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Abstract 
It is quite apparent, that the analytical method KARS can be successfully 

used to further elaborate the method of a Critical path.  KARS gives us an answer 
to the question, which risk within the system (unless there is just a single risk 
involved in the system) we should concentrate on first, and to which afterwards. 
Thoroughly elaborated method also provides more accurate data for further 
processing of the critical path method, including assessment of time reserves 
available for the system under discussion. In the article, there is presented Critical 
path setting - using network graph, incidence matrix and linear diagram as 
Critical Path Method (CPM). As an example of practical use of this method, there 
is used a 7 risks technology. And thereby it confirms its rightness for the whole 
complex of various methods of risk analysis.  
 
Keywords 
Crisis management, crisis planning, risk analysis, correlation, qualitative analysis, 
KARS, QRAC (Qualitative Risk Analysis Correlation), CPM (Critical Path 
Method). 
 
 

Network analysis is a scientific method, based on the Citical Path 
Method (CPM), which was developed by E.I.Du Pont de Nemours & Co company 
in 1957. CPM method is a deterministic method, which premises fixed 
(determined) time periods of partial operations, and does not consider any changes. 
The network analysis is used as an effective method of operation research in all 
developed countries in the world.  

It uses graphical-analytical methods for planning, managing, and 
controlling of complicated consecutive processes. These processes are called 
„projects“ in the network analysis terminology. Mathematical base of the network 
analysis is a graph theory.     

 
  

Basic term definition of the network analysis: 
Graph:  a set of elements u1, u2,…, un and a set of some pairs ū1, ū2. Union of sets 

{u1, u2,…, un } v {ū1, ū2} is named a graph (G). 
Graph nodal points: elements ui ,i=1,2,…,n, which are labeled by cirles. Elements 

ui, uj are represented by i,j, and these numbers are written in the circles. 
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Graph borders: pairs ūi, ūj, which are depicted by direct or angular lines, ūi, ūj  are 
represented by (i, j) for simplification. 

Final graph: has a final number of nodal points and borders. 
Oriented graph: a graph, that is formed by oriented borders, which have a definite 

direction. 
Border (nodal) evaluated graph: at least one number is assigned to each border 

(nodal point). 
Path:  border sequence in an oriented graph, in which each border starts from a 

nodal point, where the previous one ends. If the path starts and ends in the 
same nodal point, we call it a cycle. 

Acyclic graph: does not include any cycle. 
Continuous graph: all nodal point pairs have at least one connecting path. 
Net:  final continuous, oriented, acyclic, border or nodal evaluated graph, in 

which there is one starting nodal point (without any border going in), and 
one ending nodal point (without any border going out). 

Network diagram: a graph, which borders are described by time dates. 
 

The basis of CPM is a graphical display of task solution using the 
network diagram. The network diagram is an objective visualization of the 
task solution in a graph form, which is final, continuous, oriented, acyclic, and 
quantified, and has one starting and one final nodal point.  
 Building up a network diagram is an activity, where the working 
procedure of a task is logically and closely determined. This procedur is a very 
time-consuming aktivity (approx. 70-80% of the whole time needed for the 
network analysis), but it gives premise to efficient and correct task solution. 
 Expertly created network graph makes a clear view of task solution range, 
consequences and conditionalities within the solving. 
 The network diagram has to be plotted as much as clearly. Border lenght 
has not to correspond to the time, which is different from a harmonogram.  
 Building up a graph begins either at starting nodal point (already known 
projects), or at final nodal point (in the case of not-realized project so far), or it is a 
combination of both (if several teams are working simultaneously).   
 Nodal points are labelled as natural numbers, whereas the starting nodal 
point has always a lower number than the final nodal point. Borders have positive 
evaluation  (at real activities) or zero evaluation (at fictive activities). Fictive 
activities are designed for example to prevent graph cycling.    
 
