provide a priority function to choose the proper alternatives
when tasks fail before their due-date. The priority function considers the time-relevant factor and the semantic
compatibility level to decide the best alternative. Secondly, we identify six different types of execution requirements for
tasks with noticible durations. They are serial, parallel, simultaneous start, simultaneous termination, interleaved and
nested dependency. Note that previous models deal with only serial execution and parallel execution. Lastly, we also
propose graph-based methods to detect logical conflicts in time constraint-based workflow specifications.
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(Fig. 1) A task with time constraints
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<Table 1> Intertask dependencies

a1 a2 a3 a4 825 2826
PE(T;, Ty) SS(Ti, Tj) ST(T;, Ty SE(T;, Ty) IE(T;, T)) NE(T;, Tj)
71% | : Parallel : Simultaneous| : Simultaneous | : Serial : Interleaved : Nested
Execution Starts Termination Execution Execution Execution
t(sm;;(sm‘) t(sm;;(smi) t(smiié(smj) t(termination;) | t(start;)<t(start;}) | t(start)<t(start;)
2]n| L T L < <t{termination;)) | <t(termination;)
t(termination;) t(termination;) t(termination;) t(start;) <t{termination;) | <t(termination)
=t(termination;) | <t(termination;} | =t{termination;) ) ) !
L OB [ = =
[ ] | [
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499 H243 Tig T2 44 PE wFsx T4
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nE@. oq714 44 P € {PE, SS, ST, SE, IE,
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(idempotency)o] &} &t

P(T, T;) A P(T;, Tw = P(T;, Tw.

A4 3.
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SEE wHEei
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1 SE(T;, T}) A P(T;, Tw = SE(T, TwW
2. P(Ts, T)) A PE(T;, Tw = (T, Tw
3 PE(T, T)) A P(T;, Tw) = P(T;, Tw).

2%, SE(T;, T)AP(T;, T = SE(T, TWwgdL w3tk

SE(T;, Toe ©2< 9u@r)

oo

t(termination;) <t(start;) --------------—--- (1

+og, 23¢9 & e 54 24 P 44E 29
@
A% D P=PEQ A% PET;, Tot &g vk

t(startj)=t(starty) ~----—-~---—--------—---- (2)
t(termination;)=t(terminationy) --~----------- 3

D @ g8 &g det
t(termination;} <t(starty) -------------—---- (4)

A% 2) P =SS A9, SS(T;, Twe thEg ol
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t(start;)=t(starty) —-~---------—=-—-mmo—- (2
t(termination;)<t(termination) ------------ 3)
(D3} ()l 23] G&g Ao
t(termination;) <t(starty) --------—-------- 4
3% 3) P = ST AF, SuT;, Toe &2 9nd}
tstartp)<t(starty) -~--~----—---———-—--——- (2
t(termination;)=t(terminationy) -~----------- 3
D )0l o3 &g A&
t(termination;)<t(starty) -------—-----—--—- (4)
3% 4 P=SEQ A%, SET;, Te 92 9vgict
t(terminationy)=t(starty) ------------——--- (2)
E 23 T A3 9 £3E g2 B
t(start;)<t(termination;) ---------------—- (3
(D), 2), 28 )l o}&f G&E& d=u)
t{termination;) <t(starty) -----~--~-=~--—--- @
7495) P = [EY A%, PE(T;, Toe 28 9ug@c)
t(start;)<t(starty)
<t(termination;)<t(terminationx) ——---—~—-~-- (2)
D7 (29 3 e ded.
t{termination))<t(start,) --------------~-—- 3

74S- 6) P = NEY! A%, PE(T;, TE th&-g onjgc}
t(start;)<t(starty)

<t{terminationy)<t(termination;) -----~-—- (2)
M3 (2)o] o3 ot der
t(termination;) <t(starty) -------——---——- 3)

ANE 2 B HF FAHQ) Ex= @l 98 T,
% Teol #¥9& &2 8 F44 F, SET, Tve
A"t

39 4

dode] eh2a Tigk T7k £44 P8 BEda T;
% Twt #44 Q& #&¥9d Ti9 Tie 244 Q

& HF3 Tigk T $454 PE 15dn. 2 9
Addth o714 P, Q € {PE, SS, ST, SE, IE, NE}
o]i @, P = SE(NE)o|Z Q = NE(SE)?! ZAS$-E& A
@, oz chgd o] HyYHn olF WPy
(commutativity)o| g &},

