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Abstract 

In project management, it is usually difficult to obtain the exact values of the activity durations and 
the assumption is more realistic that the activity duration may remain uncertain until the activity 
completion. We assume that lower and upper bounds on a factual activity duration are given at the 
stage of project planning, the probability distribution of a random duration being unknown before the 
activity completion. Therefore, one cannot find a priory a critical path in the given project-network G. 
We propose a two-step approach, where the initial project-network G is minimized in the first step and 
the resulting minimized project-network determines a minimal dominant set of the critical paths in the 
second step. A fuzzy logic procedure (or another heuristic technique) may be used to choose a single 
potentially critical path from the minimal dominant set. 

 

Keywords:  project management, uncertain activity, dominant paths 

1.  Introduction  

This paper addresses project management with uncertain (interval) activity durations. We 
use the terminology from [8] for graph theory and that from [7] for scheduling theory. 

In project management [1, 2, 5, 6], it is usually difficult to obtain the exact values of the 
activity durations and the assumption is more realistic that the activity duration may 
remain uncertain until the completion of the activity [2]. We assume that lower and upper 
bounds on a factual activity duration are given at the stage of project planning, the 
probability distribution of a random duration being unknown before the completion of the 
activity [2, 3, 4]. Therefore, one cannot find a priory a critical path in the given project-
network G  V; A . We propose a two-step approach, where the initial project-network 
G is minimized in the first step and the resulting minimized project-network determines a 
minimal dominant set of critical paths in the second step. A fuzzy logic procedure (or 

                                                            
* corresponding author. 
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another heuristic technique) may be used to choose a unique potentially critical path from 
the minimal dominant set. 

The rest of the paper is organized as follows. The problem setting and some notations are 
given in Section 2. Criteria for the dominance of a path by another path are proven in 
Section 3. Properties of so-called a-maximal paths are studied in Section 4, where the 
main theorem is proven. Algorithms for minimizing a project-network are developed in 
Section 5. Potentially critical paths are investigated in Section 6. Section 7 gives some 
concluding remarks. 

2.  Problem Setting and Notations 

Let a circuit-free digraph G  V, A  be given, where V  0, 1, … , n  is the set of 
vertices (activities) and A is the set of arcs. We assume that the numbering of the vertices 
V is correct in the sense that the inclusion i, j   A implies the inequality i  . Let 
P G  denote the set of all pathesν  in the digraph G started at vertex i V and finished 
at vertex  j V . The digraph G is called a project-network (or simply, a network) if for 
any vertex i, 0    , both sets P G  and P G  are not empty and vertex 0 (vertex 
n) is the only vertex of the digraph G having a zero in-degree (a zero outdegree) called a 
source vertex (a sink vertex, respectively) in the network G . In what follows, only 
networks G  V, A  are considered. 

The durations of the activities 0 and n are equal to zero. The duration of the activity 
i, 0    ,  may take any value from the given closed interval (segment) a , b , 
where a  b . For the source vertex 0 and the sink vertex n, we obtain a   b   0 
and a   b   0, respectively. Let the weight of path ν   P G  be defined as the 
sum of the durations of all vertices (activities) included in the path ν . 

Since the duration of the activity i V \ 0, n  may be equal to any value t  a , b , the 
weight of the path ν P G may remain uncertain until the completion of the project. 
As far as the weight of the path ν P G  is uncertain at the stage of project planning, 
we denote the weight of the pathν  as L ν  with a mandatory indication of the fixed 
vector t of the activity durations: t  t , t , … , t , where a  t   b ,  i  V.  

If a   b  for each activity   V , then G  V, A  is a deterministic project-network, 
whose total duration is equal to the critical (maximal) weight L ν  of the critical path 
(a path of maximal weight) ν P G  from the source vertex 0 to the sink vertex n 
with the fixed vector t  a  a , a , … , a   b  b , b , … , b  of the activity 
durations. 