 While building up a network diagram, we will use two basic terms:  

 
− activity  −       operation, which is essential for accomplishment of a specific    
                           partial task (generally from nodal point i to nodal point j); 
− nodal point  −  points on the network graph limitating activities (i,j, …, n). 
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Each activity and each nodal point is characterized by following 
parameters for the purposes of CPM method:  
tij  - operating period of an activity (i, j), 
t0

i  - time of the soonest possible start of an activity (i, j), 
t0

j  - time of the soonest possible termination of an activity (i, j), 
t1

i  - time of the latest possible start of an activity (i, j), 
t1

j  - time of the latest acceptable termination of an activity (i, j), 
T0

i  - time of the first possible appearance (realization) of a starting nodal point of  
          an activity (i, j), 
T0

j  - time of the first possible appearance (realization) of a final nodal point of an  
          activity (i, j), 
T1

i  - time  of  the latest  acceptable  appearance  (realization)  of a starting nodal 
          point of an activity (i, j), 
T1

j  - time of the  latest  acceptable appearance (realization) of a final nodal point  
          of an activity (i, j). 
 

Next terms we can face with are the following: 
 
Terms related to activities: 
ti

(0) - time of the soonest possible beginning of an activity (i ; j), 
ti

(1) - time of the latest acceptable beginning of an activity (i ; j), 
tj

(0) - time of the soonest possible termination of an activity (i ; j), 
tj

(1) - time of the latest acceptable termination of an activity (i ; j), 
yij  - operating period of an activity (i ; j). 
 
Terms related to nodal points: 
TE  - soonest possible time, 
TL  - latest acceptable time, 
TS  - planned time, 
λ - authoritatively determined time of the whole project, i.e. time TS related to 

the final nodal point of a diagram. 
 

Based on the previous definitions we can set together following 
explanations to the particular terms: 
 

Table 1 
Terms related to activities 

 
Term Variant 1 Variant 2 

operating period of an activity (i, j) tij yij 

time of the soonest possible beginning of an 
activity (i, j) t0

i ti
(0) 

time of the soonest possible termination of 
an activity (i, j) t0

j tj
(0) 
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time of the latest possible start of an activity 
(i, j) t1

i ti
(1) 

time of the latest acceptable termination of 
an activity (i, j) t1

j tj
(1) 

 
Table 2 

Terms related to nodal points 
 

Term Variant 1 Variant 2 
time of the first possible appearance 
(realization) of a starting nodal point of           
an activity (i, j) 

T0
i TE

i 

time of the first possible appearance 
(realization) of a final nodal point of an          
activity (i, j) 

T0
j TE

j 

time  of  the  latest   acceptable   appearance  
(realization) of a  starting  nodal point of an  
activity (i, j) 

T1
i 

 TL
i 

time  of  the  latest  acceptable   appearance  
(realization)  of a  final  nodal  point  of  an  
activity (i, j) 

T1
j TL

j 

 
 
We can use the following scheme for the graphical expression of the 

network graph:  
 

 
Fig. 1 

Graphical expression of the network graph 
 
 
or 
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Fig. 2 

Possible expression of a part of the network graph 
 
Calculation of critical path is possible using: 

1) network graph, 
2) incidence matrix, 
3) linear diagram. 
 
 
1.  Critical path determination 
 
1.1  Calculation using the network graph 

 
There are following rules while creating network graphs: 

1)  Each activity has always one nodal point at the beginning and one nodal point 
at the end. 

2)  The network graph has always one starting and one final nodal point. 
3)  Any activity can not begin before the end of previous ones. 
4)  The network diagram must correctly describe dependence of particular activities; 

dependent activities are differed from independent ones using fictive activities.  
5)  Parallel activities, in the network diagram, are differed from each other using 

fictive activities. 
6)  Fictive activities are used to: 

• separate dependent and independent acttivities, 
• separate parallel activities, 
• create one starting and one final nodal point. 

