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Statement of the problem 
 

Let's consider the project as a result of which the unique product is created. This 

product has to meet the established requirements that is a quality indicator of it. The 

product will have the required level of quality in only one case and it when all works of 

the project are performed correctly. However, when performing any work of the project 

there can be a mistake, which is also a deviation from the established requirements. 

Verification of compliance of the final product to the established requirements is an 

obligatory stage of implementation of any project. If mistakes in works are revealed 

only at this stage, then a lot of time for their localization will be required. Localization 

here will be detection of the works performed incorrectly. In practice the similar 

situation almost inevitably leads to failure to meet time constraints of end of the project 

and the corresponding material losses. Therefore, it is necessary to carry out checks of 

correctness of performance of work during implementation of the project. If to carry out 

check of compliance of result to all established requirements for each work and to 

correct errors, then compliance of the final product of the project to all to the established 

requirements will be guaranteed, but at the same time terms of the project and its cost 

can increase to unacceptable values. Performance of full check only when the final 

product is received, and full check of all works in the course of implementation of the 

project are two extreme options. The first of them leaves risk of failure to meet time 

constraints of the project on condition of appearing of mistakes in works, and the 

second considerably increases project duration. 

At the same time there is more rational strategy of detection of mistakes in works 

of the project based that works of the project are connected not only by the connections 

defining an order of their realization in time but also by the usage of their results. Let's 

explain it on the simplest example. Let's say that two works of the project – A and B – 

are connected by dependence "finish to start". The result of work A is used in work B 

which result can't be the right if it is based on the wrong result of work of A. It is 

enough to carry out the complete check of realization of work of B that in case of the 

negative result of check to draw a conclusion that at least in one of works A or B 

mistake takes place. The strategy of timely detection of mistakes in works of the project 



at which each of works is checked for compliance to the major parameters (partial 

check), and the complete checks are carried out after some works chosen at the stage of 

planning the project is reasonable. We will further call a set of the works at which the 

complete checks will be carried out as set of the control points of the project. 

For each large project there is a huge number of possible sets of control points. 

So, if in project n of works and it is decided to create m of control points, then the 

number of possible sets of control points is close to number of combinations С𝑛
𝑚. The 

rational choice of control points is one of the most important problems of diagnostics of 

projects.  

One of the most important special cases of projects are the very responsible 

projects (VRP) – the projects directed to obtaining especially responsible result. They 

differ in a type of dependence of losses on a delay time of implementation of the 

project. Unlike other projects where in most cases there is a linear this relation, in VRP 

most often the nonlinear dependence is present. Besides, because of importance of result 

the level of monitoring of works of projects of this type is much higher, and the 

structure in certain cases contains several various options of realization. Such VRP are 

called multiscenario projects. 

Appearing of mistakes when performing the works of the project is a risk. 

Localization of mistakes by control points is one of methods of decrease in influence of 

risk of appearing of mistakes in works on results of the project. The refusal of the 

intermediate verification is adoption of risk. There are questions of how many has to be 

control points, and how to choose them in order that decrease in consequences of 

realization of risk of late detection of mistakes in works of the project was more 

favorable than its adoption. 

 

Degree of results availability 
 

The primal meaning of diagnostics of projects in the existing literature on project, 

is the definition of the indexes which allow to establish that there was a deviation from 

the basic plan demanding rescheduling or making of other management decisions. 

[Jaafari A., Jabari N., 2018; Matyash I. V., 2013]. The significant role in the solution of 



these questions is played  by works of Anshin V. M., Bogdanova V. V., Jaafari A., Ilyin 

V. V., Tovb A. C., Tsarkov I. N., Tsipes G.L., De Marco A., Thakurta R. Calculation of 

standard indicators of a deviation for cost and time is realized in MS Project and other 

project management applications which can be considered as the CASE tools 

corresponding to PMBoK [Chatfield K., Johnson D., 2013; Trofimov V. V., etc., 2006; 

Biafore B., 2010]. 

Articles devoted to stability of projects are closer to such works. In them the 

indexes, methods and algorithms are given which allow to define the moment when in 

the project deviations happened of enough force to be impossible to that project 

executed with the given time limits and costs  [Anshin V. M., 2013; Ananyin V.I., 2005, 

Zuykov K. A., 2012; Ilyina O., 2012; Cioffi D., 2006; De Marco A., Briccarello D., 

Rafele C., 2009; Herroelen W., Leus R., 2004; Leus R., Herroelen W., 2004; Sakka O., 

Barki H., Côté L., 2016]. 

Other direction of researches which should be analyzed on a possibility of 

application of the methods offered in them for the solution of the considered problem 

are the works devoted to quality assurance in projects [ISO/TO 10006:1997; Ilyin V. V., 

2006; Fatrell P, Shafer D., Shafer L., 2003; Lesnih V. V., Litvin U. V., 2013; Thakurta 

R., 2013]. To issues of decrease in probabilities of risks in general and mistakes at 

implementation of projects, in particular [Kravchenko T. K., 2013; Socolov M. U., 

Maslov S. V., 2013; Vorobyova O.A., 2012; Swartz S. M., 2008], it is devoted much 

more works, than to a problem of decrease in consequences of their realization. It is 

bound to the fact that first of all organizational measures are applied to decrease in 

probabilities of risks, and questions of management are dominating in works on project 

management [Bashmachnikova E. V., Abramova L. A., 2013; Trukhanovsky O. M., 

2012; Bogdanov V., 2016; Volodin C. B., 2013; Gureeva E. V., Nedovesov M. V., 

2012; Rudakova A. A., 2012]. 