On the other hand, if equality a   b  does not hold for at least one vertex (activity) 
  V, i.e., a   b , then at the stage of project planning it is not clear which path ν
P G  has a maximal weight. Therefore, it is necessary to construct a specific set of 
paths in the digraph G belonging to the set P G . Such a set of paths must contain at 
least one critical path for any vector t of the feasible durations. For the investigation of an 
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uncertain project-network, we introduce the following dominance relation on the set  
P G , which is reexive and transitive. 

Definition 1 The path  λ   P G  dominates the path ν   P G , if for any feasible 
real vector t  t , t , … , t , a   t   b , of the activity durations the inequality 
L λ  L ν  holds. A minimal (with respect to inclusion) set of paths H G  
P G  is called a minimal dominant set for the ordered pair i  j  of the vertices, if for 
any path ν   P G , there exits a path λ   H G  dominating path ν . A minimal 
dominant set for the ordered pair 0  n  is called a minimal dominant set for the 
network G. 

If the equality a   b  holds for any activity i V, a minimal dominant set H G  for 
the network G is determined by any critical path  ν   P G  existing in the network G, 
i.e., H G   ν . Indeed, any critical path in the deterministic network G dominates 
any path from the set P G . 

In Sections 3 - 5, we show how to construct a project-network G  for the given project-
network G such that the network G  has the source vertex 0 and the sink vertex n and the 
equality H G  P G  holds. 

In Section 6, we show how to construct a project-network G  for the given project-
network G such that the network G  has the source vertex 0 and the sink vertex n and for 
any path λ   P G , there exists a feasible vector t of the activity durations such that 
the path λ  is critical for this vector t. 

3.  Dominance criteria 

Let the set of vertices belonging to path ν  be denoted as ν   and the set of arcs 

belonging to path ν be denoted as ν . For simplicity, the indexes i and j may be omitted 
in the notation ν  of the path ν  , i.e., ν  ν , if a misunderstanding does not arise. The 
following criterion has been proven in [3]. 

Lemma 1 The path λ  dominates the path  ν if and only if 

                ∑ a ∑ b\\                               (1) 

It is easy to show that Lemma 1 implies the following one. 

Lemma 2 The path λ dominates the path ν if and only if 

    L λ L ν         (2) 

where c λ c λ , c λ , … , c λ  and c λ
a , i λ ,
b , i λ .

  



22        Sotskov and Werner / IJORN 4 (2015)  19 - 32 

Next, we prove the following 

Lemma 3 If the path ν  does not dominate the path λ, then for any subset Z  ν λ , 
the following inequality holds: 

                                  ∑ a ∑ b\Z\Z .          (3) 

Proof: We consider an arbitrary subset  . The following equalities hold: 

                                           ∑ a ∑ a\\Z  ∑ a\Z ,    (4) 

                                      ∑ b ∑ b\\Z  ∑ b\Z ,    (5) 

Since a  b  for any vertex   , we obtain 

                                           ∑ a ∑ b\Z\Z .      (6) 

Since the path  does not dominate the path λ, due to Lemma 1, we obtain 

                                           ∑ a ∑ b\\ .       (7) 

The relations (4) - (7) imply inequality (3). Lemma 3 has been proven. 

4.  An -maximal path 

For minimizing a project-network, we shall use the paths µ  P G ,which have a 
maximal weight for the minimal values a , a , … , a   a of the activity durations. 

Definition 2 The path µ  P G  is called α -maximal, if 

L µ max
 P G

L ν . 

In what follows, the letter µ  in the notation  will be used only for indicating an -
maximal path from the vertex  to the vertex . If there are several such paths, then  
indicates a path such that its value ∑ bµ  is maximal. If there are also several such 

paths, then µ  indicates a path that has a minimal lexicographical order of its vertices. 
Thus, the path µ  is uniquely determined for each ordered pair x  y  of the vertices 
with x  .  
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4.1  Properties of a-maximal paths 

The algorithms developed in Section 5 for minimizing a project-network  are based on 
choosing the  -maximal path µ . For the proof of the main Theorem 1, we need three 
lemmas, which follow. 

