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A Method for Estimating the Execution Time of
Computer Programs in Automated Information
Transmission Systems

Mirzaeva Malika, Suleymanov Anvar, and Mamatov Narzullo

Abstract—This article presents the development of mathe-
matical models for evaluating the execution time of computer
programs within two distinct classes of computational resources
(CR) in Automated Communication Systems (ACS): (i) systems
characterized by a multistage program execution process, and (ii)
systems operating with finite load source devices and unreliable
components. The primary objective is to derive analytical ex-
pressions for computing key time-related characteristics—such
as execution delay, waiting time, and system throughput—by
modeling these CRs as multi-phase queueing systems. Two time
allocation strategies are considered: fixed-priority scheduling and
cyclic weighted execution. The models capture both the structural
complexity and timing behavior under varying processor loads
and service priorities. Comparative simulation results confirm the
effectiveness and accuracy of the proposed models, highlighting
their advantages over conventional static estimation approaches.
The proposed framework provides a robust foundation for opti-
mizing scheduling policies and improving timing predictability in
real-time control environments, particularly in critical automated
communication networks and embedded systems.

Index Terms—mathematical models, computational resources,
time characteristics, automated information transmission sys-
tems, and processors.

I. INTRODUCTION

IGNIFICANT attention is paid to evaluating and enhanc-
S ing the efficiency of communication networks and systems
worldwide. Improving their efficiency is one of the key factors
contributing to advancing a country’s socio-economic devel-
opment program. Modern control systems are typically char-
acterized by significant c omplexity, many elements, and high
intensity of the information processes occurring within them.
The organization of control systems is impossible without
comprehensive automation based on computational technology
tools that enable the implementation of complex algorithms
requiring the execution of numerous actions within a limited
time frame and the operational analysis of the current state
of the control object. Practice shows that modern computing
machines address management tasks that comprise 80 percent
logical control tasks, 10—15 percent regulation tasks, and
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5-10 percent management tasks utilizing complex specific
algorithms.

The features of the functioning process of computing
resources in Automated Information Transmission Systems
(AITS), as well as the limitations of processor performance,
the limited number of peripheral nodes, the stochastic nature
of program execution requests, and, consequently, the for-
mation of request queues at various stages of the execution
of algorithms, necessitate the development of models for
computing resources as queuing systems that accurately reflect
the functioning process of AITS. Constructing these models
as queuing systems allows the assessment of key quality
characteristics of service and the performance of computing
resources, considering specific disciplines and service regimes.
On this basis, it is possible to calculate the main time charac-
teristics of computing resources given the volume and intensity
of functional tasks assigned to the computing resources of
AITS.

Among the types of computing resources in an Automated
Information Transmission System (AITS) and their operational
modes discussed in article [1], two types of computing re-
sources can be distinguished based on the nature of their op-
erational processes and the associated organization of program
execution processes. In particular, two major categories of
computing resources in AITS are identified based on program
execution behavior:

o Type I: Multistage program execution with strict timing
and dispatching constraints.

o Type II: Processing requests from finite load sources,
where rapid response is crucial but startup delay is
tolerable.

Efficient configuration and routing strategies significantly
impact the performance of Automated Information Transmis-
sion Systems (AITS). For instance, multi-objective optimiza-
tion frameworks have been explored in network design to
enhance routing efficiency, as seen in [2]. While such methods
primarily focus on data transmission, our work shifts attention
to program-level execution within computing nodes.

Currently, no well-established solutions account for these
unique operational modes. Existing estimation methods often
ignore multi-phase program execution and the stochastic and
fault-prone behavior in Type II systems. This motivates the
development of more accurate models for execution time
estimation and performance analysis in such environments.
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The main contributions of this paper are summarized as
follows:

o We identify two categories of control computing re-
sources (Type I and Type II) in Automated Information
Transmission Systems (AITS) with distinct operational
requirements.

o« We develop mathematical models for both categories,
incorporating queueing theory with fixed and cyclic
priority-based time allocation schemes.

o We derive analytical expressions for computing the aver-
age waiting time, execution time, and service delay under
varying processor loads and priority levels.

o We perform simulation experiments to validate our mod-
els and visualize performance trade-offs under multiple
load and priority conditions.

