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Abstract—This article examines the conceptual framework for measuring the efficiency of unmanned
systems, focusing on a task-oriented and problem-solving approach to evaluating the performance of
cargo unmanned aerial vehicles. The efficiency of cargo unmanned aerial vehicles pertains to their
ability to complete missions on time and cost-effectively, while maximizing utilization, minimizing
resource loss, and maintaining an acceptable level of flight safety. It is important to highlight that the
efficiency of cargo unmanned aerial vehicles is multifaceted, encompassing technical, operational,
economic, environmental, and regulatory dimensions. Progress in each of these areas contributes to the
successful deployment and optimization of cargo drones across various applications, from last-mile
deliveries to supply chain operations in remote regions. The article presents two methodologies for
assessing the efficiency of cargo drones.

Index Terms—Efficiency; cargo unmanned aerial vehicle; unmanned aerial system; integral efficiency;
vectors of controlled and uncontrolled variables; reflexive unmanned aerial vehicle life; models with
explicit and implicit relationships of system parameters.
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The efficiency of cargo drones is the ability of these
Unmanned Aerial System (UAS) to perform their tasks
cost-effectively and on time, while maximizing their use
and minimizing resource losses at an acceptable level of
flight safety. The conceptual aspect of measuring the
effectiveness of such systems includes, first, the
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II. PROBLEM STATEMENT Fig. 1. Key components of efficiency
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The task of measuring efficiency mathematically
in terms of functional analysis [1] can be formulated
in general as follows. Then, in accordance with the
parameters of Figs 1 and 2, an unmanned aerial
system is characterized by a g,-dimensional vector

k':{k{,k;,...,k;]} of controlled variables and a

g,- dimensional vector x":{x;’,x;’,...,xgz} of

uncontrollable  variables, and its quality or
components of the types of effects that determine the
effectiveness of UAS — by a g-dimensional vector
function:

FVA={F (MY, iel), I,=lg.

The system efficiency is represented as a vector
functional:

E ={¢;jel}, I =g, (1)
where €, is the indicator of the jth effect. Moreover:
g, =¢, [F(L,A")].

A set of 1 vectors of the type ¢, j =1,1 describes

the components of different types of effect of the
system under consideration. Then their composition,
which has dimension L = {1}, describes the integral

efficiency of the unmanned system.
III. PROPOSED METHOD

When determining the integral efficiency
(hereinafter simply the efficiency of the system), two
cases can be distinguished, in fact, these are two
methods.

Method 1. The joint (integral) criterion has the
following structure:

m:F(sl,sz,. € ), j=1n,

s G

where € is the value of the criterion for the ith type

of effect (jth separate criterion).

This method is convenient due to its relative
simplicity and allows comparing different types of
UAS by their tactical characteristics, without taking
into account the impact of such characteristics on the
resulting effect. The scope of this method is a rapid
assessment in the task of comparative selection of the
best version of the UAS or UAV.

Method 2. The resulting criterion is represented
as a function of the coordinates of the new operation.

However, it is not a function of individual criteria,
as in the first case. This means that the new
combined operation has its own objective that is not

related to the individual objectives of the individual
operations. The combined operation is based only on
the assets of the individual operations and does not
use the process of deriving a common criterion from
the individual ones. Nevertheless, the result is a type
diagram:

m =F|:8] (82 (8] ))],

that is, there is a "dimensional absorption” due to the
corresponding transformations. This means that when
we talk about a combined operation and obtaining a
common criterion, only the first case is meant. Both
of these cases are analyzed below.

Measuring efficiency is reduced to choosing a
strategy F(A',A") from the domain Qr of its
admissible values. The O domain is defined by a set
of constraints on individual quality indicators:

E(M, M) eQ,, i=lg.

It should be noted that the domain QO can be
either single-connected or multi-connected, as shown
in references [3].