At the same time there are accurate recommendations about decrease in 

probability of emergence of mistakes in works for VRP. It is functional inspection. The 

methodology of object-oriented programming which significantly simplifies localization 

of mistakes by means of control points is developed for projects of development of 



software products. Here it should be noted especially Avdoshin S. M., Kruka E. A. and 

Lipayev V. V. works. 

Fullestly questions of validation of functioning of technical and program systems 

and also issues of localization of malfunctions are resolved in the field of the science 

called technical diagnostics. Here works of Parkhomenko P. P. and his pupils are 

fundamental.  

Despite existence of analogy between logical model of the continuous technical 

system and the network of the project, projects and technical systems are in essence 

various subjects of the diagnosis. The analysis of a possibility of application to projects 

of methods of optimization of troubleshooting process showed the following. Most 

methods of optimization which are developed in technical diagnostics directed on a 

problem of creation of the conditional algorithms of troubleshooting when an optimality 

criterion is mean time of searching. Johnson P, Caribbean V. V., Parkhomenko P. P., 

Sogomonyan E. S., Halcheva V. F. works are devoted to this question. 

Johnson R. offered information approach to creation of the conditional algorithm 

of troubleshooting. He offered in each state which can arise in the course of searching, 

choose that check for which the ratio of an entropy of result to duration is minimum. 

The noticed lack of this heuristic method which received the name "Johnson's criterion" 

was the instability. Small deviations on duration significantly influence the choice of 

checks, and the entropy which is slightly changing at the change of probabilities 

practically doesn't influence the choice. Further the methods guaranteeing achievement 

of an optimum at creation of the conditional algorithms of troubleshooting were offered. 

They are based on a method of a dynamic programming and a method of branches and 

borders. Because of computing complexity these methods don't allow to find for 

acceptable time an optimum algorithm of troubleshooting for a technical system in 

which the number of possible malfunctions (n) is more than several tens. So, the 

solution of this task by method of a dynamic programming assumes stay and storage of 

the conditional optimum managements for 2
n
 states which can arise when 

troubleshooting. The effectiveness of a method of branches and borders depends on a 



probability distribution of refusals of elements and duration of checks. In some cases, it 

can be more difficult than the brute force. 

Real projects contain hundreds, and quite often thousands of works, and target 

function is nonadditive. In such projects it is necessary to develop heuristic methods for 

the choice of control points. These methods have to be rather simple in the computing 

plan. 

The carried-out analysis of degree of result availability of a subject of a research 

allowed to draw the following conclusions. 

1. The works devoted to project management don't give the answer to a question 

of how as well as in what quantity to choose control points in projects. Diagnostics of 

projects in the existing literature on project management is understood, first of all, as 

definition of the indexes allowing to establish that there was a deviation from the basic 

plan demanding rescheduling or making of other management decisions. At the same 

time there are accurate recommendations about decrease in probability of appearing of 

mistakes in works of VRP. It is functional inspection, and for projects of development 

of software products – the methodology of the object focused programming providing 

decomposition of a system to the level of interaction of separate objects which 

significantly simplifies localization of mistakes by means of control points. 

2. To each option of arrangement of control points at each mistake there 

corresponds the unique duration of restoration of right implementation of the project. 

Owing to this fact restoring time of a regularity of implementation of the project at 

emergence of mistakes is a random value which values, at each concrete set of control 

points, depends on what works will be performed with mistakes. When choosing target 

function for comparison of various options of arrangement of control points it is 

necessary to consider a type of dependence of losses from a delay time of 

implementation of the project. 

3. For VRP often the dependence of losses from a delay time of implementation 

of the project is non-linear. It is required to offer the representative target function 

allowing to compare options of arrangement of control points in this difficult case. 



4. For normal projects it is quite often possible to consider that losses are linear 

connected with a delay time of implementation of the project. Then mean value of 

restoring time of a regularity of implementation of the project is suitable target function 

for comparison of options of arrangement of control points. The problem consists that 

for calculation of an average it is necessary to be able to determine probabilities of 

mistakes in works of the project, without resorting to statistical methods which can't be 

applied because of the main property of the project – uniqueness. It is necessary to 

develop mathematical model of appearing of mistakes in projects.  

5. Most methods of optimization are developed in relation to a problem of 

creation of optimum conditional algorithms of troubleshooting in technical systems. For 

creation of the conditional algorithms of troubleshooting optimum by criterion of a 

minimum of mean time of searching, the method of a dynamic programming and a 

method of branches and borders are applied. At the modern level of development of 

computer facilities these methods of optimization guaranteeing findings of an optimum 

can't be applied to creation of an optimum algorithm of troubleshooting for technical 

systems in which the number of possible malfunctions is more than several tens. 

Creation of optimum set of control points is even more difficult optimizing task. 

6. Real projects contain hundreds, and quite often thousands of works. In projects 

it is necessary to develop heuristic methods for the choice of control points. These 

methods have to be rather simple in the computing plan. 

 

Objectives and goals of the research 
 

Object of the research are projects. 

Subject of the research control points which are placed in the project. 

The goal of the research are the methods of allocating control points for timely 

finding mistakes in the works of the projects. 

For achievement of a goal the following research tasks are formulated: 

1. To develop diagnostic model of the project. This model has to give the ability 

to establish connection between mistakes in works and results of checks.  



2. To develop mathematical model of emergence of mistakes in works which will 

allow to calculate the probabilities of mistakes.  