7)  The network diagram must not include a cycle. 
8)  Number of activities must correspond the number of borders in the network  
        graph. 

i
y i, j

TE
j =T L

i

TL
i -TE

i TL
j -TE

j 

maximum time available (tj(1 - i
(0 )

ti (0 = E i ti
(1 = L i tj

(1 = L
jtj

(0 = E j

minimum time available 
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We can use the following network graph to clarify the procedure: 
 

 
Fig. 3 

Network graph 
 
If we use real activity values tij for the calculation, we get the following 

network graph:   
 

 
 

Fig. 4 
Network graph with activity values tij 
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Time indicators calculation procedure 
The calculation based on the network graph has two parts – forward 

calculation, and backward calculation, respectively.  
 
a)  forward calculation 

1. We label the starting nodal point  T0
0 = 0.  

2. We mark the value  tj
0 = T0

0 + tij  at the end of all borders going from the 
starting nodal point.  

3. We find the nodal point, where there are all comming borders marked, 
and then we choose the maximum value  tj

0, which we write into the left 
bottom part of a nodal point.  

4. We repeat this procedure until we reach the final nodal point of the net.  
 

After performing this part of the calculation, we get the following 
network graph: 

 
 

Fig. 5 
Network graph after forward calculation 

 
b)  backward calculation 

1. We set T1
n = T0

n for the final nodal point of the net, and the value is to 
be written in the right bottom part of the final nodal point.  

2. We mark the value  ti1 = T1
j – tij  at the beginning of all borders going 

into the final nodal point.  
3. We find the nodal point, where there are all going out borders marked, 

and then we choose the minimum value ti1, which we write to the right 
bottom part of the particular nodal point.  

4. We repeat the procedure until we reach the starting nodal point of the 
net. 
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                After performing this part of the calculation, we get the 
following network graph: 

 

 
Fig. 6 

Network graph after forward and backward calculation 
 
In the next part we calculate interferential (critical) reserve for each nodal 

point according the following relation: 
 
Ri = Ti

0  - Ti
1  

 
If the interferential reserve value is 0, these nodal points are critical and 

lie on the critical path. Then the final network graph is expressed as: 
 

 
Fig. 7 

Final scheme of the network graph 
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1.2  Calculation using the incidence matrix 
 

Incidence matrix A can be built up for each acyclic graph, where there are 
labelled particular relations (i, j) of the oriented network graph. To calculate the 
critical path there must be applied a condition of i<j. The incidence matrix A will 
then have occupied fields only above the main diagonal a ii. The other term that 
can be used in the construction of network graph is so called fictive activity 
between the two nodal points (ensures graph acyclinity) aij, where a ij = 0 and at the 
same time a ii = 0 for the values lying on the diagonal of the matrix A. 
 

To clarify the procedure we use the following network diagram: 
 

 
Fig. 8 

Used network diagram 
 
 

We create an incidence matrix for the above displayed network diagram in 
the following expression: 
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Table 3 
Incidence matrix 

 
 

We calculate TE
i for this incidence matrix, which is the soonest possible 

time. We use the following relations for the calculation: 
 
TE

1 = 0 
TE

2 = TE
1 + t12 = 0 + 2 = 2 

TE
3 = 2 + 3 = 5 

TE
4 = max [(TE

1 + t14 ),( TE
1 + t24)] = max [(0 + 8),(2 + 5)] = 8 

 
Following procedure is displayed on the next figure: 

 

 
 

Fig. 9 
Calculation of the soonest possible time 
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The next step is to calculate TL
i values, which represent the latest 

acceptable time. First we have to determine value TL
11, which is equal to TE

11. 
 
TL

11 = 24 
TL

10 = TL
11 - t10,11 = 24 - 1 = 23 

TL
9 = 23 - 4 = 19 

TL
8 = min [(TL

10 - t8,10 ),( TL
9 - t8,9)] = min [(23 - 5),(19 - 0)] = 18 

TL
7 = min [(TL

10 - t7,10 ),( TL
9 – t7,9)] = min [(23 - 4),(19 - 3)] = 16 

 
We repeat the same procedure until the TL

1 value is reached. 
 

