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Abstract. The article presents an approach that provides a comprehensive 
analysis of the cost-effectiveness of the implementation of transport and 
technological cycles in the swarm use of agricultural UAVs. A generalized 
“effect-cost” assessment is presented for ensuring the transport process 
within the framework of acceptable implementations of the transport-
technological cycle. It is shown that for swarm applications of UAVs in 
precision agriculture, cost-benefit analysis is also directly related to the 
microprocessor performance of the UAV swarm. The cost-effectiveness 
model proposed in the work is based on a previously obtained solution to the 
problem of optimal performance of a UAV swarm used for spraying crops. 
The results of improving the cost function are presented using a model 
example that illustrates the proposed approach. It is noted that the presented 
problem statement helps developers clearly identify alternatives and 
formulate additional questions that need to be answered to make a decision. 

1 Introduction 
In the practice of using UAVs in precision agriculture, there are various approaches to 
assessing the effectiveness of the implementation of transport and technological cycles (TTC) 
of UAVs. It is noted in [1] that for UAVs, target efficiency is a system characteristic 
determined by the framework of the functional operations of the TTC. An analysis of works 
[2-5] shows that a direct description of the entire set of UAV actions within the framework 
of complex TTC operations is difficult due to their diversity and the large number of system 
elements performing these actions. For agricultural UAVs, when analyzing the TTC, it is 
possible to identify typical operations, for each of which it is possible to develop both 
universal and standard mathematical models. In particular, works [6-9] propose a GERT-
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network modeling of the UAV TTC, on the basis of which an analysis of the costs and time 
characteristics of the implementation of the UAV TTC is carried out. 

Considering the assessment of the target efficiency of the UAV TTC, we will introduce 
an assessment of the efficiency of one UAV operating under the conditions of a typical TTC, 
which we denote by E1. If one UAV is not effective enough to carry out a flight mission for 
precise processing of agricultural objects, then a swarm of several UAVs interacting with 
each other is necessary. We will assume that all UAVs participating in the swarm and 
performing TTC operations operate under the same conditions and have the same efficiency 
indicator values. In this case, standard TTC operations and corresponding standard models 
can be introduced. The use of GERT network models that describe the probabilistic-time 
characteristics of the TTC allows us to reduce the high degree of uncertainty in the parameters 
of the UAV and the external environment to the uncertainty of these models. The TTC 
specification methodology outlined in [10] makes it possible to take into account the 
experience of specialists when forming models, implement a cost-benefit analysis and 
consider the problem for several possible implementations of the TTC (allowable within the 
framework of GERT-like nodal logic) when deciding on the implementation of flight 
missions by a swarm of UAVs.  

2 Materials and methods 
The transport and technological cycle, from the point of view of the intended purpose of an 
agricultural UAV, consists of transporting a given target cargo. This cargo for spraying 
UAVs is a solution of pesticides or fertilizers intended for spot application on the cultivated 
fields. Consequently, the efficiency of the TTC can be considered as a generalized 
characteristic of the target quality for the delivery of the target cargo to the required point in 
space. It should be noted that the task of delivering a target cargo using a UAV to the desired 
area of space and performing the assigned task can be assessed by the total integral indicator 
of target efficiency Ecom. An integral part of this indicator is the probability of effective 
operation of the UAV denoted as E1. The value of the indicator can be estimated using the 
following equation: 

 Ecom = E1 TR,                                                          (1)  
where TR is an indicator of the UAV’s transport excellence. As noted in [11], the indicators 
for assessing the transport excellence of UAVs can be based on various physical quantities, 
for example, work, energy, productivity, operating time or other characteristics of operations 
for transporting fertilizers or pesticides.  

Note that it is necessary to link these characteristics with the main design parameters of 
the UAV. In [1], transport excellence is proposed to be assessed from the perspective of 
“effect – costs”, where the effect is a characteristic (result) of the TTC, that is, the process of 
transporting the target cargo with a mass of Mz, and costs are the resource required to 
implement the transport function of the TTC. This resource is estimated by a value 
proportional to the total energy required to transport the target cargo: 

TR= MzW2D,                                                          (2)  
where W and D are the average speed and flight range of the UAV, respectively.  

For a generalized “effect – cost” assessment, it is also proposed to add a component that 
takes into account the material resource that ensures the transport process within the 
framework of the acceptable implementation of the TTC. Such a resource is the mass of 
UAVs – Muav. Thus, a generalized indicator reflecting target efficiency, transport excellence 
and resource costs within the acceptable implementation of the TTC can be presented in the 
following form: 

Ecom = ��
����𝑊𝑊�D                                                      (3) 
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Considering cost-effectiveness, the authors in [1] note that the quantitative assessment of 
technical excellence is based on the technical level of the product. The technical level, as 
noted above, is a relative characteristic based on a comparison of the values of indicators 
characterizing the technical perfection of a product with the corresponding values of the base 
sample or prototype. In general, the technical perfection of a spraying UAV can be achieved 
both by simply increasing the mass (volume of spray solutions) and by increasing 
productivity, including such a component as the microprocessor performance of the UAV 
[12]. 