3. To offer criteria for comparison of options of arrangement of control points 

depending how the losses from a delay of the end of the project caused by mistakes in 

works depend on restoring time of a regularity of its realization.  

4. To develop methods of definition of sets of control points according to the 

offered criteria and to experimentally estimate their effectiveness if it are heuristic, but 

not the regular, the guaranteeing findings of an optimum, methods. 

5. To develop algorithms and the software for the experimental check of 

effectiveness of the offered methods and their practical application to arrangement of 

control points in real projects. 

 

Relevance of the dissertation 
 

In the modern quickly changing business environment the role of project 

management continuously increases in activity of the companies. It is established that 

mistakes at implementation of projects lead to multimillion losses. It doesn't remain 

unaddressed. In 2014 methodical recommendations about introduction of project 

management in executive authorities were developed. The similar tasks are set for the 

industry ministries. In execution of it on October 7, 2016 there was an Order of the 

Ministry of Transport of the Russian Federation No. 288 "About introduction in the 

Ministry of Transport of the Russian Federation of the principles of project 

management" which is accepted to execution in the organizations of railway transport 

now.  

The problem of the choice of control points is relevant as its decision allows to 

reduce losses from a delay of the termination of the project caused by mistakes in 

works. These losses are directly bound to time of restoring a regularity of 

implementation of the project, and for VRP ratio is non-linear and losses quickly 

increase. In certain cases, such ratio is exponential.  



The rational choice of control points is an effective method of decrease in time of 

restoring a regularity of implementation of the project when mistakes in works 

appeared. 

 

Personal contribution of the author to the development of the problem 

 

  All the results presented in this dissertation research have been obtained by the 

author personally which are.  

1. Statement of the purpose and tasks of research on the basis of a problem study 

and degree of its development in literature.  

2. Development of diagnostic model of the project. 

3. Development of mathematical model of emergence of mistakes in works of the 

project. 

4. Creation of a method of arrangement of control points considering that 

mistakes in several works of the project are possible (general case). 

5. The choice of an optimality criterion of set of control points for VRP. 

6. Creation of a set of methods of arrangement of control points in VRP, 

including multiscenario projects. 

7. The program for assessment of effectiveness of the offered methods is written 

and the research of their effectiveness is conducted.  

8. The program for arrangement of control points in projects is written, control of 

which is exercised with application of MS Project. 

 

Description of the research methodology 
 

For statement and the solution of a problem of the choice of control points it is 

necessary to establish connection between possible errors and results of possible checks, 

that is to offer diagnostic model of the project. This model has to be based on the data, 

available to the project manager when scheduling.  

The following diagnostic model of the project based on its mathematical model in 

the form of the focused graph (the network of a project) is offered. 



 

Diagnostic model of the project 

The Diagnostic Model of the Project (DMP) is a form of representation of 

connection between mistakes in works of the project and results of the complete checks 

of works at which the project is submitted as the graph of network model where nodes 

represent works, and edges – not only logical communications between works, but also 

places of realization of possible complete checks. At the same time П𝑗 complete check 

of work j has a positive result – 𝜋1
𝑗
 then only when mistakes are absent in this work and 

all works preceding it. Otherwise this check has the negative result – 𝜋0
𝑗
.  

The offered DMP allows, using graph theory methods, to construct the table of 

possible mistakes (TPM) in which for each complete check its result at each possible 

mistake will be specified. 

Also, for statement and the solution of a problem of the choice of control points it 

is necessary to determine probabilities of emergence of mistakes in works of the project. 

These probabilities can't be received purely statistically as the project is a unique set of 

works by its definition. The mathematical model of emergence of mistakes in works of 

the project is necessary. It is offered to consider that duration of works, used when 

scheduling the project, reflect on their complexity. So, if work duration is high, then 

probability of emergence of a mistake is high as well. This assumption will allow to 

calculate probabilities of mistakes, without resorting to the detailed analysis of each of 

works. 

 

Mathematical model of emergence of mistakes in works of the 

project 

There is a project consisting of n works. Duration of work i is equal to 𝑡𝑖 (i=1.2, 

… n). The percent of the similar projects executed without mistakes is known.  It is 

possible to define 𝑃0 – the probability that there are no mistakes in this project. Let's 

consider that the performed works are affected by the simplest stream of mistakes. The 

interval of action is equal τ – a total duration of all works. To determine the probability 



of emergence of mistakes, it is necessary to define intensity of a stream of mistakes. 

Considering that there is a simplest stream of mistakes, the probability of 𝑃𝑘 of the fact 

that exactly k of works will be executed with mistakes works, it is possible to find on a 

formula of Poisson: 

𝑃𝑘 =
𝑎𝑘

𝑘!
𝑒−𝑎, 

Where a – is mean number of mistakes for time 𝜏. 

 Value a and intensity of the stream of mistakes 𝜆 (mean number of mistakes in 

one piece of time) is bound with equation: 

𝑎 = 𝜆 ∙ 𝜏 

so 

𝑃0 = 𝑒−𝜆𝜏, 

where intensity of stream of mistakes can be found as 

𝜆 =  −
𝑙𝑛𝑃0

𝜏
. 

Having diagnostic model of the project and model of determination of 

probabilities of mistakes in works of the project, it is possible to formulate a problem of 

allocation of control points. 

 

Mathematical problem definition of definition of set of control points taking 

into account a possibility of existence of mistakes in several works of the project 

(general case) 

There is a project consisting of n + 1 works. The network of a project is correctly 

numbered. In the graph only one final node. Its number n + 1. Other nodes correspond 

to the intermediate works. Duration of work i is equal to 𝑡𝑖. There can be mistakes. And 

perhaps wrong realization of several works at the same time. The project is standard. 