Lemma 4 Assume that for the vertices x V and y  V , the  -maximal path µ  does 
not dominate another path from the set P G . Then the set P G  does not contain a 
path that dominates the path µ. 

Proof: We assume that the -maximal path µ  does not dominate another path from the 
set P G , however, there exists a path λ  P G , which is different from the path µ  
and which dominates the path µ .  

Then, due to Lemma 1, we obtain 

                    ∑ a\ µ   ∑ b ∑ aµ \ .µ \         (8) 

Due to Definition 2 of the -maximal path µ , we obtain 

                  ∑ a\ µ   ∑ a ∑ bµ \ .µ \                             (9) 

From relations (8) and (9), we obtain 

                   ∑ a\ µ  ∑ b ∑ aµ \ .µ \                           (10) 

Since the path µ  does not dominate the path λ , Lemma 1 implies 

                   ∑ a ∑ b\ µ .µ \           (11) 

From (10) and (11), we obtain 

                    ∑ a\ µ  ∑ b\ µ .         (12) 

The equalities (10) imply L λ   L µ . Thus, due to Definition 2 of the α  -
maximal pathµ , we obtain 

                    ∑ b\ µ ∑ bµ \ .         (13) 

The equalities (10) and the inequality (13) imply 

                     ∑ b\ µ  ∑ a\ µ .          (14)  
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The obtained inequalities (12) and (14) contradict one to each other. Thus, our 
assumptions that the  -maximal path µ  does not dominate another path from the set 
P G  but there exists a path λ  P G , which is different from the path µ  and which 
dominates the path µ , are wrong. Lemma 4 has been proven. 

Lemma 4 implies 

Corollary 1 If for any vertices x V and y  V , the  -maximal path µ  does not 
dominate any other path from the set P G , then µ   H G . 

We also need the following two lemmas. 

Lemma 5 If the path λ  dominates the path ν  in the network G and  λ \ ν
x , x , … , x , where x   x    x  and s 2 , then there exists an index 

i 1  i s 1  such that the path  λ
,

 dominates the path ν
,

. 

Proof: We assume that the path λ  dominates the path ν , however, for any index 
i 1  i s 1 , the path λ

,
 does not dominate the path ν

,
. 

Then for any index i, due to Lemma 2, we obtain the inequality 

                                                      L λ
,

L ν
,

       (15) 

contradicting inequality (2). Note that x   0, x   n, 

λ  λ
,

 and ν  ν
,

 

Therefore, we obtain the following two equalities: 

               L λ  ∑ L λ
,

 and L ν ∑ L ν
,

. 

Due to inequality (15), we obtain L λ  L ν . Hence, due to Lemma 2, 
the path λ  does not dominate the path ν . This contradiction to our assumption 
completes the proof of Lemma 5. 

Lemma 6 For the given network G, the equality P G   H G  holds if and only if 
for any pair of vertices x  V and y  V , the equality P G   H G  holds. 

Proof: Necessity. We assume that there exist vertices x  V  and y  V  such that 
P G   H G . Hence, there exist paths λ  and ν  in the set P G  such that the 
path λ  dominates the path ν . Then there exist a path  λ λ , λ , λ  and a path 
ν λ , ν , λ  in the set P G  such that the path λ  dominates the path ν . As a 
result, P G   H G . 
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We obtained a contradiction. 

Sufficiency. Since  and  may be arbitrary vertices in the network G, we can assume that 
x  0 and y  n. As a result, the equality  P G   H G  turns into the equality 
P G  H G . Lemma 6 has been proven. 

4.2 Main theorem 

Now, we can prove the main result as follows. 

