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Abstract. The problem of evaluating the prices (cost) of individual projects of a megaproject or 

program is considered. The megaproject manager evaluates the cost of each project based on its 

planned cost reported by the project executors under the budget constraint on the total cost of 

the program. The executor of each project is a monopolist in the relevant area and cannot be 

replaced by another executor. In the deterministic case, the executors know the exact actual cost 

of their project; the manipulability of the mechanism for forming the cost of projects is investi-

gated. In the stochastic case, the executors do not know the actual cost of their projects; when 

evaluating the planned cost, they estimate a probable value of the actual cost. For this estimate, 

the distribution function of the project’s actual cost is used. The paper proposes a pricing mech-

anism for cost reduction under the budget constraint on the total cost of the program and a given 

probability distribution of the project’s actual cost. 
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INTRODUCTION  

Expectations that a market economy would maxim-

ize production efficiency did not realize. In such an 

economy, competition is a prerequisite for increasing 

efficiency, and no competition occurs in the presence 

of monopolists. 

According to the monograph [1], the mechanism of 

cost reduction is a mechanism that encourages every 

employee to increase production efficiency and manu-

facture better quality products at lower costs and lower 

prices. The main results on control mechanisms of cost 

reduction were obtained for deterministic models [1–

4]. Determinism was primarily understood as the ab-

sence of random disturbances. Note that cost-reducing 

control mechanisms were developed within the theory 

of active systems [5] to fight monopoly effects such as 

eliminating or preventing competition [6]. (Note that 

they are also called counter-expensive mechanisms.) 

At the same time, most studies of Russian researchers 

were aimed at cost-reducing measures without consid-

ering the monopoly effect [7–12]. The main focus in 

Western literature was on applying antitrust laws [13–

16], including the ones to split monopolies. In addition 

to these papers, cost reduction and management were 

widely studied [17–19]. 

Russian researchers associate the solution of sto-

chastic problems in the theory of active systems pri-

marily with the analysis of incentive mechanisms; for 

details, see [20–22]. Similar problems in Western liter-

ature are considered within contract theory [23–28] 

and risk analysis [29, 30]. This paper deals with the 

following case: the project manager does not know the 

project cost price in advance, but he knows the cost 

price distribution. 

1.  PROBLEM STATEMENT  

Consider a two-level system composed of a Princi-

pal (the upper level allocating budget funds for pro-

gram execution) and agents (the lower level represent-

ed by program executors). The program consists of n 

projects executed by n organizations (agents), each 

being a monopolist in the corresponding area. Each 

agent knows the project’s cost and limit prices. The 

Principal has budget funds in an amount R, restricting 

the entire program’s cost, and knows the limit price 

(cost) of each project. Let ci and li denote the cost and 

http://doi.org/10.25728/cs.2021.3.5
mailto:vlab17@bk.ru
mailto:av_shch@mail.ru


 

 
 

 

 
 

38 CONTROL SCIENCES   No. 3 ● 2021 

CONTROL IN SOCIAL AND ECONOMIC SYSTEMS 

limit prices of project i, respectively, i = 1,…, n. The 

problem is to determine the cost of each project. 

Consider a game-theoretic statement of this prob-

lem. 

1. Each agent reports an estimate of the project’s 

cost (his strategy). 

2. The Principal determines the cost (prices) of all 

projects based on the information received. 

3. The agents and the Principal determine their 

payoffs. The agent’s payoff is the expected profit. The 

Principal’s payoff function can be different, but this is 

not important: this aims to analyze the agents’ strate-

gies. 

In the sequel, we will suppose that C < R, where

1

n

i

i

C c


 . The cost Ci of project i , i = 1,…, n, will be 

determined using a pricing mechanism for cost reduc-

tion [1–4]:  

Ci = si + k(li – si), i = 1,…, n, 

where si denotes the cost price estimate reported by 

agent i. A natural assumption is si < li: the Principal 

will not consider the cost price estimates higher or 

equal to the limit price. Another natural assumption 

has the form 
1

n

i

i

l L R


  .  

The value k is obtained from the condition 

 
1

C
n

i

i

R S k L S


    ,                  (1) 

where 
1

n

i

i

S s


 .  