Probability of the correct implementation of the project is equal to 𝑃0. After realization 

of the latest work the complete check is surely carried out. Works of the project are 

strongly bound by results. If it is revealed that mistakes took place, then it is necessary 

to redo not only those works which initially were performed irregularly, but also all 



works which use their results, so it is necessary to redo all works of the project. We will 

call such type of projects as projects with the works which are strongly connected by 

results (WSCR). Further we will be limited to consideration only to such projects. 

Failure to meet time constraints of the project causes financial losses. These losses 

linearly depend on a delay time of the termination of the project. The delay time of the 

termination of the project is a random value. Its values will be various at various sets of 

mistakes. For decrease of this time it is possible to carry out the intermediate complete 

checks after completion of works. Duration of the complete check after work 𝑗 is equal 

𝑇𝑗. 

It is required to define how many control points (the intermediate checks) to make 

and after what works. 

 

Method of arrangement of control points in projects taking into account a 

possibility of existence of mistakes in several works (general case) 

It is in essentially impossible to apply a method of a dynamic programming or a 

method of branches and borders to the solution of an objective. It is bound to the fact 

that target function – mean time of restitution of a regularity of implementation of the 

project – changes nonadditively at addition of a new control point to already chosen. At 

the same time, leaning on an information theory of K. Shennon, it is possible to offer 

reasonably a rational heuristic method of the choice of control points. Really, check in a 

control point is the experiment directed to obtaining information on in what works 

mistakes are made. It is logical to choose control points so that they gave a maximum of 

required information. More information is given by that check which entropy of result is 

high. So, why to carry out inspections which results are in advance known to us? 

Proceeding from it, the following method of solution of an objective is offered:  

1. To define check which entropy of result is maximum. 

2. To define whether mean time of restitution of a regularity of implementation of 

the project reduces by its realization. 



3. If it doesn't reduce, then to stop further searching of checks which are 

expedient for carrying out. If reduces, then to accept it as check which is expedient for 

executing and to pass to step 1 taking into account earlier found checks. 

 

The computing procedure is like this. On the first step check is chosen: 

𝛱𝑟1 → max
1≤𝑗≤𝑛

𝐻(𝜋𝑗) = max
1≤𝑗≤𝑛

{exp (−𝜆( ∑ 𝑡𝑖))

𝑖∈𝐺(𝜋0
𝑗

)

ln exp(−𝜆( ∑ 𝑡𝑖))

𝑖∈𝐺(𝜋0
𝑗

)

− 

−(1 − exp(−𝜆( ∑ 𝑡𝑖)

𝑖∈𝐺(𝜋0
𝑗

)

ln (1 − exp(−𝜆( ∑ 𝑡𝑖)

𝑖∈𝐺(𝜋0
𝑗

)

)}, 

where G(π0
j

)is a subset of works in which at mistakes check П𝑗  has the negative 

result, 𝑡𝑖   is a duration of work i. 

Further there is an alternative with two options 𝐴11 – not to carry out checkΠr1; 

𝐴12 – to carry out Πr1. Check Πr1 breaks a set of works of the project into 

subsets: 𝐺(𝜋0
𝑟1) and 𝐺(𝜋1

𝑟1), corresponding to the negative and positive results. At 

implementation of the project 4 states are possible: 

–𝐶00  there is no mistakes in 𝐺(𝜋0
𝑟1), and in 𝐺(𝜋1

𝑟1); 

– 𝐶01 there are mistakes only in the works entering 𝐺(𝜋0
𝑟1); 

– 𝐶10 there are mistakes only in the works entering 𝐺(𝜋1
𝑟1); 

– 𝐶11 mistakes are in 𝐺(𝜋0
𝑟1), and in 𝐺(𝜋1

𝑟1). 

Probabilities of these states, taking into account the offered model: 

𝑃(𝐶00) = 𝑒𝑥𝑝 (−𝜆( ∑ 𝑡𝑖 +

𝑖∈𝐺(𝜋0
𝑟1)

∑ 𝑡𝑖))

𝑖∈𝐺(𝜋1
𝑟1)

= 𝑒𝑥𝑝 (−𝜆 ∑ 𝑡𝑖),

𝐺0

 

𝑃(𝐶01) = 𝑒𝑥𝑝 (−𝜆 ∑ 𝑡𝑖)

𝑖∈𝐺(𝜋0
𝑟1)

∗ (1 − 𝑒𝑥𝑝 (−𝜆 ∑ 𝑡𝑖))

𝑖∈𝐺(𝜋1
𝑟1)

, 

𝑃(𝐶10) = (1 − 𝑒𝑥𝑝 (−𝜆 ∑ 𝑡𝑖))

𝑖∈𝐺(𝜋0
𝑟1)

∗  𝑒𝑥𝑝 (−𝜆 ∑ 𝑡𝑖)

𝑖∈𝐺(𝜋1
𝑟1)

, 

𝑃(𝐶11) = (1 − 𝑒𝑥𝑝 (−𝜆 ∑ 𝑡𝑖))

𝑖∈𝐺(𝜋0
𝑟1)

∗ (1 − −𝑒𝑥𝑝 (−𝜆 ∑ 𝑡𝑖))

𝑖∈𝐺(𝜋1
𝑟1)

 



Restoring time of a regularity of implementation of the project at emergence of state С00 

will be equal: 

– 𝑇(𝐶00, 𝐴11) =  0– for 𝐴11 option; 

– 𝑇(𝐶00, 𝐴12) = 𝑇𝑟1
 – for 𝐴12 option. 