P(T, T)) A (T, T © Ty, T) A P(T, T,

32 gdud #s oid
¥e THY 8482 TAHE WA 9azzs:
dEYE AuY & A F, JAERSE, o 9F

(transitive) Z§ol 43 & ool dold F&£4e
WEsAY, @] EA3e F4HE XU £ 9
o ARE, 99 F daazt A2 gl § o)y
9 F54E FS22N, 28U F ol¥e F&4
€ 8ol e o 2gol 2P FA:, 9
g9 By Adoze F44E REe2A F
AdA Adez 45498 Foshe =dd REo] &
A ANE ZEg FYss] A8, AA, 254
L40F9 o|RH i o3 FYH: Y 54
A HIERS A B 71&d 22 F
£4& 1 3549 Tas] A8 A FH4009
=)

A9 5. 3 %424 (Indirect Dependency)

d9)9) 44 a4 P Q. 122 RA TDF = P(Ty,
T2 A QTz, T3) A ... A R(Twy, To)olA, TDFA 7]
£8 F548 24 ¥ dY "H23a T Tyt 8§
29] 2%l o8 44 S 2434 S8 Y &
o)z o},

DY F44¢ 9o, daaold ¥ o4
FEYE 2T BES UF 4 2, AN A4
o2 3542 Bedt 2ol A7t 34 Thez e
e,

39 6. dF % £ (Multi-Dependency Contra-
diction)
Aodd HAFEAA, A9 d2a T8 Tt
E ol4e] Aojdt AY % 1Y F&HAH0] A o
g tF £ mgole @

39 7. 474 %% R &(Self-Dependency Contra-
diction)
Bold 9aBZA, Yool Bh2a Tieh Tkl
A4 4 8 FE40) AN 018 Wt 35 me
o)g .

WA, bF T4 e o424, OLd ge 92

524 16e M8
IE(T;, T)) A IE(T;, Tk) A SS(T, Tx) —————-~ O]
IE(T;, T A ST, TW) —--------—~——~ (2)



()& [E 7149 BS540 o8 (9 2L 2ag ¥

A% 5 Ak 3, T Tl 439 Esh SS %

£4¢ 2eo2A UF 35 el EAUT U

o2, A7t 34 2ee A42H, 48 2E AaER
$ 71ee HAHA,

SE(Ti, T)) A PE(T;, Tk} A SE(T, T?) -———- Y
SE(T;, Tw) A SE(Ty, T3) --————---——--- (2)
SE(Ti, T)) -——~—--————-=—=——m-—m— (3)

(U3} 2& JAEZE2S 7l¢e SE 7|¥ &4
o8 )¢ 21, FI# olFE 3 2o &P F
£ AR £ Ut 5, T, 7Y 98 F TE +
ol = A7t F4 Ego] wAHG

do Ay YAZ2 e EAE oF F4& o
A7t 24 2eg wAs7) A, JAFES HAE
oY=z Agdic HPgd TPZE 3 o] 9
AZ2 S aHfze o

Ao 8 YAEZES 1# = (Workflow Graph)

a2 S HE FAsE H2a AR ¥ F
Bl aFAlole EA3E F454 JY g9 B, B 7
9} g ol g BPgE WG = (V, B8 4328=2%
adzet

f:¥->V g:4—-E

B4 £z 4 daag e guez wawd,
&

F gE F54E Y H23oM £ garazd
Wy dez By §7 FHHE U9 do

Wity FaEzs aPZdA AAE =g &9
Moz wAsy] s, 44 PES #E H23AE
ahte] oz YA, ol F44 PEVL e
ANz ZAGY HAEZL Ao Hafzs o
BTz wgsr] 4 dngde oy g

£r1°

Algorithm  Generation_of_Workfiow_Graph
Input : Workflow Definition WD
Output : Workflow Graph ‘WG

White{ ! EOT( WD ) } { /« End Of Tasks +
viex =( char +) malloc( sizeof( vertex ) )
vtex.ID = fask.iD
WG.vertices=

AppendVertiex(WG.vertices, viex)
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task = task->next:
} /- Assigns a task to a vertex +/
While( | EOD( WD ) ) {

/+ End Of Dependencies +/
edge=(char ) malioc (s izeofiedge)):
edpe.LeftiD = LeftTask(dependency):
edge.RightlD = RightTask(dependency)
edge.Label = Label(dependency):
WG.edges =

AppendEdge(WG .edges,edge),
dependency = dependency->next;

} /+ Generate edge between vertices
which has a dependency */

tmp = WG.edge:

While( ! tmp } {
If( tmp.Label == PE’ ) {
WG.vertices=Merge(WG.vertices,tmp.