« This study establishes a link between theoretical queuing
models and practical evaluation in AITS environments.

The remainder of the paper is organized as follows: Sec-
tion II reviews the related works. Section III introduces the
modeling methods and mathematical formulations. Section
IV presents simulation results and discussion. Section V
concludes the paper and outlines future work directions.

II. RELATED WORKS

Execution time estimation in real-time, embedded, and
distributed systems has been intensively studied over the last
few decades, with several mainstream directions emerging
[10], [24]-[26], [30], [31], [35], [36].

A first group of methods focuses on worst-case execution
time (WCET) and schedulability analysis in real-time systems,
typically relying on static code and architectural analysis.
Kozyrev reviews the execution time estimation challenges and
summarizes several solution approaches for real-time control
computing systems, emphasizing upper-bound guarantees for
safety-critical applications [35]. Classical and modern per-
formance modeling texts develop queueing-based abstractions
of processing resources and link them to scheduling analysis
in computer and communication systems [3], [10]. However,
these WCET-oriented and analytical methods usually treat
the computing node as a single-stage resource and do not
explicitly capture multi-stage program flows or finite-source
behavior of control tasks.

A second line of work leverages measurement-based and
machine learning—based prediction. Porjaroenphan et al. argue
that accurately predicting the execution time of a task before
execution is unrealistic in highly dynamic environments; in-
stead, they estimate execution times from historical runs using
feature vectors and K-Nearest Neighbors regression [36], [37].
Similar ideas have been applied to jobs and workflows in
large-scale and high-performance computing, where machine-
learning models are trained on past executions to predict
job completion times or queue waiting times [8], [31], [24].
These approaches adapt well to run-time variability and het-
erogeneous infrastructures, but they generally lack closed-
form analytical expressions and are not tailored to the specific
operational modes of Automated Information Transmission
Systems (AITS) or to strict schedulability guarantees.
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Queueing-theoretic approaches form a third important di-
rection. Standard queueing models for M/M/1 and related
systems, and their extensions to finite-capacity, multi-server,
and multi-priority queues, provide analytical formulas for
waiting times, loss probabilities, and server utilization [3],
[10], [11], [25], [26], [29], [30], [33], [34]. These models
have been generalized to multi-queue and multi-class settings,
including unreliable and retrial queues, working vacations, and
adaptive priority scheduling, and have been applied to commu-
nication and computing networks [25], [26], [28], [29], [30],
[32], [33], [34]. Such work typically assumes generic servers
and stationary or stylized traffic models, rather than control
computing resources operating under specific AITS modes,
finite sources, and structured multi-phase control programs.

These methods are discussed solely to clarify the scope and
limitations of the proposed approach. Modern operating sys-
tems and resource managers incorporate fixed-priority, round-
robin—type, and more advanced priority-based scheduling, and
have been applied in automated control, edge, and telecom-
munication systems, including multilevel and feedback-based
task management [10], [24], [27]-[29]. However, few works
integrate both the structural complexity of multi-phase control
computing resources and their timing behavior under varying
processor loads and mixed time-allocation disciplines. The
present study addresses this gap by formulating a unified
queueing-based execution time model for controlling com-
puting resources in AITS, explicitly capturing multi-stage
control flows, finite-source effects, and two alternative time
allocation schemes, and by analyzing its performance using
both analytical and simulation techniques. In contrast to clas-
sical WCET and schedulability methods, which typically treat
the computing node as a single-stage resource, the proposed
framework explicitly models multi-phase control flows and
finite-source CCR behavior in AITS. At the same time, un-
like measurement- or machine-learning-based predictors that
lack closed-form guarantees, the queueing-theoretic models
provide analytical expressions for waiting time, execution
delay, and busy period under both fixed-priority and cyclic
weighted scheduling. This combination of AITS-specific struc-
ture, priority-based time allocation, and closed-form timing
analysis distinguishes the present work from existing execution
time estimation approaches.

Kozyrev provides a review of execution time estimation
challenges and summarizes several known solution approaches
[35]. This work focuses on estimation in AITS with the aim
of defining an upper bound for the computation execution
time that cannot be exceeded. In contrast, our work attempts
to estimate execution time in AITS under typical operating
conditions.