The next procedure is shown in the figure 10: 
 

 
 

Fig. 10 
Calculation of the latest acceptable time 

 
 

In the next part the interferential reserve is calculated according the 
following relation: 

 
Ri

 = TL
i  - TE

i 

 
and fill it in the incidence matrix. Points, where the interferential reserve is 0, lie 
on the critical path, and activities, which interconnect them, are the critical 
activities. 
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Fig. 11 
Interferential reserve calculation 

 
It is obvious, from the above displayed incidence matrix, that the critical 

path is created by points 1,4,5,7,9,10,11, and by activities (1,4), (4,5), (5,7), (7,9), 
(9,10) a (10,11). 

In the next step we calculate the total time reserves for particular 
activities tij, which express the maximum activity time reserve. This reserve 
represents the time period, which is available to delay (extend) activities so that 
there will not be any delay in termination of the whole project. The activity 
becomes critical after the reserve depletion. This reserve is calculated according 
the relation: 
 
Rc

ij = TL
j
  – ( TE

i + tij ) 
 

From the calculation we get the following table: 
 

Table 4 
Total time reserve 

 
i j Rc

ij 
1 2 1 
1 4 0 
2 3 5 
2 4 1 
2 6 7 
2 7 5 
3 5 5 
3 9 12 
4 5 0 
4 8 6 
5 6 5 
5 7 0 
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5 9 2 
6 7 5 
6 8 5 
7 9 0 
7 10 3 
8 9 6 
8 10 5 
9 10 0 

10 11 0 
 
 

If we set up activities according the total time reserve values Rc
ij , we get 

the following table: 
 

Table 5 
Total time reserve according the value size 

 
Rc

ij activity 
1 (1,2),(2,4) 
2 (5,9) 
3 (7,10) 
5 (2,3),(2,7),(3,5),(5,6),(6,7),(6,8),(8,10) 
6 (4,8),(8,9) 
7 (2,6) 

12 (3,9) 
 
 
This alignment of activities, according the total time reserve size, 

corresponds to the level of attention, which is necessary to be paid to the individual 
activities. 

 
1.3  Calculation using the linear diagram 
 

Project linear diagram is a modified so-called Gantt diagram.  It is an XY 
diagram, which displays starting time of the project on the X axis, and activities 
order on the Y axis. The advantage of the linear diagram is a fine overview of 
particular activities and their time costingness, and of the critical path course.   

  
 

Linear diagram drawing procedure: 
1. Activities are represented by abscissae (resp. small rectangles), which lenght 

expresses the operating period.  



THE SCIENCE FOR POPULATION PROTECTION 1/2010 PŘÍSPĚVKY 

14 
 

2. Activities are displayed upwardly according final nodal points j. In the case of 
more activities enter the same nodal point, they are lined up upwardly 
according nodal points i.  

3. Abscissae are put on the time axis considering that the starting nodal point 
time equals to zero. Furthermore abscissae are placed on the time axis so, that 
the starting nodal point of the following activity is placed above the final 
nodal point of the immediately previous activity, which has the same index, 
and which lies on the furthest right.   

4. Each activity (abscissa) begins in time T0
i. 

There is the same project displayed in both – the network diagram, and the 
linear diagram – on the following two pictures.  

The critical path, in the linear diagram, is an activities sequence, which 
concur without any time delay (marked boldly). The lenght of the project is a 
moment of final activity termination. Thus the lenght of the XY example project is 
24 time units (Fig. 13).    

 
 

 
 

Fig. 12 
Network graph for creating the linear diagram 

 
 
 

 
 

Fig. 13 
Final linear diagram 

 

activity 

operating  
period (h) 
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2. Practical calculation example of the critical path using the KARS 
method 

 
Currently, in the age of developed technologies, natural and social 

movements, it is often necessary to deal with arisen or potential crisis situations, 
which brings todays world.  
 For this reason, foresight managers process materials already in the „quiet 
period of time“, which are usable for solving the potential crisis situation. To be 
able to create these materials, it is necessary to quantify risks, which are present or 
could happen in the analyzed system. The aim of this article is to give them an 
instrument to facilitate their decision-making, about which threats are the riskiest 
in their system, and therefore need to be given priority. Hence, the risk qualitative 
analysis using the risk correlation (hereinafter „KARS“) has been developed.       
 