For UAV swarm applications in precision agriculture, cost-benefit analysis is also directly 
related to the microprocessor performance of the UAV swarm [13]. The previously 
performed analysis of optimal performance makes it possible to implement acceptable TTCs 
for given values of system parameters. Taking into account the dependence of parameters 
and their sensitivity to changes in their values allows us to obtain several acceptable 
implementations of TTC, differing both in implementation efficiency and in time and 
resource costs [14, 15]. 

3 Results 

3.1 Cost effectiveness model  

So, based on the generalized “effect-cost” assessment (3), we can take into account the 
material resources that ensure the implementation of the UAV TTC, but the question remains 
open regarding the assessment of the cost effectiveness of providing the required 
microprocessor performance of a UAV swarm. The proposed cost-effectiveness model is 
based on a previously obtained solution to the problem of optimal performance of a swarm 
of UAVs used for crop spraying [16]. 

The problem of finding the optimal microprocessor performance of a UAV swarm is 
formulated as follows. For the existing values of system parameters S, P, M and T, determine 
the number of processors N required to obtain maximum performance P(N, S, P, M, T). Here: 
S — microprocessor speed, thousand operations/s; 
P — internal processor overhead, thousand operations/s; 
М – interprocessor overhead ratio, thousand operations/s; 
Т – number of operations to process one message, thousand operations per message. 

If the number of UAVs in a swarm were unlimited and the only goal was to maximize 
productivity, then the above formulation would be ideal. However, in most cases, UAVs for 
precision farming systems are purchased in conditions of limited financial resources, and 
these funds are required to satisfy other goals related to the organization of UAV transport 
and technological cycles, including both the onboard and ground segments. Therefore, it is 
preferable to have a model that relates indicators such as productivity to costs in dollars or in 
units of some other limited resource. This model is called a cost-effectiveness model. 

We will illustrate the approach using the following model example. At the same time, we 
note that it is quite simple to transform the productivity model into a cost-effectiveness 
model. For the productivity formula considered in [13], this can be done by replacing N with 
the cost function N (C) - the number of UAVs that can be purchased by spending C dollars: 

P(С)=N(С)[S –Р – М(N(С) – 1)]/Т.                (4) 
In the model example, we assume that since 25 UAVs will be manufactured and each 

costs $400, we find that adding one UAV to the basic swarm structure will cost $10 thousand 
($25∙400 = $10,000). Therefore, when measuring C in thousands of dollars, we obtain N (C) 
= C/10 and then 

P(С) = С/10[S – Р – М(С/10 – 1)]/Т.             (5) 
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Thus, the cost-effectiveness curve corresponding to (5) can be obtained by simply 
changing the scale along the x-axis for the optimal performance model, as shown in Figure 
1. 

 
Fig. 1. Cost-benefit curve at $10,000 per item. 

Using the concept of cost-effectiveness, one can more easily assess whether the option 
(N = 5 or N = 6) that maximizes system performance is the best way to allocate limited 
resources. Of course, option N = 5 is better than N = 6, but is it better than N = 4? After all, 
it may not be justified to spend $10,000 to move to a larger UAV swarm structure with a 
slight increase in microprocessor performance (or message processing when controlling the 
UAV). 

3.2 Cost function improvement results  

Sometimes the choice of an appropriate option is simplified with an improvement in the cost 
function N (C). For example, suppose it is possible to negotiate with UAV suppliers regarding 
the following (very simplified) price list with a “quantity discount” (providing for a reduction 
in price when purchasing a large batch of products): 

 the price of each product from the first 25 is $400; 
 the price of each product over 25 is $240. 

For this case, the cost-effectiveness curve is shown in Figure 2, from which it can be seen 
that with a discount on the number of products, purchasing more UAVs for a precision 
farming system becomes more attractive. 

 

 

 

 
Fig. 2. Dependence of costs when purchasing products at a discount. 
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4 Discussion 
So, the cost-effectiveness model consists of a sequence of formulas that determine the 
assessment of efficiency depending on the cost of money or some other limited resources. 

Cost-effectiveness models typically consist of two parts: 
1) cost model C = C(F), which determines the cost of purchasing certain funds F; 
2) productivity model P = P(F), which determines productivity when using means F. 

This division is made mainly for convenience. It is usually more convenient to consider 
costs and performance depending on some intermediate data (such as the microprocessor 
performance of the UAV, the number of UAVs in the swarm, etc.) than to exclude such a 
relationship. In addition, if we consider the model of UAV transport and technological cycles 
as a whole as a GERT-network model with many admissible implementations, then the 
specified method of dividing it is fully consistent with the modeling principle, since the 
functions of connecting costs and productivity with means (some resources) most likely will 
change independently of each other. At the TTC specification stage, work [10] provides 
several examples of such tools for which typical price lists can be found in the extensive 
literature (price list for UAV technical support, typical prices per minute of UAV operating 
time within the TTC, etc.). 

You can also get additional information about the price structure for ground-segment 
computing equipment and services for servicing software and hardware systems. 

At the same time, concluding a favorable price agreement does not completely solve the 
problem of determining the appropriate number of UAVs to be purchased for swarm use in 
agriculture. However, the cost-effectiveness model makes it possible to clarify this problem, 
since the cost-effectiveness formula P(C) shows what productivity can be obtained at a given 
cost and how to determine this desired performance. 