Phinjaroenphan et al. [36] note that it is unrealistic to
assume that the execution time of a task assigned to a node
can be accurately predicted before actual execution. In their
method, it is not necessary to know the internal design or
algorithm of the application. The estimation is based on
historical observations of task executions. For each execution,
they collect a vector of predictors, each of which impacts
execution time. The estimation method they use is the K-
Nearest Neighbors algorithm [37].
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IIT. METHODS
A. Classification of Control Computing Resources

This article presents methods for calculating the main time
characteristics of control computing resources in automated
information transmission systems (AITSs), developed based
on an analysis of their specific operational features.

For control computing resources (CCR) of the first type, a
methodology is proposed to study their functioning process,
based on representing CCR as a multistage open queueing
system with a queue before each stage and priorities assigned
to individual stages.

For control computing resources (CCR) of the second type,
their functioning is analyzed as single-phase closed multi-
channel queueing systems with unreliable components. Re-
lationships are derived that allow the calculation of the per-
formance characteristics of such CCR under various operating
conditions.

Methods for Calculating Time
Characteristics
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Multi-Stage System
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Management Computing lanag, t Computing
Resources - Message Resources - Concentrator
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Fig. 1. An Overview of the Research Process in Modeling and Analyzing
Control Computing Resources

B. Time Allocation Methods for CCR of Type I

To develop mathematical models describing the functioning
of control computing resources (CCR) of the first type, pri-
marily including message distribution CCR and input CCR,
we examine methods of allocating machine time within the
computing resources of an Automated Information Transmis-
sion System (AITS) during multistage program execution.

In the first method of machine time allocation Fig 2,
subroutines are assigned numbers based on the increasing
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order of allowed delays for their initiation. A separate queue
is organized for each subroutine request Q;(i = 1, K'). When
there are requests for the execution of several subroutines, the
subroutine with the smallest number is selected for execution.
The first method is a type of fixed priority scheduling [4]-[7].
The priority of the subroutines is determined by the values of
t;mazx. In this regard, the priority ¢— subroutines with higher
priority j— subroutines, t;max < t;max(i,j =1, K).

This method is relatively simple to implement; however, it
does not take into account the relationships between the per-
missible delays for the initiation of different subroutines [8],
[9]. Moreover, implementing this method incurs considerable
processor time due to the overhead involved in selecting which
subroutine to execute.

In the second method, these shortcomings are addressed by
establishing a specific cyclic order to check the availability of
requests for different subroutines. When a request to execute a
particular subroutine is detected among several, that subroutine
is executed the required number of times. Only after this is
the system allowed to check for other requests [1]-[3]. In
this method (Fig. 2 b), subroutines are activated at times
determined by the processor cycle, and their priorities are
defined by specifying the number of requests w; assigned to
each subroutine (i = 1, K') within one cycle.

a)

Processor
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K-1

Q2
ll Q1;|||_II€_’1

b)

Processor

Fig. 2. Subroutine Execution Algorithm in Processor Operation Mode: (a)
Fixed Priority, (b) Cyclic Weighted Scheduling

This method takes into account not only ¢;max < t;max
for the subroutines ¢ and j (i,51,K), but also the ratio
t;max/tymaz. Regardless of the presence of requests for
the execution of multiple subroutines, the one for which the
processor reaches the moment of the request is activated
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[10], [11]. Thus, considering the ratio t;maz/t;maz in
this discipline allows the priority of the ¢— subroutine
tymax/tymaxr times higher than the priority of the i—
subroutine, where t;maxr and t;max are the delay times
for the respective subroutines. Suppose the processor’s work
cycle in the computing system is described by the sequence:
1,2,1,3,1,2,1,4,1,2,1,3,1,2,1,5,1,2,1,3,1,2,1,4,1,2,1,1,3,1,1,2,1.
Where K = 5, and the number of requests per subroutine
within one processor cycle be defined as: w; = 16, wy = 8§,
w3 = 4, wy = 2, and ws = 1. Then, the total number of
requests within one complete cycle (cycle length) is given by:

K
N = Zni = 31.
=1

C. Modeling of Multi-Phase Queueing System

Based on the features of Type I control computing resources
(CCR) in an Automated Information Transmission System
(AITS), they are modeled as a general K-phase open service
system. Each phase ¢ (¢ = 1, K) has its own queue and service
device C;, and relative priorities are assigned among phases.