For a practical calculation example, we used a technology, where a carbon 
disulphide is stored and pumped over. Carbon disulphide has the following 
physiochemical properties:  
 
Chemical formula:  S=C=S 
Molar weight:  76,139 g/mol 
Melting point:  -111,59 °C 
Boiling point:  46,29 °C 
Density:  1,260 g/cm3 

Ignition temp.:  102 °C 
Explosibility limit:  1,3 – 50 obj. %          
Vapour tension:  53,33 kPa/28 °C 
 
2.1  Application of KARS method 
 

We use an analytical method KARS (risk qualitative analysis using their 
correlation) to determinate the risk. Based on the risk determination, we apply the 
critical path method. For this method, we use a correlation table (Table 6) /3/ of 
risks existing in the selected technology: 
 

Table 6 
Table of correlation 

 
Risk 1. 2. 3. 4. 5. 6. 
1. Burning 0 1 1 0 0 0 
2. Cistern fire 1 0 1 1 1 1 
3. Cistern explosion 1 1 0 1 1 1 
4. Building damage 1 0 0 0 0 0 
5. Technology damage 1 0 1 0 0 0 
6. Dangerous conc. creation 1 0 1 0 0 0 
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By using the KARS method we determine individual risks 1. to 6., their 
activity and passivity coefficients, which results in the following table: 
 

Table 7 
Coefficients of activity and passivity 

 
Risk 1. 2. 3. 4. 5. 6. 
Activity coefficient KAi 40 100 100 20 40 40 
Passivity coefficient KPi 100 40 80 40 40 40 

 
 

There were calculated following axis values O1 and O2, for the division of 
risks into individual groups (areas): 
 

O1 = 36                     a                   O2 = 52 . 
 

Based on the Table 7, which contains the calculated values of activity and 
passivity coefficients for individual risks and both axis values (O1 and O2), the 
graphical expression of the KARS method is following:   
 
 

 
 

Fig. 14 
Final KARS graph 
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2.2  Calculation using the network graph 
 

It is possible to display the storing and manipulation technology by the 
following graph, where we took (based on the results of KARS method) as the 
„initial“ risk No. 1 – Burn resulting from the power cut. The network graph is 
shown in the Figure 15. 

 

 
 

Fig. 15 
Nodal points and activities of the network graph 

 
 

Nodal points and activities showed in the previous graph have the 
following meaning: 
 

Table 8 
Nodal points description 

 
Nodal 

point No. 
Meaning 

1 Burn resulting from the power cut (electric, pneumatic, cooling, 
etc.) 

2 Carbon disulphide cistern fire 
3 Cistern explosion 
4 Building damage 
5 Technology damage, including the tubing 
6 Dangerous concentration creation 
7 Termination of dangerous factors acting 

 
Note:  We added the nodal point No. 7 – Termination of dangerous factors acting - for 

ensuring the graph finality.  
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and the individual activities means: 
 

Table 9 
Description of activities 

 
Activity 

No. 
Description of activities 

t12 Increase in temperature above the ignition temperature 
t13 Increase in pressure above the pressure resistence during the 

power cut (pressure relief valves failure) 
t23 Increase in pressure above the acceptable limit during the fire   
t24 Loss of static resistence during the fire 
t25 Loss of fire resistence during the fire 
t26 Creation of dangerous concentration during the fire 
t35 Loss of technology fire resistence during the explosion 
t34 Loss of static resistence during the explosion 
t36 Creation of dangerous concentration during the explosion 
t47 Securing of damaged buildings 
t57 Securing of damaged technologies 
t67 Decrease of dangerous concentration under the acceptable limit 

 
 

After performing all above mentioned activities, we get the final network 
graph including the critical path: 
 

 
 

Fig. 16 
Final network graph showing the critical path 
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2.3 Calculation using the incidence matrix 
 

When calculating using the incidence matrix, we create the matrix first, 
which is based on the network graph. 