The vector-functional E. is associated with the
strategy F(A',A") through the mapping R. In this
case, the mathematical model of the efficiency
evaluation problem is as follows:

EoLrGan]=, s RPO-AT)L @

In a number of practical cases, the vector of
uncontrollable variables A" is a random variable.
Then model (2) takes the form:

Ec=[F)]= sup MI{R[F (2.2)]) @)

under the probabilistic constraints P{gi(k")sb.},

i=lg.
It is clear that the system will be effective if it

most fully satisfies the set of criteria. Then we can
write:

max R[F(\,A")]

F(\',\")eQp

=(R[F(V ] L RF(V ] @)

0, ={F (M. \")Ig,[F (X, 2")]<0,;
=Lm, F(V, M) eE"}, (5)

where g; (...) is the constraint function of the jth
indicator F (7»',7»”); E" is an r-dimensional
Euclidean space.
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In equation (4), Fi(x) represents the maximized
values or their mathematical expectations if the
maximized values themselves depend on the random
parameters A" . The essential feature of the problem
(4), (5) is that the components of the target vector

R [F (A, k")] are measured in different physical
quantities, and their maximum values are achieved
at the coincident points F'(1,1")eQ,, i=1lg.

The usual approach to solving it with convex
objective functions Rl.(k',N') and an admissible
domain Q, is to replace the original problem (4), (5)
with a parameterized one:

max R[o, F(M', A")]

F(M,\")e0x
L RIFOM, AN, 020,32 o, =1. (6)
Solving problem (6) for a set of parameters
(oc,., ey O )T, we obtain a set of Pareto (effective)

solutions I1,.

M, = {F, (M) (A2 ) € 0n F (A7) € 0r
R[F(W ") =R F, (V. \")]
or

R[ o, F (M, \") ] = R[a, F, (', ") ].

An alternative F,(A,A")e O, is Pareto-optimal
if there is no alternative H (7»', ) € O, that satisfies
each criterion at least as well as F, (1, A") and that

is strictly better than FO(N, 7»") with respect to at
least one criterion.

If O, is convex and R, is a real function defined

on Q,, then IA{. is a quasi-concave function provided
that the sets:

{Fy (V) [ RIF (W, 07)] 2 B)

is convex for every real number.
Accordingly, R, is quasi-concave if:

RlocF, (M, M)+ (1= o) F, (M, \")] >
min{Ri[E(x',x")],R,.[Ig(x',w)]}. (7)
(1), (1) 0,

0<a<l. A function Ri[F (A, ")] is strictly

quasi-concave if:

always  when and

RlocF, (M, M)+ (1= o) F, (M, \")] >
min{Ri[E(x',x")],R,.[Ig(x',w)]}. (8)

The resulting finite set of points from the I,
domain in accordance with (7) is presented to the
expert, who selects one that is preferred over the
others.

If conditions (6), (8) are not met, then it is
advisable to analyze only inefficient solutions that
are located in the zone of global extrema of the
maximized functions.

The process of solving problem (6) can be
represented geometrically as a movement in the
space of hyperplane criteria:

G=2%, ocR [F(M, A", )

in the direction inverse to the parameter vector

(oc], s ocg) . The maximum is achieved when the

hyperplane G becomes tangent to the valid region of
the objective function values ®. The domain of
objective values:

O = {1%,. [FOV, AN FV, A" e QF}

represents the mapping of the set O, in the criterion
space. To calculate the required number of effective
points, it is necessary to find the global extremum of
expression (6) for each set of parameters

E
(0mcr,)

The Pareto principle does not single out a single
solution E, [F (k',k”)], it only narrows the set of

alternatives F (', 1"). The construction of the set (6)

facilitates the procedure for selecting UAV
indicators, takes into account their impact on system
efficiency, and reduces the set of initial options.
Another approach to solving problem (1) or (2) is
to form the resulting quality indicator in order to
ensure the comparability of system options. One of
the options for such formation is a linear
reconciliation of indicators, i.e., instead of g
different indicators, one resulting indicator of the
form is formed:
E[F(M,AN)] =

il O.R [F(A,A")], (10)

where o; is a positive number, and in the case of
dimensionless quantities:

R[FOSAN]ZE, @, =1.

This method of convolution is equivalent to
ranking indicators, since the value of o; shows how
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much the objective function = changes when the
indicator with the number i changes by one:

0=
Aq; =—=,
SR,

i=1g. (11)

One of the problems in measuring UAS
efficiency is to take into account the level of flight
safety as one of the components of (1). In this case,
two fundamentally different approaches are possible.
The first one is to convert the level of flight safety
into cost indicators, which is known to be a highly
complex task burdened by the moral aspect and
social consequences. Another approach is based on
the conversion of flight safety indicators into the
category of restrictions. The restriction is based on a
guaranteed level. The complexity of measuring
performance in this way is determined by the
possibility of obtaining guaranteed estimates. The
meaning of the guaranteed result principle is as
follows.