The flow of incoming requests corresponds to demands for
executing various programs. The service performed in phase
i represents the execution of the i-th subroutine (i = 1, K).

The multiphase structure of this service model reflects the
fact that executing any complete program involves passing
through a specific sequence of subroutines [12]. After each
subroutine is completed, the system must again determine
which subroutine — and thereby which program — to execute
next.

For each request to execute the j— program (j = 1, R),
the sequence of service phases is predefined. We refer to this
sequence as the service path of the request. Consequently,
the multi-phasic servicing systems under consideration are
systems with R paths for servicing requests. In the proposed
model, the execution of the j— program in computing re-
sources corresponds to the request passing through the Kj;
service phases.

If the :— phase belongs to the m; service paths, the request
flow intensity in this phase is determined by summing the
corresponding intensities. If \2— is the intensity of the request
flow for the j—program [13], [14]. Then, if the i— phase (i =
1, K) is traversed by requests from m; service paths (m; <
R), the request flow intensity at this phase is determined by
adding all paths that pass through it, i.e.,

A= SN (M

JEM;

Among the proposed models, we distinguish between
single-node and multi-node service systems. A system with
the same service device at all phases K is called a single-
node system. If requests are serviced by different devices (or
groups of devices) at different phases, the system is referred
to as a multi-node system. The flow of incoming requests for
the execution of the programs can be heterogeneous, with [V
priority levels for different requests. Additionally, individual
programs may have different priorities compared to other
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programs. In both cases, priorities are relative, meaning they
only apply when selecting subroutines from the queue before
the ith phase [15]-[17]. However, we will focus on models
with a homogeneous incoming request flow.

The condition for the stationary of the functioning process
of type I controlling computing resources (CCR) as a single
node K — phase service system with R service paths for
requests is as follows:

K

K
p:Z)\iti:ZtiZ)\j<l 2)
=1

i=1 jEm;

where p is the service load coefficient for the device in all
phases; and ¢; is the service time in the ¢th phase.

For a multi-node K —phase system with R service paths,
the stationary condition can be written as:

pi=ti y_ MN/Ci<1 3)

JEM;

where p; is the load factor of the ith phase?

The necessity to account for the specific features of the
structure and organization of the functioning process in the
computing resources of an Automated Information Transmis-
sion System (AITS) of various types dictates the presence
of several specific models of computing resources that fall
into this class of models [18], [19]. We will highlight those
that correspond to the modes of control computing resources
(CCR) that are practically relevant.

The model of control computing resources (CCR) with a
single level of information processing (single-level control
computing resources) in the modes of Operational Readiness
(OR) and Diagnostic (D) for CCR in general, and Resource
Scheduling and Resource Control for the CCR subsystem, con-
sists of single node K'th phase systems with R service paths
and a service discipline with fixed relative phase priorities [1].
This model is illustrated in Figure 3.
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Fig. 3. Diagram of the Model of Control Computing Resources (CCR) with
Single-Level Information Processing

The model of control computing resources (CCR) with two
or more levels of information processing (multilevel control
computing resources) in the Subsystem Operation mode is
represented by single-line K'th phase systems with R service
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paths and the same service disciplines. This model is illus-
trated in Fig. 4.

Thus, the object of study is a single-node or multi-node open
multiphase system with waiting, phase priorities for service,
and multiple service paths.

To study such service systems, in addition to the service
discipline, it is necessary to characterize:

« the distribution function of the inter-arriving times of

requests to the ith phase A;(t);
« the distribution function of service times for requests at
each phase of the system B;(t);

« the quality of service for requests.

Regarding incoming streams, the following propositions can
be made. Any of the R independent incoming streams may
represent a regular stream [20], [21]. In the general case,
the duration of the time intervals between the moments of
request arrivals for program execution are random variables
with certain distribution laws. For most phases, the following
assumptions can be made:

Al(t) = 1 — 6_)\1’(”.