Restoring time of a regularity of implementation of the project at emergence of state 

С01: 

– 𝑇(𝐶01, 𝐴11) – for 𝐴11 option will be equal to the sum of duration of the works entering 

𝐺(𝜋0
𝑟1) and 𝐺(𝜋1

𝑟1), which is equal to τ; 

– 𝑇(𝐶01, 𝐴12) – for 𝐴12 option will be equal to 𝑇𝑟1
 plus the sum of duration of works, 

entering 𝐺(𝜋1
𝑟1). 

Restoring time of a regularity of implementation of the project at emergence of state 

𝐶10: 

–𝑇(𝐶10, 𝐴11)– for 𝐴11 option will be equal to the sum of dlitelnost of all works of the 

project, 𝑖 ∈ 𝐺0; 

– 𝑇(𝐶10, 𝐴12) – for 𝐴12 option will be equal to 𝑇𝑟1
 plus the sum of duration of all works, 

entering 𝐺(𝜋0
𝑟1). 

Restoring time of a regularity of implementation of the project at emergence of state 

𝐶11: 

–𝑇(𝐶11, 𝐴11)– for 𝐴11 option will be equal to the sum of duration of all works of the 

project, 𝑖 ∈ 𝐺0; 

–𝑇(𝐶11, 𝐴12) – for 𝐴12 option will be equal to 𝑇𝑟1
 plus the sum of duration of all works 

of the project, 𝑖 ∈ 𝐺0. 

Let's calculate values of means 

𝑇(𝐴11) = 𝑃(𝐶00)𝑇(𝐶00, 𝐴11) + 𝑃(𝐶01)𝑇(𝐶01, 𝐴11) + 𝑃(𝐶10)𝑇(𝐶10, 𝐴11)

+ 𝑃(𝐶11)𝑇(𝐶11, 𝐴11), 

𝑇(𝐴12) = 𝑃(𝐶00)𝑇(𝐶00, 𝐴12) + 𝑃(𝐶01)𝑇(𝐶01, 𝐴12) + 𝑃(𝐶10)𝑇(𝐶10, 𝐴12)

+ 𝑃(𝐶11)𝑇(𝐶11, 𝐴11). 



So, if inequality 𝑇(𝐴11) <  𝑇(𝐴12) is carried out, then realization of the found 

check we consider inexpedient and we don't choose any control points any more. If 

inequality isn't carried out, then it is carried out the following actions. We accept Πr1 as 

the first control point in the project. Then we continue the choice of control points 

among a subset of works of G(π1
𝑟1). For the perfect analogy to earlier performed 

operations it is believed that G(π1
𝑟1) = 𝐺0, other words we delete all works entering 

G(π0
𝑟1) from further consideration. 

 

The choice of control points in VRP 

VRP are characterized by nonlinear dependence of losses from a delay time of the 

project and use of drastic measures of monitoring up to single operation that strongly 

reduces the probability of emergence of mistakes. Proceeding from it, we will consider 

that in projects of this kind if the mistake takes place, then it only one. Because of 

nonlinear dependence of the losses caused by a delay of the termination of the project 

from a delay time in VRP, mean time of restitution of a regularity of implementation of 

the project at mistakes can't be used as target function of the choice of control points. In 

other words, the stricter criterion reflecting features of this type of projects is necessary. 

 

Optimality criterion of set of control points for VRP 

Let's consider that at nonlinear dependence of losses from restoring time set of m 

control points 𝑆∗, which breaks a set of all works of the project into subsets in such a 

way that the maximum restoring time of a regularity of implementation of the project 

corresponding to it is minimum – less, than at any other choice of m control points (CP) 

in this project is optimum. 

𝑆∗ →  min
𝑆

max
𝐺∈{𝐺}𝑆

𝑇𝐺 = min
𝑆

max
𝐺∈{𝐺}𝑆

∑ 𝑡𝑖

𝑖∈𝐺

 

where 𝑆∗– the optimum CP, S – a set of the possible CP, G the subgraph consisting 

of the nodes corresponding to works to which the mistake is defined, { 𝐺 }𝑆 – the set of 

subgraphs in G corresponding to set S, 𝑇𝐺 – restoring time of a regularity of 

implementation of the project when determining a mistake to within G, i – number of 



node of a subgraph of G corresponding to work of the project with same number, 𝑡𝑖 – 

duration of work i. 

 

Mathematical problem definition of the choice of control points in VRP 

There is VRP with the works which are strongly connected by results. The network 

of the project is set. The graph corresponding to it consists of n + 1 node in which one 

node (with number n + 1) ending. For validation of performance of work, it is possible 

to establish m≪n of control points for realization of the intermediate checks. Final 

check after realization of the latest work of the project is carried out surely. Duration of 

work with number i is equal to 𝑡𝑖 (i = 1,2, …, n 1).   

It is required to define a set of control points, being guided by a minimax 

optimality criterion. 

 

Distribution of the conditional probabilities of mistakes in works of OOP in 

the presence of one mistake  

Owing to the assumption that in the project there is only one mistake the model 

given earlier can't be applied. Let's consider that duration of work reflects its 

complexity. Then it is logical to accept as the probability of existence of a mistake in 

work of i provided that in one of works of the project there is a mistake the value equal 

to the ratio of its duration to total duration τ all works of the project: 

𝑝𝑖 =
𝑡𝑖

𝜏 
. 

 

Method of the serial conditional choice of control points (SCC) 

The following method of the serial choice of control points in VRP is offered. 