Since  for any  F(A,AMR[F(\, "] <

< max R[F(\',1")], then for A".

F(O, A"
R[FOV, "] = Jmax min R[F(V,A")]

< max R[F(?U A

FOU N

(12)

R'[F(\',1")] is called a guaranteed
estimate (guaranteed strategy) in the sense that I(A")
guarantees a choice F(A',A")=F"(A',A") such that
the value of the objective function is not less than

Here,

R’. A guaranteeing strategy can be obtained by
solving optimization problems of the form:

@) min R[F(V,A")]YE(, A", which leads to
the estimates A"=A",
=R[F(O,A"M)].

b) max R[F()',.")] and as a result, we obtain:

and R'[F(M,\")]=

FO\, A" =F(/,A") and R*[F(\,1")].

The guaranteed estimate can be significantly
improved if the values of the parameter A" are
known in advance. Thus, the problem of evaluating
the UAS efficiency taking into account the
guaranteed level of flight safety, taking into account
(1), (3), (12), takes the form

£ [r)-|,

max M) { A,[F(K', 7»")]}

F(M,\")eQr
i=1..,1-i}, (13)

max min R,

fmax min F(W,2")]< maxR[F (W, ") ].(14)

Plg,(\")<b,}, j=lg. (15)

Solving problems (13) — (15) allows us to
estimate the real efficiency, taking into account the
operating conditions of the UAS. As an example,
Fig. 3 for the parameters of the model (14), (15)
show changes in the current and reflexive resources
of the UAS action depending on the parameters of
the control and controlled subsystems and the
moment of time (T = t, — ). Comparison of these
results shows that for both variants of navigation
systems, the transition to a slower speed aircraft
reduced the landing system (LS) limit by about 1.5
times. For each of the aircraft types, the use of a
more accurate navigation system can reduce the
range by about 2 times. With increasing
requirements for the quality of decisions made, the
limit of the SP operation increases, as illustrated by
the effect of the level of B, (0.97 and 0.99) on the

size of L (,B,).
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Fig. 3. Changes in the current (a) and reflexive (b)
resources of UAS action depending on the parameters
of the control and controlled subsystems and the time

(T= t,— 1) of the landing mode
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IV. TYPES OF LINKS BETWEEN DRONE
PERFORMANCE AND SYSTEM PERFORMANCE

Depending on the conditions of use of UAS, an
implicit or explicit relationship can be established
between their performance and the performance of
the system under service. Replacing one vehicle
with another that has higher quality indicators does
not always lead to a gain in terms of improving
higher-order system parameters. For example,
ensuring a potential increase in the capacity of
zones, regularity and efficiency of flights by
improving the quality of radar, communication, and
radio navigation support is not always realized
under normal operating conditions. Nevertheless,
the effect can be obtained in special (extreme)
situations, especially in terms of improving flight
safe. Thus, when solving the problems of
evaluating the effectiveness of the first type with
implicit system linkages, as mentioned above, it is
necessary to bring the compared options into a

comparable form in terms of F(A,L") or
functional tasks. Such a conversion is based on the
use of additional information about the types of
system links and operating conditions. In this case,
a  step-by-step  multi-step  decision-making
procedure is performed, which is characterized by a
transformation string:

{O[F(V. )], 1(F. 0" p), (16)

where 1 (F AL y) is additional information about

the system and the conditions of functioning of y.

Thus, for example, with implicit system links,
applying informal procedures at the first stage and
transformations of the type (16), in particular (10), at
the following stages it is possible to formulate the
resulting quality indicator b of the applied UAS. This
indicator can be used to adjust the given costs for the
production of a unit of the basic system, the
associated capital investment and operating costs for
the basic variant.

In the case of explicit systemic links, a
transformation of the type (16) is used to assess the

impact of quality indicators F(A,A") on the
components of efficiency (1).
The magnitude of the effect is estimated using

this approach when the components are expressed as
a function of many variables:

e performance P[F(K', K")J,
e operating costs EB[ F(A,1")],

e present value costs PB [F (A, k")].