The assumption of a Poisson nature for incoming streams
is justified by the fact that a Poisson process, being the
limiting case in the class of Erlang processes, creates the most
challenging conditions for the servicing system. At the same
time, for a small number of CCR models, incoming streams at
some phases of the system can be significantly different from
the simplest case [22]. These include non-standard streams,
streams that are a sum of regular and Poisson processes, and
streams resulting from the superposition of several individual
processes with various types of request arrival laws.

My
W—>

W—m

queue queue

Fig. 4. Diagram of the Model of Control Computing Resources (CCR) with
Single-Level Information Processing

By the service time of requests at the ith phase, we mean
the time interval from when the —th subroutine starts to when
its execution is completed. For some phases, it can be assumed
that the distribution function of the service time of requests at
the sth phase has the following form:

where ; is the average service time of requests in the ¢ th
phase (u; = 1/overlinet;). However, in the general case, the
service time of requests in each phase is characterized by a de-
generate distribution. The programs of the control computing
resources for the Automated Information Transmission System
(AITS) can be fully characterized by a constant execution time
[25]. Therefore, the execution time of the 7—th subroutine
(i =1, K) can be considered a constant value.
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The main characteristics of the quality of service for re-
quests can be considered as follows:
« the distribution function of the time a request spends in
the queue before the i—th service phase, C;(t), (i =
1, K);

« the distribution function of the time a request spends in
the i—th service phase D;(t);

« the distribution function of the time a request spends on
the j—th service path, E;(t), (j =1, R).

However, for evaluating the temporal characteristics of the
functioning of control computing resources, it is sufficient to
consider the expected values of these random variables [23].
If the average time a request spends in the queue before the
ith service phase is denoted by 7,;, then the average time a
request spends at the ith service phase is

Ti = Toi + Ti, “4)

the average time a request spends on the jth service path

=2 (5)

JEM;

These characteristics allow for determining the main tem-
poral characteristics of the control computing resources of
the Automated Information Transmission System (AITS). For
example, the average time a request spends in the queue before
the i—th phase 7,; allows for the evaluation of the delay
time before the execution of individual subroutines begins.
The average time a request spends on the j—th service path
allows for the evaluation of the program execution time in
the control computing resources of the Automated Information
Transmission System (AITS).

Partially using the notation of D. Kendall [24], the intro-
duced class of queueing models can be denoted as follows:

KIRIGI|BIC; > 1]0 < i < 00| fs ph-

This means that the service system consisting of K service
phases with R service paths receives a request flow with an
arbitrary distribution function for the arrival times of requests
(GT), with different arrival intensities A1 A, ...\ K(gﬁ ) for each
phase, a degenerate distribution for the service times in each
phase (D), the number of waiting places at each phase is
unlimited (0 < 7; < o00), and the number of servers at the
i—th phase is C;(i = 1, K). For multi-node systems C; > 1,
the model is for single-node systems C; = C' = 1. The service
discipline for requests follows phase-based priorities fs pp.

Multiphase systems with waiting have been studied by R.
Jackson and J. Jackson [25]. In these studies, assumptions
included a Poisson incoming flow, an exponential distribution
of service times, and an arbitrary order of transition for
requests from the i—th phase to the (i+ 1)—th phase (requests
move from one phase to the next as servers become available
at the next phase).

In the works devoted to the analysis of computing systems
as queueing systems [26], computing systems are examined
either as multiphase systems with a homogeneous incoming
flow, an exponential distribution of service times in each phase,
and requests moving to the next phase when a server in
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that phase is free, or as single phase systems with Poisson
incoming flows N, different service time distributions, and
different service disciplines for incoming flows.

The models of control computing resources considered are
generally characterized by the following:

1) A multi-phase nature of request servicing;

2) The presence of multiple incoming streams, each man-
aged in each phase by a system with fixed relative
priorities of individual request streams;

3) The initial service time for requests for each stream in
each phase;

4) A discipline of service with relative priorities of indi-
vidual phases.