On each step of k=1, 2, …, k, …, m we choose check Πrk, to which there 

corresponds the maximum of an entropy of result: 

Πrk → max
j∈G(π1

r1;π1
r2;…;π1

rk−1)
H(πj/π1

r1; π1
r2; … ; π1

rk−1  ), 



where 𝐻(𝜋𝑗/𝜋1
𝑟1; 𝜋1

𝑟2; … ; 𝜋1
𝑟𝑘−1  ) - the entropy of result 𝜋𝑗 of check П𝑗 considering 

that the final check signals that there is a mistake in the project and predecessor  checks 

have positive results: π1
r1; π1

r2; … ; π1
rk−1 ; 

G(π1
r1; π1

r2; … ; π1
rk−1) – a set of works in which if have mistakes the checks above 

will have positive results. 

The value of an entropy can be found on a formula:  

𝐻 (
𝜋𝑗

𝜋1
𝑟1

; 𝜋1
𝑟2; … ; 𝜋1

𝑟𝑘−1  ) =

= − 𝑃 (
𝜋0

𝑗

𝜋1
𝑟1; 𝜋1

𝑟2
; … ; 𝜋1

𝑟𝑘−1) 𝑙𝑜𝑔2𝑃 (
𝜋0

𝑗

𝜋1
𝑟1; 𝜋1

𝑟2
; … ; 𝜋1

𝑟𝑘−1)

− [1 −  𝑃 (
𝜋0

𝑗

𝜋1
𝑟1; 𝜋1

𝑟2
; … ; 𝜋1

𝑟𝑘−1)] 𝑙𝑜𝑔2 [1 −  𝑃 (
𝜋0

𝑗

𝜋1
𝑟1; 𝜋1

𝑟2
; … ; 𝜋1

𝑟𝑘−1)] . 

Here 

𝑃(𝜋0
𝑗
/𝜋1

𝑟1; 𝜋1
𝑟2; … ; 𝜋1

𝑟𝑘−1) = ∑ 𝑃(𝑖/𝜋1
𝑟1; 𝜋1

𝑟2; … ; 𝜋1
𝑟𝑘−1)

𝑖∈𝐺(𝜋0
𝑗

/𝜋1
𝑟1;𝜋1

𝑟2;…;𝜋1

𝑟𝑘−1)

, 

𝑃(𝑖/𝜋1
𝑟1; 𝜋1

𝑟2; … ; 𝜋1
𝑟𝑘−1) =

𝑝𝑖

∑ 𝑝𝑖
𝑖∈𝐺(𝜋1

𝑟1;𝜋1
𝑟2;…;𝜋1

𝑟𝑘−1)

=
𝑡𝑖

∑ 𝑡𝑖      𝑖∈𝐺(𝜋1
𝑟1;𝜋1

𝑟2;…;𝜋1
𝑟𝑘−1)

, 

where G(π1
r1; π1

r2; … ; π1
rk−1) – set of works in which if have mistakes the checks 

above will have positive results. 

𝐺(𝜋0
𝑗
/π1

r1; π1
r2; … ; π1

rk−1) – its subset of woks where check П𝑗 will have negative 

results. 

The method explained above is based only on information approach to the choice 

of checks. Respectively, a set of checks will be predetermined by topology of the graph 

of works of the project and a probability distribution. As a result the first check will 

carry out half splitting the praph of works on probabilities. Following will carry out 

similar splitting for a subgraph of works, not being logical predecessors of work to 

which there corresponds the first check, and. etc. As a result before the first check it can 

be already executed too large volume of works of the project. If after check it turns out 

that some work is performed irregularly, then total time of searching and elimination of 



a mistake can be larger. Proceeding from it, the modified method of the serial 

conditional choice of control points was offered. 

 

The modified method of the serial conditional choice of CP (modSCC) 

The following method of solution is offered. 

On each step of k=1, 2, …, k, …, m we choose check Πrk, to which there 

corresponds the maximum of value 𝑊𝑘
𝑗
: 

Πrk → max
j∈G(π1

r1;π1
r2;…;π1

rk−1)
𝑊𝑘

𝑗
. 

Here  

𝑊𝑘
𝑗

=
𝐻(𝜋𝑗/𝜋1

𝑟1; 𝜋1
𝑟2; … ; 𝜋1

𝑟𝑘−1  )

1 + 𝑙𝑜𝑔2(1 + 𝑇(𝜋0
𝑗
/𝜋1

𝑟1; 𝜋1
𝑟2; … ; 𝜋1

𝑟𝑘−1))
, 

where 

𝑇 (G(𝜋0
𝑗
/π1

r1; π1
r2; … ; π1

rk−1)) = ∑ 𝑡𝑖 .

𝑖∈𝐺(𝜋0
𝑗

/π1
r1;π1

r2;…;π1

rk−1)

 

In the methods of the serial conditional choice of control points in VRP explained 

above each following control point was chosen so that it gave maximum information 

believing that checks in the previous points have positive results. The unconditional 

method of the serial choice of control points was offered. According to it on each step 

that control point is chosen at which the set consisting of it and earlier chosen control 

points, gives a maximum of information on what work of the project has the mistake. 

This method is more difficult from the computing point of view, than earlier offered 

conditional methods. 