 
Table 10 

Incidence matrix 
 

i\j 1 2 3 4 5 6 7 

1  3 5     

2   4 10 12 4  

3    2 2 6  

4       20 

5       22 

6       6 

7        
 

 
After performing the calculation of TE

i , TL
i  a Ri, we get the final 

incidence matrix including the critical path, whose nodal points are marked red: 
 

Table 11 
Final form of the incidence matrix with the critical path display 

 

TE
i i\j 1 2 3 4 5 6 7 Ri 

0 1  3 5     0 

3 2   4 10 12 4  0 

7 3    2 2 6  6 

13 4       20 4 

15 5       22 0 

13 6       6 18 

37 7        0 

 TL
i 0 3 13 17 15 31 37  
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It is obvious, from the Table 11, that the critical path is created by nodal 
points 1,2,5,7, and activities (1,2), (2,5) and (5,7). However, there must be fulfilled 
a condition for each nodal point lying on the critical path Ri = 0, at the same time.    
 
2.4  Calculation using the linear diagram 
 

If we follow all procedures described in the part addicted to so-called 
Gantt diagrams, we get the following linear diagram for the given example. The 
critical path consisting of the activities (1,2), (2,5) a (5,7) is marked red:  

 
Fig. 17 

Critical path calculation using the linear diagram 
 
 
3.  Conclusion 
 
 As shown above, the analytical method KARS can be successfully applied 
to further elaboration of the critical path method. KARS gives answers to the 
question, which risk in the system (if it is a multiple risk system) is the most 
important and which can be delayed, on the contrary of other mentioned methods. 
Furthermore, the precisely processed KARS method gives us more exact data for 
the further elaboration of the crititcal path including exact determination of time 
reserves usable in the evaluated system. This confirms the justness of the KARS 
method in the whole complex of different methods of risk analysis, which are used 
not only in our country, but also in other ones. 

 

activity 

operating 
period (h) 
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Résumé 
At the present time, the mankind is endangered by extraordinary events, 

which threaten lives, health, the environment, and property. To prevent from their 
occurrence or mitigate them as much as possible we try to do our best. For this 
reason, besides others, crisis management is used as well.  

Crisis planning, being one of the way how to reduce risks, represents the 
process of elaboration, actualization, and verification of crisis plans and related 
documents.  

One of the most important activities of a crisis manager during crisis 
planning is a risk analysis in a suspense area. Because of this, there have been 
developed a number of methods so far which differ in their parameters and 
achievable objectives.  

In the next part, the method of a risk analysis based on interactiveness of 
risks is presented (risk correlation).We denominated this method KARS (QRAC) 
which means Qualitative Risk Analysis Correlation. 

This method can be used as a supplementary method at a risk analysis for 
systems where several risks are expected.  

This method provides the elaborators of a risk analysis in a given subject 
the answer to a question, which risks are necessary to be paid attention first, and 
which risks might so called “wait”.  

In the next part of the article, the Critical path setting is presented using 
the network graph, incidence matrix and linear diagram as Critical Path Method 
(CPM). 

As an example of practical use of this method, the 7 risks technology is 
used in the article.   

The above mentioned procedure is a simple method with relatively high 
predicative ability, by which it is possible to elaborate qualitative risk analysis 
while using relatively simple mathematic apparatus.  

The benefit of a KARS (QRAC) method is the utilization of the risk 
correlation existing in analyzed systems which, so far, no other method has been 
assessing.  

This contributes to more complex evaluation and to more effective funding 
of the implementation of the crisis management measures in a given specific case 
(the method specifies the order of the risks for their further solution).  

The article displays a real possibility for the use of qualitative risk 
analysis KARS (QRAC) which might be an appropriate supplement in the complex 
of other methods of risk analysis as a base for Network analysis to set the Critical 
path. 
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