LeftiD, tmp.RightiD);
tmp = tmp; tmp = tmp—>next;
WG.edges=

RemoveEdge(WG.egdes, rtmp );
}

else tmp = tmp->next;
} /+ Marges vertices that have
a label PE into a vertex */

EndAlgorithm

<gtne|& 1> HIBZP JAE 44 du2lF

Wiy Yazee gz oE F2& i
7] 4 2ee Og3 2o

A2 5. H4AERS JXYA dF F5 v (Multi-
dependency contradiction on workflow

graph)
HAZZ L JYE WG = (V, E)NA, vieV, vieV

A vigk viell s, vielA vz WE 7 Z(parallel
path)7} EAEn, 2t §d A249 HolBo AF F
&4o] A2 Aolsld WGE Ego| &A%

9. ¥9¢ 98 9 MR Ed.

(7431 d99 HA vielA vi2 98 F27 EAstn
2} Wg 249 Holdd U FLHA0] AR Ao
3}, WGE Zgo] #A48A et

(¢4 1] 33 vdlA v2 7lc 38 3= P P&
o &5 2ol JHAEAD. old, 2 P} P'E T4
£ AFEY AFE 47 TP={v, vy, Vi, . Vil Vil
TP= Wi, Viel, Vivg, o, VoL vilolEh & o, Qo] &
wigo] glo] TP N TP = {v, vj}e} 7+ &=L

P-= Vi, Viel, Vie2, ..., Vj-1, Vj,

P-= Vi, Virel, Vire2, oy Vi1, Vj

D 29& 33 37 A F e Azug sPREd A o%
o A2 FAEA 7928 & A
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(@A 2] & Az 49 #oj&ol dls} & 28 HEs
= oy 00 9 ten 22 44 59 9’8 23
&+ dd.
P — S, 8(P) —

[eA 3] 744 28 S * S0, v v;j& S &
F448 Zadol @ F, St "2 vio AHE
€t F8) Fd H232 v NRHEE FH)E A8
o, S'E #8232 vwe) AREE $R) dd g2a
viel ANZHEE F$8)8 288 F ¢k ol olf
2 71¢9 93E29= £¥E F g 7HAe) AA
oleg, WY Fzrs A F2Y 54 2% 2
#A7k HZ olstA WGl Reo] &g

42 6. HAFZS 2AZAAN A7t F4 RE(Self-
dependency contradiction on workflow graph)

a&2% IPX WG = (V, B)olA, vieve A
B vl A, vl wE 7t E8(cycle)el EAsH
WGE 2o 4%
9. F9E 948 98 HAed
(7441 Aol A violAd viZ 7He ego] EA6Y,
WGE E&ol &4 ekt
[2A 1] Aol fujgol ol vl v B2 P
€ th&3 ol A BAL

P= Vi, Visl, Vie2, ..., Vj, Vi
(BA 2] 22 29 #dol&el his] ¥ 28 H43c
&+ 69 93 g 2 F4£4 SE Y F
At
OFP) - S

[GA 3] T4 St vish vittel 454 24 9y
g ot @ "xad Azd Fust a9 ARz
ZFad 4% F459¢ duse ez Y8 F ¢
€ M2F2%9 Aoolk. F, 7HHo]| ARlo|mZ WG
of &go] 2A3A WGolle &) EAFLY

HAZFEY aYPTAM HdY EeES WhdHe
FnYFE G Ao FE, FA A 2E9 o
€ a¥==2 qHHY (29 49 ¥ (29 5 2ok
HA, (28 )M F 22 540 F 7R
- AH & SSo 1A FHA IE- EAFoEH
9% T4 2aod 3EE £ Ao (29 9 ¥y
2 2YE Yo EAste £ wAR2A, Al
FT5 2eg 9ae F g