Well-known queueing models have been studied under the
assumption of the first condition (multiphase nature) or the
second and third conditions (single-phase systems with NV
incoming streams). It should be noted that a characteristic
feature of the considered models is that requests can transition
from one phase to another only upon receiving an authoriza-
tion signal, which is issued according to the adopted service
discipline, specifically the phase-based priority system.

Models of the functioning of control computing resources
for the Automated Information Transmission System (AITS)
with a multistage program execution process are, as shown
above, single-node K —phase systems with R service paths
and phase priorities specified by the two methods discussed
earlier, of the type:

K|R|GI| B0 < r; < 00| fapi. ©)

Single-line multi-node K — phase systems with R service
paths and phase priorities of the type

K|RIGI| D0 < i < 00|Cy = 1| fupn. (7)

Multi-node, multi-line K — phase systems with R service
paths and phase priorities of the type

K|R|IGI| D0 < r; < 00|C; > 1| fspn. ®)

Key Steps of the Proposed Method

e Model the control computing resources as multistage
queueing systems.

o Define two scheduling methods: fixed priority and cyclic
weighted execution.

o Derive analytical expressions for delay, queue size, and
execution time.

e Validate the timing behavior under different processor
loads.

The proposed mathematical models adequately reflect the
main features of the operation of control computing resources
for the Automated Information Transmission System (AITS)
with a multistage program execution process. However, due
to their complexity, they are extremely difficult to analyze
[27]. To determine the quality of service characteristics for
the studied models, we use an approach based on equivalently
replacing the considered models with systems for which
obtaining characteristics is less challenging.
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Consider systems of type (6). Under both methods of time
allocation discussed above, this model reduces to a K —phase
system with a single server (processor) in all K phases, which
at any given time can only be engaged in the service of one
request in one of the phases.

The transfer of control from one phase to another, governed
by a service discipline with relative phase priorities, is not
instantaneous but occurs with some delay. This delay arises
because the processor requires some time t; to locate the :—th
phase where there is at least one request (i = 1, K). During
this time ¢}, the processor does not perform any phases. Thus,
the impact of scheduling on the quality of the requested service
will be reflected in the increase in the average time delay for
the start of service in the i—th phase (i = 1, K).

To obtain an upper bound for the waiting time before the
start of service in the ¢ th phase ¢,;(i = 1, K), we assume
that the request flows in all service phases are Poisson. This
approach is justified because, with constant service times, a
Poisson flow of requests, after passing through the service
system, forms an Erlang flow. The Poisson flow, being the
limit case of Erlang flows [28], creates the most challenging
conditions for the service system.

We analyze the model of type (6) under the first method
of time allocation. Assuming that the request flows at all
service phases are Poisson, the K —phase queueing system
with relative phase priorities becomes equivalent to a single-
phase system with /K incoming flows, each having relative
priorities in service. If the request flow numbers increase
with decreasing priority, and the service times for all request
flows are constant ¢;(i = 1, K), the average waiting time for
requests of the i—th flow in such a single-phase system can
be determined using the known formula [9]:

X 2
2 At
Jj=1

toi =

_— - ) )
3 ll S Ajtj] [1 5 Ajtj]
j=1 j=1

where )\; is the intensity of the jth flow.

D. Analytical Derivation of Waiting-Time Expressions

In formula (9), it was assumed that the flow numbers
increase with decreasing priority and that the sampling times
for requests (dispatching) are zero. In a more general case,
it can be considered that the time spent by the processor
on sampling any subprogram depends only on its number
[29]. The time costs for dispatch ¢; are thus equivalent to an
increase in the duration of the execution of the subprograms
t;. Therefore, using formula (9), we can derive the following
expression for the average waiting time before the start of
service for a request in the ¢—th phase:

K
> At + 1)
Jj=1
toi =

, (10)

L= 30 At +1))

Jj=1

i—1
2 l1 — SNt + 1)
j=1

Jj=
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where ); is the intensity of the request flow for the execution
of the request sth subprogram, ¢; is the duration of its
execution and f; is the average time spent sampling the jth
subprogram.