Theorem 1 The equality P G  H G  holds for the digraph G if and only if for any 
pair of vertices i  V and j  V, i  , the -maximal path µ  does not dominate any 
other path ν   P G . 

Proof: Necessity. Let there exist a pair of vertices i and j in the digraph G such that the a-
maximal path µ  dominates some path ν   P G , µ ν  . Since the digraph G is a 
network, there exist a path ν   P G  and a path ν   P G . Therefore, there exists 
a path ν , µ , ν  P G  that dominates the path ν , ν , ν  P G . Therefore, 
P G  H G . 

Sufficiency. Let the condition of Theorem 1 hold. We shall prove that for any pair of the 
vertices   and y  V, x  , no path from the set P G  dominates another path 
from the set P G . 

1. If  |P G |   1, then the above claim holds. 

2. Let P G   2, i.e., along with the path µ , there exists a path ν   P G  such 
that µ  ν . Due to the condition of the theorem, the path µ  does not dominate the 
path ν . Due to Lemma 4, the path ν . does not dominate the path µ . 

3.  Let P G   p  1  2  and P G  µ , ν , …,   ν .  Due to the 
condition of the theorem, the path µ  does not dominate any path from the set 

ν , …,   ν . Thus, due to Lemma 4, we obtain that no path from the set 

ν , …,   ν dominates the path µ . 

We assume that there exist a path   and a path ψ  in the set 

ν , ν , …,   ν such that the path  dominates the path ψ . The following two 
cases are possible. 

3.1. Case    ψ  x, y . 
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Since \  ψ  \ x, y  and  ψ \  ψ  \ x, y , then assuming that 
the path  dominates the path  ψ , due to Lemma 1, we obtain  

                                      ∑ a   ∑ b   \ ,\ ,        (16) 

Definition 2 of the -maximal path  µ  implies  

                                      ∑ a   ∑ b   \ ,µ \ ,        (17) 

Since the path  does not dominate the path , Lemma 3 implies  

                                 ∑ a  ∑ b   \ ,µ \ ,                  (18) 

Inequalities (16) - (18) imply the contradicting inequality: 

a  a .  
µ \ ,µ \ ,

 

3.2. Case    ψ  x x , x , … , x y  , x x  … x , r  2. 

Since it is assumed that the path  dominates the path  ψ , due to Lemma 5, there 
exists an index s 1  s  r  1  such that the path  dominates the path  
ψ .  

Assume that between the vertices x  and x , there are only two paths  and  ψ , 

i.e., P G 2. Then, arguing similarly as in the above point 2 for x  x  and 
y  x , we obtain a contradiction to the assumption that the path  dominates 
the path  ψ .  

Assume that between the vertices x  and x , there is an additional path, i.e., 
P G 2. Then, arguing similarly as in the point 3.1 for x  x  and y  x ,  

we obtain a contradiction to the assumption that the path  dominates the path  
ψ .  

Thus, it has been proven that for any pair of vertices x  V and     , x  , the 
equality P G   H G  holds. Due to Lemma 6, this equality implies P G  
 H G . Theorem 1 has been proven.  

5.  Minimizing a project-network 

The proven criteria for the path domination and Theorem 1 are used in two algorithms 
described in the following subsection.  
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5. 1. Algorithms for minimizing a project-network 

Let V  (V , respectively) denote the set of all direct predecessors (successors) of the 
vertex i  V in the digraph G. First, we describe Algorithm 1 for deleting arcs from the 
digraph G in order to destroy all paths U G   P G  that dominate the α-maximal path 
µ  . 

At each iteration of Algorithm 1, a subgraph of the digraph G is considered, which is a 
network with the source vertex i  V and the sink vertex n  V. For determining the 
vertices of such a subgraph, we shall mark the vertices of the set i, i  1, … , n  V via 
considering them in increasing order of their numbers. In the description of Algorithm 1, 
W  denotes the set of the marked vertices, t  and t  denote the earliest completion time 
of the activity i for the vector a and the vector b of the activity durations, respectively. 