From condition (1) we find  

R S
k

L S





.                                 (2) 

Hence, k < 0 if S > R: the project’s price estab-

lished by the Principal is smaller than the cost price 

estimate reported by the agent. In the case S < R, we 

have 1 > k > 0: the project’s price exceeds its cost 

price estimate.  

The agent’s profit is given by  

 Сi i i i i i iP c s k l s c      , i = 1,…, n.     (3) 

We write the expression (3) as 

 i i i i iP k l s s c    , i = 1,…, n.             (4) 

Let 
   pl

i i iP k l s   be the agent’s planned profit, 

and 
 sp

i i iP s c   be the super-planned profit. Natural-

ly, the matter concerns the super-planned profit if si > 

ci. In this paper, the profit of agent i is calculated as  

       pl sp

 1, , ,

,i i i i i i iP P qP k l s

i

q s c

n

    






      (5) 

where q  1. If q(0, 1], then the Principal allocates a 

share of the super-planned profit to the agent, and q is 

a normative value of the agent’s super-planned profit. 

Finally, if q  0, then q specifies a penalty coefficient 

for any project’s cost price distortions.   

In the case si < ci, the agent’s profit will be written 

in the form (4). Clearly, for si = ci, the expression (4) 

coincides with (5).  

2. STUDY OF MANIPULABILITY  

Let the agents act under the hypothesis of weak 

contagion [5]. In this case, agent i neglects the effect of 

his estimate si on the value k. The agents will not bene-

fit by overestimating the cost prices of their projects 

under the condition 

0i

i

P
k q

s


   


, i = 1,…, n.                (6) 

Inequality (6) will hold if q < k. Condition (6) be-

ing valid, each agent benefits by reporting the true es-

timate of the cost price ci, i = 1,…, n, and the value k is 

given by 

R C
k

L C





. 

Hence, we arrive in the following conclusion: even 

if 0 < q < k and the Principal allocates part of the su-

per-planned profit to the agents, they will benefit not 

by overestimating the cost prices of their projects (to 

gain the super-planned profit) but by truth-telling (re-

porting the true estimates of the cost price). 

However, a problem arises because the Principal 

announces the value q before the agents report their 

estimates of cost prices (before he calculates the value 

k). 

To study manipulability, we write formula (5) as 

 i i i iP kl qc k q s    , i = 1,…, n.           (7) 

Recall that C < R.  

Case S < R. Here, formula (2) implies 0 < k < 1. 

Due to the expression (7), for q < k, the profit of agent 

i decreases with the growth of his cost price estimate. 

Therefore, the agent’s optimal strategy has the form 
*
i is c , i = 1,…, n. For q = k, the agent’s strategy 

* ,i is c  i = 1,…, n, is also optimal. Really––see (7) ––

if the agent is benevolent to the Principal (i.e., the hy-

pothesis of benevolence holds [31]), he implements an 

action beneficial for the Principal.   

Thus, for receiving reliable information about the 

projects’ cost prices from the agents in the case S < R, 

the Principal should establish q = k, where   1.  
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Case S > R. Here, formula (2) implies k < 0. Due 

to the expression (7), for k – q > 0, the profit of agent i 

becomes negative (a loss occurs). For reducing this 

loss, the agent benefits by underestimating the cost 

price. Therefore, the agent’s optimal strategy has the 

form
 

*
i is c , i = 1,…, n. Note that q < k corresponds to 

q < 0: the agent is penalized for distorting the true in-

formation. For q = k, the agent’s strategy *
i is c , i = 

1,…, n, is also optimal. This fact follows from the con-

siderations in the case S < R.  

Thus, if q = k, where   1, the mechanism will be 

cost-reducing in both cases.   

Case S = R. Here, k = 0, and the profit of agent i is 

given by  

 i i iP q s c  , i = 1,…, n. 

According to this expression, for q < 0, the agent 

benefits by underestimating the cost price. Therefore, 

the agent’s optimal strategy has the form 
*

i is c , i = 

1,…, n. For q > 0, the agents should be interested in 

overestimating the cost prices. However, they cannot 

realize this scenario: any increase in the cost price es-

timate will immediately cause transition from S = R to 

S > R, where the constraint q  k should be satisfied.   