 

Method of the serial unconditional choice of CP (SUC) 

On k=1 step, 2, …, k, …, m we choose check of that work in which if to establish 

CP, check, taking into account earlier established CP, gives a maximum of information 

on the place of emergence of a mistake: 

Πrk → 𝐼(𝑁, 𝑠𝑘) =  max
𝑗∉𝑆𝑘−1

𝐼(𝑁,  𝑠к−1 ∪ 𝜋𝑗), 



where 𝐼(𝑁, 𝑠𝑘−1 ∪ 𝜋𝑗) – an amount of information about number N – work of the 

project with the mistake, which gives set of results 𝑠𝑘 = {π1
r1; π1

r2; … ; π1
rk−1; 𝜋𝑗} checks 

in control points. 

𝑆𝑘 = 𝑆𝑘−1 ∪ П𝑗 = {Π𝑟1; Π𝑟2; … , Π𝑟𝑘−1; П𝑗}. 

As a result of realization of this study it is proved that information can be 

calculated on the simplified formula: 

𝐼(𝑁, 𝑠𝑘) = − ∑ 𝑝𝑖 𝑙𝑜𝑔2 𝑝𝑖

𝑖∈𝐺𝑢(𝑠𝑘)

− ∑ ∑ 𝑝𝑖

𝑖∈𝐺𝑓𝐺𝑓∈𝐺𝑎(𝑠𝑘)

𝑙𝑜𝑔2 ∑ 𝑝𝑖

𝑖∈𝐺𝑓

, 

where 𝑝𝑖 – a probability of a mistake in work i, 𝐺𝑢(𝑠𝑘) – a subset of works of a 

project which are defined unambiguously, 𝐺а(𝑠𝑘) – a subset of works of a project which 

can’t be defined unambiguously, 𝐺𝑓 – a subset of works of a project which are 

indiscernible. 

 

Mathematical problem definition of the choice of CP in multiscenario VRP 

One of the most significant special cases of very responsible projects are 

multiscenario projects – the projects having several scenarios of possible realization.  

There is VRP. It is known that it can pass in concrete realization according to 

various scenarios. Each scenario y can put in compliance the plan displayed by the 

graph of 𝐺𝑦 (𝑦 = 1,2, … , 𝐿). Scenario y can be implemented with 𝑃𝑦 probability. For 

validation of performance of work, it is possible to establish m≪n of control points for 

realization of the intermediate checks. Duration of work with number i is equal to 

𝑡𝑖  (𝑖 =  1,2, … , 𝑛 + 1). 

It is required to define a set of control points, being guided by a minimax 

optimality criterion. 

 

Method of arrangement of CP in multiscenario VRP 

Let's define control points sequentially. Let's say that to a step of k a set of control 

points 𝑆𝑘−1  = {Πr1; Πr2; … , Πrk−1} is already determined. Let's add to it that П𝒓𝒌 



control point at which to the received 𝑆𝑘 set there corresponds the maximum of average 

mutual information: 

Πrk → max
j∉Sk−1

I[(N/Y), sk−1 ∪ πj] = max
j∉Sk−1

∑ Py

L

y=1

I[(N/y), sk−1 ∪ πj],   

where I[(N/y), sk−1 ∪ πj] – average amount of information which is contained in 

possible results {π1
r1; π1

r2; … ; π1
rk−1; πj} of set of checks {Πr1; Πr2; … , Πrk−1; Пj} about 

number of the work performed with a mistake provided that the project will be 

implemented according to scenario y. 

 

Assessment of effectiveness of the offered methods of arrangement of CP  

Assessment of effectiveness of methods of CP arrangement in VRP was carried out 

in two steps. At the first stage the expediency of complex application of all three 

methods developed in work was checked. It was for this purpose necessary to check 

lack of dominance of one of methods over two others (existence obviously of the best 

method) and lack obviously of the inferior method in comparison with two others. The 

Monte-Carlo method was applied to check. Projects with different number of works, a 

random number of logical communications between works and random distribution of 

durations of works were generated. The quantity of control points m was accepted equal 

to 10–15% of number of works n. Practice shows that in this range there is a maximum 

number of works of the project in which it is expedient to carry out the complete check.  

For each received project arrangement of control points was carried out by each of 

three offered methods: by the method of the serial conditional choice by modified 

method of the serial conditional choice and by method of the serial unconditional 

choice. The maximum restoring time of a regularity of implementation of the project at 

each of three received options of arrangement of control points was calculated. The 

method giving option of arrangement of control points to which there corresponded the 

least value of this maximum time admitted to the best in this realization of an 

experiment.  



High computing performance of the offered methods allowed to make a 

representative experiment with the projects having rather large number of works. It was 

as a result established that there are no dominating and worst methods. Each of the 

offered methods of arrangement can yield the best result for the specific project (fig. 1). 

It is expedient to apply all three methods in a complex and to choose the best 

arrangement for the real project according to the offered minimax criterion.  

At the second stage the effectiveness of a complex from three offered heuristic 

methods was estimated. As well as at the first stage, the Monte-Carlo method was 

applied. In each realization of an experiment the deviation of value of target function 

expressed as a percentage corresponding to option of arrangement of control points 

received as a result of application of a complex calculated from its minimum possible 

value corresponding to optimum arrangement of control points for this project. 

Parameters of projects were generated the same as it is described earlier. Optimum 

arrangement of control points for each generated project was by method of brute force 

of all possible options. Need of use of the brute force was imposed by a tight restriction 

for number of works in the generated projects. The maximum size of projects in an 

experiment was 40 works.  

Results allow to speak about high performance of the offered methods. So, the 

experiment with a large number of realization for projects with thirty works showed that 

the value of target function corresponding to arrangement of control  points by means of 

a complex doesn't deviate its minimum value corresponding to strictly optimum 

arrangement, more than for 65% in 90% of cases (fig. 2). Let's note that the greatest 

possible deviation from an optimum for projects with such number of works may be up 

to 1200%. Moreover, the deviation from an optimum when using a complex practically 

doesn't change with increasing of number of works in projects while with increasing of 

number of works of the project the greatest possible deviation from an optimum quickly 

increases.  