O—® _, O
R DR

(3% 4) W2 =R 0|28 LIFE E4 2
(Fig. 4) Multi-dependency contradiction on the
workflow graph

P E

(28 5) AIR=ES JH=P 0|28 AP} E& 23
(Fig. 5) Seif-dependency contradiction on the
workflow graph

Algorithm  Contradiction_Condition_Detection
Input : Workflow Definition WD
Qutput : Boolean
Workflow_Graph WG
Boolvalue = False;
Workflow_Path WP,
WG=Generation_Of_Worktlow_Graph(WD);
WP = Search_Parallel_Path{ WG )
{+ Searches parallel
path on workfiow graph «/
It { WP 1= NULL 8&
Detect_Self_Dependency(WP)==True )
BoolValue = True: .
{-Detects whether or not the
dependencies of each path are equal +/
It { Detect_Multi_Dependency({ WP, WG )
== True ) BoolValue = True;
/+ Detects a cycle on workfiow graph «/
refurn BoolValue;
EndAlgorithm

Workflow_Path +Search_Parallel_Path
{ Worldlow_Graph «t_WG)
Workfiow_Path «DS;
Vertex SVertex, *AjVertices, AVertex;
tmpedges = t_WG.edges:
tmpvertices = t_WG.vertices;
While( tmpventices '= NULL ) {
SVertex = SelectVertex( tmpedges ):
[+ Select vertex which has
zero indegree +f
SVertex path =
ConcatenatePath(SVertex.path,SVenex);
/» SVenex.path=SVertex path+SVertex +/
AjVertices =
SelectAdjacentVertex(tmpedges,SVertax):
I« Select adjacent vertices for Svertex +/
While( ! AjVertices ) {
AVertex = VertexToken(AjVertex);
AVenex.path = ConcatenatePath
(SVertex.path,AVertex);
1{(Outdegree(tmpedges,AVertex)==0}
IDS=
ConcatenatePath(IDS AVenex.path);

RemoveVertex{tmpvertices,AVertex);
} /- Generates path +




AjVertices =
RemoveVertex(AjVertices,AVertex)
/« AiVertices = AjVertices ~ AVertex +/
} /» Vertex broadcasts
it's id 1o adjacent vertices +/
impvenrtices =
RemoveVertex(impvertices,SVertex);
/+ tmpvertices = tmpvertices-SVertex +/
/+ Removes the selected vertex +/
tmpvertices = tmpvertices->next;
}

return IDS;
End Search_Parallel_Path

Boolean Detect_Self_Dependency
{ Wrokflow_Path «t_WP )
Boolean Booivalue = False;
tmppath = t WP;
While{ ! tmppath ) {
While( ! tmppath )
sTask = TaskToken( tmppath );
tmppath=RemoveTask(imppath,sTask);
If ( sTask € tmppath )
{ Boolvalue = True; Break: )
}

tmppath = tmppath->next:
} /+ Detects seli-dependency
contradiction +/
retum BooiValue:
End Detect Self_Dependency

Boolean Detect Multi_Dependency
(Wrokflow_Path-t_WP Workflow_Graph t_WG)
dependency dp, DP;

Boolean BoolValue = False;

While( ! WP } {
tmppath = t WP;
While{ ! tmppath )
LeftTask= TaskToken( tmppath };
tmppath=RemoveTask(tmppath,LeftTask):
/+ tmppath = tmppath - LeftTask +/
RightTask = TaskToken( tmppath }

dp=SearchLabel
(LWG,LeftTask,RighiTask }
DP = GenerateDepedency( DP, dp )
) fDP = dpADP +
tmppath.dp = DP;
tmppath = tmppath->next;
Y-Generates dependencies between taskss/

tmppath = t_WP:
while( | tmppath } {
tmppathnext = tmppath~>next;
If ( tmppathnext == NULL ) break:
If ( tmppath.dp '= tmppathnext.dp } {
BootValue = True;
break:

}
fmppath = tmppathnext;
} /+Detects multi-dependency contradictions/
retum BoolValue:
End Detect_Multi_Dependency

tmppath=RemoveTask(imppath, RightTask);
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