Algorithm 1 

Step 1. Determine the ordered sets V  and V  for each vertex k  V. Mark vertex 
i  0 and set W  0 . 

IF V 2 GOTO step 13 OTHERWISE GOTO step 10. 

Step 2. IF set V  contains at least one non-marked vertex, i.e., V W  

GOTO step 4 OTHERWISE GOTO step 3. 

Step 3. Set j  j  1. IF j  n GOTO step 2 

OTHERWISE GOTO step 7. 

Step 4. Calculate the earliest completion times t  and t  of the activity j  V with the 
vector a and the vector b of the activity durations, respectively: 

t  max t a : k V W  and t  max t b : k V W . 

Step 5. Determine the set of paths P G  ν : k V W    

Step 6. For each path ν   P G  with the marked vertex k V ,  test the 
inequality 

                                                               t a  L ν .        (19) 

IF inequality (19) holds THEN include the path ν , j  into the set U G  of dominant 
paths. 
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Step 7. Determine the arc set A   A  such that for any path ν  , j  U G , the 

condition ν  , j  A  holds and for any path ν  , j  P G \U G , the 

equality ν  , j  A  holds. 

Step 8. Delete the arc set  from the digraph G   V, A .  

Step 9. Mark the vertex j, i.e., set W  W   j . Set j  j  1. 

IF j n GOTO step 2 OTHERWISE GOTO step 10. 

Step 10. Set i  i  1. Assume that all vertices V are not marked, i.e., set 

W  . IF i  n  1 STOP. 

OTHERWISE GOTO step 11. 

Step 11. Let G   V, A  denote the digraph obtained from the digraph G  via deleting 
the set A  of arcs in step 8. 

IF step 8 was not realized yet or the arcs A  were not deleted yet THEN set G G . 

Step 12. Mark vertex i, i.e., set W  i . 

IF |V |  2 GOTO step 13 OTHERWISE GOTO step 10. 

Step 13. Set G   V, A G, t  t :  0, j  i  1, and i  0. 

GOTO step 2. 

Implementing Algorithm 1 to the digraph G destroys all paths starting from vertex i and 
ending in vertex j which dominate the -maximal path µ  (see inequality (19)). However, 
after deleting the set A  of arcs, the resulting digraph may contain arcs and vertices, which 
are not contained in any path from the source vertex 0 to the sink vertex n. To delete such 
arcs and vertices, one can use the following algorithm.  

Algorithm 2 

Step 1*. Choose an arbitrary arc 0, i  in the digraph G   V , A  obtained from the 
digraph G after implementing Algorithm 1. Mark this arc 0, i  and pass to vertex  in 
order to consider the vertex i. 

Step 2*. Assume that after a sequence of previous steps, one passed to vertex i in order to 
consider this vertex. 
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Step 3*. IF in the resulting digraph, there exist non-marked arcs starting from vertex i 
THEN choose any such non-marked arc, say arc i, j , mark arc i, j , pass to vertex j 
GOTO step 2* and realize step 2* with setting i  j. 

IF vertex i is not the sink vertex n or there is no arc starting from vertex i THEN delete 
the arc, which was used when passing to vertex i. IF the deleted arc was a single arc 
ending in vertex i, delete the vertex i as well. Pass to the previous vertex, say vertex k, 
GOTO step 2* and realize step 2* with setting i  k. 

IF vertex i is the sink vertex n THEN pass to the previous vertex k GOTO step 2* and 
realize step 2* with setting i  k. 

IF vertex i is the source vertex 0 and all arcs starting from i are marked THEN GOTO 
step 4*. 

IF vertex i is not the sink vertex n and all arcs starting from i are marked THEN pass to 
the previous vertex k, GOTO step 2* and realize step 2* with setting i  k. 

Step 4*. IF the resulting digraph contains non-considered vertices THEN delete them. In 
both cases STOP. 