On the basis of these results author found it possible to use for arrangement of 

control points in real projects the heuristic methods offered in the thesis that is 

confirmed by adoption deeds. Now the author developed the program realizing the 



offered methods for projects, control of which is exercised with application of MS – 

Project. 

 

Fig. 1. Present of best results. 

 

Fig. 2.Percent of hits in the group of deviation from optimal. 
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 Diagnostic model of the project. 

 Mathematical model of emergence of mistakes in projects. 

 A method of arrangement of control points in projects taking into account a 

possibility of existence of mistakes in several works (general case). 

 Criterion of comparison of sets of control points in very responsible projects. 

 Methods of arrangement of control points in very responsible projects, 

including multiscenario especially responsible projects. 

 

Scientific novelty of the work 
 

During realization of a research the following new scientific results are for the first 

time received. 

1. The diagnostic model of the project (DMP) is offered. It allows to present 

compliance between results of checks and possible mistakes in works in the form of the 

table of possible mistakes (TPM) of the project for which creation it is possible to use 

the methods developed in the graph theory. Using DMP, it is possible to solve easily a 

problem of definition of a minimum full range of checks necessary for monitoring of a 

regularity of implementation of the project. It is a basis for the solution of an objective 

of definition of sets of control points in projects. 

2. The mathematical model of emergence of mistakes in works of the project based 

on data known when scheduling the project is developed. The model corresponds to 

realities of process of emergence of mistakes if: mistakes arise independently of each 

other, at implementation of the project weakening of quality control of performance of 

work even in process of an approximation of the planned terms of its termination isn't 

allowed; the corrective actions forcing them are in due time applied to unfair performers 

to keep the established requirements; there are no bases to assume that some performers 

work better than others. By means of the offered model it is possible to calculate 

probabilities not only for single errors, but also for any their combination. Also, the 

model of calculation of probabilities of mistakes for very responsible projects is offered. 

In this private, but extremely important case, it is appropriate to carry out the choice of 



option of arrangement of reference points in the assumption of existence of a mistake in 

one work of the project. 

3. The method of determination of quantity and the locations of control points 

which can be applied to the majority of standard projects is offered. In it it is considered 

as a possibility of existence of mistakes in several works, and expenses of time for 

realization of operations of monitoring. The method has no analogs in works on 

technical diagnostics.  

4. The criterion for comparison of sets of rcontrol points in VRP for a case when 

losses from a project delay non-linearly depend on restoring time of a regularity of 

implementation of the project is offered. 

5. Methods of the choice of control points in VRP are offered. Methods use the 

diagnostic model of the project (DMP) and model offered by the author for calculation 

of probabilities of mistakes in OOP. Methods aren't the regular, but their scientific base 

is the information theory of K. Shennon which application yields good results at a 

design of experiments, and checks in control points are the experiments which are 

carried out for diagnosing of the project. 

6. A method of the serial conditional choice of control points in VRP and the 

modified method of the serial conditional choice of reference points in VRP 

significantly use feature of the project as subject of the diagnosis, connected with the 

fact that checks are carried out during its realization. These methods have no analogs in 

works on technical diagnostics. The method of the serial unconditional choice of control 

points in VRP has an analog in technical diagnostics. However, it isn't simply postponed 

by the author for projects – the formula for fast calculation of amount of information, 

received at each compared set of control points is removed. The received formula 

allows to express clearly that installation of control points in the project in information 

aspect gives. Initially methods were developed by the author in the standard assumption 

that the structure of works of the project is invariable. Then results were extended to 

multiscenario projects which structure of works can change during realization. Methods 

are heuristic for this reason not one method, but a complex of methods which combined 

use with the subsequent choice of the best by the minimax criterion offered by the 



author allows to receive option, more near optimal is offered. The program complex 

realizing the offered methods for real projects is developed. Besides, this complex 

allows to carry out tests for effectiveness assessment. 

7. The experiment directed to assessment of effectiveness of each of the offered 

methods and all complex is made. Results of an experiment showed expediency of use 

of all three methods as a part of a complex and its high performance. 

 

Theoretical and practical significance 

The theoretical significance is defined by the fact that the regular approach to a 

solution of the problem of searching of mistakes in works of the project is for the first 

time offered. The developed model of emergence of mistakes in the project based on the 

assumption of the simplest stream of mistakes can be added on cases when the 

stationarity of a stream of mistakes in process of an approximation of the termination of 

the project is broken and also on a case when there is an after-action. The offered 

methods of the choice of control points can be generalized on cases when results of 

checks aren't absolutely reliable. The practical significance consists that the project 

manager is given the real tool for definition of necessary number and venues of the 

intermediate checks for the purpose of timely detection of mistakes in works of the 

project. As a result, they are already now used when scheduling projects in the IBS 

company - one of the leading IT – the companies of Russia and also Research and 

design institute of informatization, automation and communication on railway transport 

(JSC “NIIAS”) which is head research institute JSC RZD. Results of the thesis were 

included into the working program of discipline "Project portfolio management as the 

instrument of realization of corporate strategy" of the master Business informatics 

program of faculty of business and management of National Research University 

Higher School of Economics. Introduction is officially confirmed the relevant acts in 

which it is told also about the reached upgrading of scheduling and implementation of 

projects. 
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