Despite the difference between the forms of
expression of the economic effect, the methods of
their calculation are identical. The national economic
and self-supporting forms of the effect are defined in
the same way, as the difference between the results
and the costs of achieving them. In other words, the
economic effect is a difference indicator. This
indicator can be presented in one of the following
forms:

maxe’,
J
max(PTj —sfr'),
j
I3 J I3 J
m?x (Z;:t” PT ) a’tzt;tn er A,
= i i t,—t
m?xZ;Z(PT’—s’T)-(1+EH)" , (17)

AN,
where P/, P’, ¢}, ¢

results and costs for the entire period of the measure

are, respectively, the total

implementation in the tth year; o, = (1 +E, )t”ft is
the coefficient of bringing the results and costs of the
tth year to one point in time (the calculation year 2,);
E,=0.1 is the standard capital investment

efficiency ratio; ty, ; are the initial year (the year of
the start of financing of works related to the measure
implementation) and the final year of the calculation
period, respectively; j is the index of the option under
consideration.

One of the cases of implementing a measure is
when the choice must be made among options that
differ only in the dynamics and magnitude of the cost
components (one-time and recurrent). In this case,
the economic criterion of maximum effect (17) is
transformed into another, simpler one — minimum
total costs:

max ¥, ef-(1+ E,)" " -maxe/.  (18)
J J

However, the absence of a change in the results
does not eliminate the need to evaluate these results
in cost terms. This is because the reduction in costs
in the production of final products using the new
technique compared to the use of the basic technique
is not a reason to use the new technique if the
products are ultimately unprofitable.

In this regard, and for measures of the type under
consideration, the economic effect is calculated using
the formula:

er :Ziizn (F;_gt)'(l"'EH)tpit- (19)
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The fundamental point of this methodology is the
need for a cost estimate of the production, social,
economic and other results achieved, even if they are
identical in the compared options.

The complexity of assessing the economic effect
of the UAS system lies in the lack of methods for
calculating components (4) — (6) and the need to take
into account the component characterizing the level
of flight safety Q.

If the probability distribution of the components

of the state vector F{ZI,ZZ,...,Zn,t} is known,
provided that the boundary has never been violated
until #+ 1. The density of this probability is usually
defined as the solution of the second Kolmogorov
equation. Let us denote by QO some safety criterion.
Then Q can be represented as follows:

0=1p.f(2)/df (Zx). (20)

Here, f (Z ) is a weighting function that

determines the content of the criterion Q; Q(t) is the

region of permissible values of the vector Z. As can
be seen from (20), to quantify the level of flight
safety, it is necessary to know or be able to construct
the region €)(t). For obvious reasons, this criterion

should be transferred to the category of restrictions
that are unacceptable for violation.
It is obvious that, when calculating ¢, it is

necessary to take into account the savings due to the
reduction of non-productive costs associated with
aircraft waste to the alternate airfield, erroneous
change of echelons, unnecessary waste to the second
circle; take into account the savings to reduce the
consumption of fuels and lubricants as a result of
streamlining the flow of aircraft and optimizing
flight paths, reducing non-productive maneuvers of
aircraft, etc.

To solve problems (4) — (6), a formalized linkage
of unmanned system parameters with cost indicators
is required. This problem has not been solved until
recently and requires an assessment of the functional
effect.

The functional effect is manifested in the
influence of the characteristics of the means of a
complex system on the indicators of its functioning.

In accordance with the considered formula (19), it
is necessary to build an efficiency model in which

the variables are expressed as P,[F (k',k")],
PB[F(),1")], and EB,[ F(A,1")]. It is obvious
here that it is possible to evaluate the actual

efficiency of the UAS and/or, at the next hierarchical
level, the air navigation system (ANS) as a whole.

V. CONCLUSIONS

Since cargo drones are used for urgent delivery
of goods or their delivery to hard-to-reach areas
while maintaining the required level of flight safety,
it is important to measure performance with due
regard to extreme situations that arise in the field.
However, it should be borne in mind that such
measurement can only be provided for specific types
of systems, considering their specific functioning
and structure. Another prerequisite is the presence of
microsystem links between the UAS under study as
an object and a higher-order system, such as an air
navigation service system. The basis of the
efficiency model for this case is the model of the
functional effect, i.e., the effect that results from the
functioning of a UAS with a g-dimensional quality
vector function, considering the multiconnected
domain of constraints of the unmanned system.
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