It is easy to convince that the condition of Theorem 1 holds for the digraph G   V ,
 obtained from the digraph G  V, A  after implementing first Algorithm 1 and then 

Algorithm 2. 

5.2.  Complexity of Algorithms 1 and 2 

In what follows, the notations m  |A| and m  are used, where m  denotes the number 
of arcs in the digraph G, which are deleted due to the implementation of Algorithm 1. 

Lemma 7 Algorithm 1 can be realized in O nm  time. 

Proof: In step 1, the ordered sets V    and V    may be constructed after a single 
consideration of the arcs of the set A which takes O m  time. Realizing steps 2 - 6 
requires two considerations of the arcs of the set A, which take O m  time. Testing the 
subgraphs G  of the digraph G can be realized in steps 7 and 8, the number of subgraphs 
G  being restricted by n. Thus, the asymptotic complexity of Algorithm 1 is O nm . 

Lemma 8 Algorithm 2 can be realized in O m  time. 

Proof: In steps 1* - 3*, a pass through each arc i, j   A  is realized no more than twice 
(in the direct direction of the arc and in the opposite direction of the arc). Step 4* is 
realized by a single test of all arcs i, j   A . Thus, the complexity of Algorithm 2 can 
be restricted by O m m  or moreroughly by O m . 
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Due to Lemmas 7 and 8, we can conclude that the implementation of Algorithm 1 and 
Algorithm 2 to the digraph G allow us to construct a minimal network G  in O nm  time. 

6.  Potentially critical paths 

Since the digraph G  contains at least one critical path for any feasible activity durations 
t  t , t , … , t , t   a , b , the digraph G  allows us to determine the total duration 
of the project defined by the project-network G for any possible vector t of the activity 
durations. As it was mentioned in [2], it is also important for the project control to know 
the set of all paths in the project-network G, which may become critical for at least one 
feasible vector t of the activity durations. 

Definition 3 The path λ  P G  is called potentially critical for the project-network 
G, if there exists a vector t  t , t , … , t , a  t   b, of the activity durations, for 
which the path λ  is critical, i.e., the equality  

L λ  max
 P G

L ν  

holds. 

Let  K G  denote the set of all potentially critical paths in the project-network G. Let 
the subgraph G  of the digraph G be also a network with the source vertex 0 and the sink 
vertex n such that  K G  P  G . 

The knowledge of the set  K G  allows a manager of the project G to control effectively 
the realization of the project G . In fact, the set  K G  plays the same role in the 
uncertain project control as the set of all critical paths in the control of the deterministic 
project. Constructing the network G  may be realized similarly as constructing the 
network G , if instead of the dominance relation (see Definition 1) we shall use the 
following strong dominance relation, which is non-reflective and transitive. 

Definition 4 The path λ  P G  strongly dominates the path ν  P G , if for any 
feasible vector x  of the activity durations x  x , x , … , x , a  x b , the 
inequality L λ  L ν  holds. 

It is easy to convince that Lemma 1 and Lemma 2 become correct for the strong 
dominance relation if the sign  of the non-strict inequality is replaced by the sign  of 
the strict inequality. Furthermore, analogues of Lemmas 3 - 6 and Theorem 1 may be 
proven for the project-network G  and for the strong dominance relation given on the set 
of paths in the project-network G. As a result, for constructing the network  from the 
given network G, one can use Algorithm 1, in which the non-strict inequality (19) is 
replaced by the following strict inequality: 

                                                      t a ν           (20) 
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Then by implementing Algorithm 2 to the obtained network, the desired project-network 
G  will be constructed. Thus, constructing the project-network G  from the project-
network G takes O nm  time. 

In conclusion, we prove that a path containing a transitive arc x, y   A  with the 
inequality a   0 cannot be critical for any feasible vector t of the activity durations. An 
arc x, y   A is called transitive if there exists a path λ  starting from the vertex x and 
ending in the vertex y with a length more than one. It is clear that the above path λ  
cannot include the arc x, y . 