Note that the mechanism remains cost-reducing for 

one agent. Indeed, for one agent,  

 1 1

1 1

R s
k

l s





                               (8) 

and  1 1 11P R qc q s    . Since q  (0, 1], the opti-

mal strategy has the form *
1 1s c .                                                         

3. STOCHASTIC CASE  

Suppose that when planning the project’s cost, each 

agent cannot accurately determine its cost price but 

knows the cost price distribution function F(xi), F(li) = 

1, and the density function f(xi) = F(xi). As mentioned 

above, si  li. In the sequel, all cost price estimates re-

ported by the agents to the Principal satisfy the condi-

tions  ,i i is d l , i = 1,…, n, and  ,i i ic d l , i = 1,…, 

n. Therefore, the Principal and agents know that the 

project’s cost cannot be smaller than di, i = 1,…, n. 

Recall that in the deterministic case, the mechanism is 

cost-reducing if the agent’s optimal strategy is report-

ing the true cost price *
i is c , i = 1,…, n. In the sto-

chastic case, in contrast, the mechanism is cost-

reducing if the agent’s optimal strategy is reporting a 

planned cost price less than the limit price.  

First, consider the problem with one agent (n = 1).  

Since the value k
(1)

 is given by (8), the agent’s prof-

it can be written as  

 
 1 1 1 1

1 1 1

1 1 1 1

  for ,

       for .

q s x x s
P s R s

s x x s

  
   

 
  

We calculate the expected profit: 

     

   

1

1

1

1

1 1 1 1 1 1 1

1 1 1 1.

s

d

l

s

M P s R s q s x f x dx

s x f x dx

       

 





     (9) 

From the expression (9) it follows that 

 
   

1 1

1

1

1
dM P s

q F s
ds

  
   . 

Hence, 
 1 1

1

0
dM P s

ds

  
 . In this case, the expected 

profit achieves maximum at s1 = d1, which corresponds 

to the that that the mechanism is cost-reducing:  

   
1

1

1 1 1 1 1

l

d

M P d R x f x dx      . 

For example, let the random value xi, i = 1, obey 

the uniform distribution on the interval [di, li]. Then the 

density function f(xi) has the form 

 
1

i

i i

f x
l d




.                         (10) 

The expected profit achieves the maximum value  

  1 1
1 1

2

l d
M P d R


     . 

Consider the case of n agents. In view of the ex-

pressions (4) and (5), the profit of agent i can be writ-

ten as 

 
    for ,

        for ,

i i i i

i i i

i i i i

q s x x s
P k L s

s x x s

  
   

 

 i = 1,…, n. 

We calculate the expected profit:  

     

     

1

.

i i

i i

i i i i

l l

i i i i i i i i

s d

M P k l s s q

s F s x f x dx q x f x dx

     

 
   
 
 

 
 

First, assume that the hypothesis of weak contagion 

[5] holds: the agent’s estimate si has negligible effect 

on the value k, i.e., 0
i

k

s





. Then 

 
     1 1

i

i

i

M P
k q F s

s


   


, i = 1,…, n.    (11) 

The inequality 
 

0
i

i

M P

s





 holds if 

   1 1k q   , or equivalently, 
1

R qL
S

q





. The lat-

ter inequality is valid under 
1

R qL
D

q





, yielding
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1
L R

q
L D


 


.                             (12) 

If the value q satisfies (12), the expected profit will 

tend to the maximum value as si  li, i = 1,…, n. In 

other words, the mechanism is not cost-reducing.   

Now consider the case 1
L R

q
L D


 


. To find the 

agents’ estimates si, i = 1,…, n, maximizing the ex-

pected profit, we solve the system of equations  

     1 1 0ik q F s    , i = 1,…, n. 

If the random value xi, i = 1,…, n, obeys the uni-

form distribution on the interval [di, li], then this sys-

tem (see formula (10)) can be written as  

1

1

i i

i i

s d k

l d q

 


 
, i = 1,…, n.                (13) 

The solution of (13) is given by  

 1
1

2 2

i i i i
i

l d l d
s V

 
   , i = 1,…, n, 

and 

 2
1

2 2

i i i i
i

l d l d
s V

 
   , i = 1,…, n, 

where 
4

1

L R
V

q L D




 
 and 

1

n

i

i

D d


 .  

Hence, the system (13) is solvable if 

1 4
L R

q
L D


 


.                             (14) 

As noted, for q(0, 1], the Principal allocates part 

of the super-planned profit to the agent. From inequali-

ty (14) it follows that part of the super-planned profit 

is at the agent’s disposal if q > 0, or  
1

3
4

R L D  .  