5 Conclusion 
Thus, the presented problem statement helps developers clearly identify alternatives and 
formulate additional questions that need to be answered to make a decision [17]. Let's assume 
that we can find some alternative way to use resources to increase microprocessor 
performance (direct these resources to simplify the communication system and on-board 
control equipment and reduce interprocessor overhead). The answer to the question of how 
to choose the best alternative relates to the area of cost-benefit comparison. 

There is often a need to determine the importance of message processing speed in swarm 
applications of UAVs. It is known that, as a rule, specialized computers based on digital 
signal processors or PC/104, MicroPC computers running real-time operating systems (QNX, 
VME, VxWorks, XOberon) are used as on-board control equipment for UAVs [18]. In this 
case, the task is to harmonize various cost estimates and their importance within the 
framework of a single decision-making criterion for choosing the right alternative, which 
affects the determination of the number of purchased UAVs. Getting an answer to this 
question falls into the realm of multi-objective decision making. 

It is also possible that there is not enough information regarding certain system parameters 
to make a satisfactory decision. There is a need to answer the question of what funds should 
be spent on obtaining additional information and conducting analysis in order to reduce the 
likelihood of choosing the wrong decision? Getting an answer to this question belongs to the 
field of risk analysis and statistical decision theory. 

 
 

5

E3S Web of Conferences 471, 04017 (2024)	 https://doi.org/10.1051/e3sconf/202447104017
TITDS-XIV-2023



References 
1. V.Ya. Petrash, I.K. Turkin, Proceedings of MAI 49, 22 (2011) 
2. S.K. Gopalakrishnan, S. Al-Rubaye, G. Inalhan, Adaptive UAV swarm mission planning 

by temporal difference learning, In: Proceedings of the 2021 AIAA/IEEE 40th Digital 
Avionics Systems Conference (DASC), 3-7 October 2021, San Antonio, America 
(2021). https://doi.org/10.1109/DASC52595.2021.9594300 

3. M.F.F. Rahman, S. Fan, Y. Zhang, L. Chen, Agric. 11(1), 1-26 (2021). 
https://doi.org/10.3390/agriculture11010022 

4. Igor Kovalev, et al., E3S Web of Conferences 390, 03014 (2023). https://doi.org/10.10
51/e3sconf/202339003014 

5. P. Radoglou-Grammatikis, P. Sarigiannidis, T. Lagkas, I. Moscholios, Comput. 
Networks 172(2), 107148 (2020). https://doi.org/10.1016/j.comnet.2020.107148 

6. I.V. Kovalev et al., IOP Conf. Ser.: Earth Environ. Sci. 1076, 012055 (2022) 
7. D.I. Kovalev, V.A. Podoplelova, T.P. Mansurova, Informatics. Economics. 

Management 1(1), 0110-20 (2022). https://doi.org/10.47813/2782-5280-2022-1-1-
0110-0120 

8. P.V. Zelenkov et al., IOP Conf. Ser.: Earth and Environmental Science 315, 072019 
(2019). https://doi.org/10.1088/1755-1315/315/7/072019 

9. E.V. Tuev, V. Kozlova, O. Olshevskaya, Modern Innovations, Systems and 
Technologies 1(2), 34-45 (2021). https://doi.org/10.47813/2782-2818-2021-1-2-34-45 

10. I.V. Kovalev et al., Control systems and information technology 2(92), 80-85 (2023) 
11. I.S. Golubev, S.B. Levochkin, The boundaries of quality and competitiveness of aircraft 

(Moscow, MAI Publishing House, 2008) 
12. F. Ahmed, M. Jenihhin, Sensors 22, 6286 (2022). https://doi.org/10.3390/s22166286 
13. V.A. Podoplelova, Tools for supporting calculations of the microprocessor performance 

of a swarm of UAVs, In Proceedings of the V International Scientific Conference “MIP-
V-2023: Modernization, Innovation, Progress” Krasnoyarsk, Russia, September 13-15, 
9, 102-110 (2023). https://www.doi.org/10.47813/mip.5.2023.9.102-110   

14. I.V. Kovalev et al., IOP Conference Series: Earth and Environmental Science 1231(1), 
012057 (2023) 

15. M.F. Aslan et al., Appl. Sci. 12, 1047 (2022) 
16. V.V. Losev et al., IOP Conference Series: Earth and Environmental Science 1231(1), 

012063 (2023) 
17.  Software engineering: Barry Boehm's lifetime contributions to software development, 

management and research. Ed. by Richard Selby. Wiley/IEEE press (2007) 
18. O. Golovnin, An Embedded Equipment Concept for UAV Mission Control, In 

Proceedings of the 2020 International Multi-Conference on Industrial Engineering and 
Modern Technologies (FarEastCon), Vladivostok, Russia, 6–9 October 2020; pp. 1-5 
(2020) 

6

 E3S Web of Conferences 471, 04017 (2024)	 https://doi.org/10.1051/e3sconf/202447104017
TITDS-XIV-2023