Theorem 2 If the path λ  P G  contains at least one transitive arc x, y   A with 
a   0, then λ  K G  and λ  H G . 

Proof: We consider a path λ λ , x, y , λ , where the arc x, y  is transitive and 
the inequality a   0 holds. Since the arc x, y  is transitive, there exists a path λ  in the 
digraph G, which does not contain the arc x, y . Therefore, there exists a path λ
λ , λ , λ , which does not include the arc x, y . Since the equality λ \ λ   

holds, we obtain 

b 0.
\

 

The inequality  

a 0
\

 

implies  

a  b
\

  
\

 

Due to Lemma 1, the path λ  dominates the path λ . Hence λ  K G . Due to the 
analogue of Lemma 1 for the strong domination on the set of paths, one can conclude that  
the path λ  strongly dominates the path λ . Hence, λ  H G . Theorem 2 has 
been proven. 

Theorem 2 implies the following 

Corollary 2 If a   0, 0    , and the path λ  P G  contains at least one 
transitive arc x, y   A, then λ  K G  and λ  H G . 

For any feasible vector t  t , t , … , t , t   a , b , i  V, of the activity durations, 
the constructed network G  contains all potentially critical paths of the original network 
G. Therefore, in the control of the project-network G, it is sufficient to control only the 
network G  which is usually simpler than the original network G. 
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7.  Concluding remarks 

The above results proven in Sections 4 - 6 and the algorithms developed in Section 5 and 
Section 6 allow a manager to simplify the original project-network without loss of the 
main characteristics of the project-network. Indeed, the network G  allows a manager to 
calculate the total duration of the project for any feasible activity durations. Furthermore, 
the network G  allows a manager to determine all possible critical paths, which may 
appear during a realization of the project. 

For calculating different time reserves of the activity realization in the uncertain project-
network, one can use calculations based on fuzzy logic. Unfortunately, such calculations 
are often time-consuming. The usage of the simplified network instead of the original one 
will simplify such calculations. 

The developed approach to minimize the digraph without loss of the main digraph 
characteristics may be used for solving appropriate scheduling problems with uncertain 
(interval) input parameters [3, 4]. 

References 

[1]  Brucker, P., Drexl, A., Mohring, R., Neumann, K., and Pesch, E., 1999, Resource-
constrained project scheduling: Notation, classification, models, and methods, 
European Journal of Operational Research, 112, 1, 3 - 41. 

[2]  Chen, B., Pinar, M. C., Tansel, B., and Yaman H., 1998, Project management with 
interval activity durations. Proceedings of the Sixth International Workshop on 
Project Management and Scheduling, Istanbul, Turkey, 24 -26. 

[3]  Lai, T.-C. and Sotskov, Y. N., 1999, Sequencing with uncertain numerical data for 
makespan minimization. Journal of the Operational Research Society, 50, 230 - 
243. 

[4]  Lai, T.-C., Sotskov, Y. N., Sotskova, N. Y., and Werner, F., 1997, Optimal 
makespan scheduling with given bounds of processing times. Mathematical and 
Computer Modelling, 26, 3, 67 - 86. 

[5]  Lootsma, F. A., 1989, Stochastic and fuzzy PERT. European Journal of 
Operational Research, 43, 174 - 183. 

[6]  McCahon, C. S., 1993, Using PERT as an approximation of fuzzy project-network 
analysis. IEEE Transaction on Engineering Management, 40, 2, 146 - 153. 

[7]  Tanaev, V. S., Sotskov, Y. N. and Strusevich, V. A., 1994, Scheduling Theory: 
Multi-Stage Systems. Kluwer Academic Publishers, Dordrecht, The Netherlands. 

[8]  Thulasiraman, K. and Swamy, M. N. S., 1992, Graphs: Theory and Algorithms. 
John Wiley & Sons, USA. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