Since  

 
   

2

2
1

i

i

i

M P
q f s

s


  


, i = 1,…, n, 

the expected profit has two local maxima at the points 

  1

is  and   2

is , i = 1,…, n.  

The expected profit takes the following values: 

– at the point    1

is , the value  

  1

2

1 1 1
1  1, , ;,

2 2 2

i i
i i

l d
s

q
V i n

q
V

M P  
 

 




    
   


 

 

  (15) 

– at the point   2

is , the value  

  2

2

1 1 1
1

2 2 2
,  1, , .   

i i
i i

l d
M P s

q q
V i nV

   
 

    
     

  
 

 (16) 

Comparing the expressions (15) and (16), we ob-

serve the following: the agents gain the maximum ex-

pected profit at the point   2

is . In other words, the 

mechanism is cost-reducing. 

The paper [5] introduced the concept of a reliable 

estimate of the element’s plan when studying the inter-

action between the Principal and one stochastic ele-

ment. By analogy with reliability, let us define the 

probability that the project’s random cost price esti-

mate {si} will take a value not exceeding   2

is . Due 

to the distribution function formula, the probability 

  2

i ip s s  is given by 

  2 1 1

2
i i

V
p s s

 
  . 

This probability (the reliability of the estimate {si}) 

will be not smaller than u under the condition 

1 1

2

V
u

 
 . 

Hence, the maximum value of u never exceeds 0.5. 

This reliability can be ensured by an appropriate 

choice of q. Indeed, it suffices to choose q so that ine-

quality (14) turns into equality. Note that the choice of 

q determines the value   2

is . For 1 4
L R

q
L D


 


, we 

obtain 
 2

2

i i
i

l d
s


 , and moreover, 

1

2 2

i i
i

l d
p s

 
  

 
.  

Next, consider the case 0
i

k

s





. Here, formula 

(11) can be written as  

 
     1 1 1 ,

 1, , .

i i i
i

i

M P l s
k q F s

s L S

i n

  
     

 

 

   (17) 

Assuming that  
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for sufficiently great n, we arrive at  

    
   

1 1
1

i

i

i

M P n k
q F s

s n

  
  


, i = 1,…, n. 

Clearly, the inequality 
 

0
i

i

M P

s





 will hold if 

  
 

1 1
1

n k
q

n

 
  , or equivalently, 

   

 

1 1

1

n nqR L
S

n q

 



. The latter inequality is the 

case under 
   

 

1 1

1

n nqR L
D

n q

 



, yielding  

1
1q

n

n L R

L D


 




.                          (18) 

Well, if the value q satisfies (18), the expected 

profit will tend to the maximum as si  li, i = 1,…, n. 

In other words, the mechanism is not cost-reducing.           

Now consider the case 
1

1
n L R

q
n L D

 
 


. To find 

the agents’ estimates si, i = 1,…, n, maximizing the 

expected profit, we solve the system of equations 

  
   

1 1
1 0i

n k
q F s

n

 
   , i = 1,…, n. 

If the random value xi, i = 1,…, n, obeys the uni-

form distribution on the interval [di, li], then its density 

function has the form (10). Therefore, this equation 

can be written as  

 
1

1

i i

i i

s d n L R

l d n q L S

  


  
, i = 1,…, n.         (19) 

The solution of (19) is given by  

 1 1
ˆ 1

2 2

i i i i
i

l d l d n
s V

n

  
   , i = 1,…, n, 

and 

 2 1
ˆ 1

2 2

i i i i
i

l d l d n
s V

n

  
   , i = 1,…, n. 

Hence, the system (19) is solvable if  

1
1 4

n L R
q

n L D

 
 


.                        (20) 

Recall that the Principal allocates part of the super-

planned profit when q > 0. From inequality (20) it fol-

lows that part of the super-planned profit is at the 

agent’s disposal if 
 

 

3 4

4 1

n L nD
R

n

 



.  

Since 

 
   

2

2

1
1

i

i

ii

M P n k
q f s

n ss

  
   


, 

we have 
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1

1
1 1 1 0.

1

i i

i

i ii s s

i i

M P q

l ds

l dn n
V

n L D V n



 
 



   
            

 

Consequently, the expected profit achieves maxi-

mum at the point   1

îs , i = 1,…, n. This maximum is 

equal to   

 
2

1 1 1 1
1 ,

2 2

,

2

1, .

i i
i

l d

q q n n
V

M

i

V
n

n

n

P




     
      
 



 







     (21) 

In other words, the mechanism is cost-reducing.  

For the case under consideration, we also define 

the probability that the project’s random cost price es-

timate {si} will take a value not exceeding 
  1

is . As is 

easily shown, in this case, the maximum value of u 

will not exceed 0.5. To achieve this value, it suffices to 

choose q so that inequality (20) turns into equality. 

Due to (15), (16), and (21), the maximum expected 

profits of agents diverge from each other only under 

unequal differences between the limit price li and the 

minimum cost estimate di. 

Let the cost prices of agents’ projects vary insignif-

icantly; in this case, assume that the difference be-

tween the limit price li and the minimum cost estimate 

di is the same for all agents: li – di = w, i = 1,…, n. Un-

der the uniform distribution of the random value xi, i = 

1,…, n, on the interval [di, li], the derivative (17) can 

be written as  

 
   1 1 1

i i i i i

i

M P l s s d
k q

s L S w

   
     

  
, 

i = 1,…, n. 

To find the agents’ estimates si, i = 1,…, n, maxim-

izing the expected profit, we solve the system of equa-

tions  
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   1 1 1 0i i i il s s d
k q

L S w

  
     

 
, i = 1,…, n. (22) 

The solution of (22) is given by  

 1 1
1 1

2
i i

w n
s l V

n

 
     

 

, i = 1,…, n, 

and 

 2 1
1 1

2
i i

w n
s l V

n

 
     

 

, i = 1,…, n.   (23) 

Clearly, the system (22) is solvable under inequali-
ty (20). For the case li – di = w, i = 1,…, n , inequality 

(20) reduces to 
4

1
1

L R
q

n w


 


. 

Due to 

   
   

2

2

1
2 1 1 ,

1, , ,

i i i
i

i

i

M P kl s
q f s

L S

n

L Ss

  



    
  



  (24) 

and formulas (2), (10), and (23), the expression (24) 

can be written as  

 

   2

22

2

1 1 1 1
2 1 1 ,

1 2
i i

i

i s s

M P q n
V

w n V ns


    
          

 i = 1,…, n. 

Obviously, 
 

 2

2

2
0

i i

i

i s s

M P

s






, and the expected 

profit achieves maximum at the point
 2

is . Therefore, 

the mechanism is cost-reducing.  
The expected profit takes the value  

  

 

2
ˆ

1 1
1 1 1 ,

1

4 2

, , .

i iM P s

w n n
q q V V

n

i

n

n

  
 

   
     



   
 



 
    (25) 

Hence, if the difference between the limit price li 

and the minimum cost estimate di is the same for all 
agents, the maximum expected profits of agents do not 

diverge from each other.  
The expression (16) with li – di = w, i = 1,…, n, can 

be written as  

    2
1 1 1

4 2
i i

w V
M P s q q V

               
. (26) 

Comparing formulas (25) and (26), we establish 

that  

     2 2

i i i iM P s M P s   
   

. 

Thus, under the hypothesis of weak contagion, the 

expected profit is smaller compared to the case when 

the agents disregard it.  

CONCLUSIONS  

The problem of determining the prices of individu-

al projects within a single program has been consid-

ered in the deterministic and stochastic statements. In 

the deterministic case, the cost reduction property of 

the pricing mechanism is ensured by choosing the su-

per-planned profit q allocated to the agent (q  k). As 

for the stochastic case, the cost reduction conditions, 

for known reasons, can no longer ensure the coinci-

dence of the planned cost of the project with the actual 

cost but encourage agents to report the planned cost 

prices below the limit prices. An appropriate choice of 

q yields the cost price estimates below the limit prices 

and, moreover, the conditions to calculate the expected 

profits. In addition, note that the parameters of the 

pricing mechanisms for projects with budget con-

straints can be expressed analytically under the hy-

pothesis of weak contagion (when the actions of one 

agent negligibly affect the performance of the entire 

system). Weak contagion holds under very many 

agents. At the same time, with an increase in the num-

ber of projects (agents), the agents can obtain part of 

the super-planned profit under more stringent con-

straints on the value q. 
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