E. Numerical Evaluation Setup

To validate the analytical expressions derived in the previous
sections, simulation experiments were conducted. The results
were visualized to illustrate the relationship between system
parameters (such as device load and number of priority levels)
and key performance metrics like waiting time, dispatch delay,
and throughput. Figures 4 and 5 illustrate the dependencies of
the normalized values of the average waiting time before the
start of service for the first method of time allocation on the
overall load of the service device (processor)

The graphs are constructed for K = 5 in ¢; + tf = ¢ and
A; = A. The time spent sampling the ¢th subprogram was
estimated by creating several variants of the subprogram time
allocation.

|

»
>

0 0,2 0,4 0,6 0,8 1,0 p

Fig. 5. Graph of the Dependence of the Average Dispatching Time on the
Service Device Load(a)

As shown in Figures 5 and 6, the average dispatching time
increases with processor load. However, under lower load
conditions, differences between priority levels are marginal. As
load approaches saturation, the system increasingly prioritizes
higher-priority tasks, leading to rapid growth in dispatch time
for lower-priority subroutines.
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Fig. 6. Graph of the Dependence of the Average Dispatching Time on the
Service Device Load (b)

The graphs show that at low levels of overall load p < 1, the
waiting times in the queues before phases of different priorities
differ only slightly. At high levels of total load p < 1, there is
a redistribution of waiting time in favor of higher priorities.

In general, the average time spent sampling the ith subpro-
gram is given by

(1)

where t is the average execution time of the command in the
processor, m1 is the number of commands for processing the
request signal for the presence of requests in queues for one
or more phases with a priority not lower than (i — 1)th, ¢ is
the phase (priority class) ordinal number, mg is the number of
commands for checking the presence of requests in queues for
phases of any priority, 7; is the average number of requests that
may arrive at phases with a priority not lower than (i — 1)th
during the service time of a request at the ¢th phase.

By P (t2) one denotes the probability that during the service
time of a request in the second phase, one or more requests will
arrive at the queue before the first phase [30]. This probability
is given by

ffzf(m1+m2~i-77i),

Pi(ts) =1 — Py(ta), 12)

where Py(t2) is the probability that there are no requests
in the queue before the first phase during the time ?5. In
the considered model, the incoming flows are assumed to be
simple, so

Py(ty) = e Mtz (13)

The probability of at least one request arriving in the queue
before the first phase during the service time of requests in
the second phase is Pjo = 1+ P;(t2). During the service time
for the requests in the second and third phases, the number
of requests that arrive in the queue before the first phase is
2[1 — e~ M(t2%%3)] During the service time for requests in the
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second, third,..., 7th phases, the number of requests arriving at
the queue before the ith phase is (i — 1)[1 — e~ 1 (t2+-+1:)],
The overall average number of requests in the queue before
the first phase is

K i
MYt
=Y (i-1)1—e =) (14)
i=2
Similarly, to expression (14), expressions can be written to
determine the average number of requests in the queue before
the second phase

K 3
= (i—2)(1- e I, (15)
=3

The average number of requests in the queue before the ith
phase is
K )

r= Y (-i1-e 2y,

=141

(16)

Substituting expression (16) into (11), the final expression
for the average dispatch time is

1
Ai

z:zi:+1 tz)

K —
tF=mit |1+ aK Z(l—i)(l—e
I=i+1

X))

where « denotes the ratio mo/m;.

For the expression obtained (17), the graphs of the depen-
dence of the average dispatch time on the load of the servicing
unit are shown in Fig 6.

Calculations are performed in K = 5, a = 0.1, my; = 10,
t = 2 microseconds.

Analysis of the graphs shows that as CPU load increases,
the dispatch time for phases of any priority level increases,
with the dispatch time for higher priority phases increasing
significantly more compared to the dispatch time for lower
priority phases [31]. Similarly, the average queue length before
phase ¢ and the mean time spent by requests in phase ¢ and
along service path j are computed via (4)-(5).

IV. RESULTS AND DISCUSSION

This section presents numerical and simulation results based
on the analytical expressions derived in Section III. The impact
of processor load, number of phases, and priority configuration
on key timing metrics is illustrated and interpreted. Expression
(10) is derived for the case where R = 1. If m,; threads pass
through the ith phase (i = 1, K), the average queueing time
for requests before the ith phase in a model with fixed relative
priorities for the phases, determined by their numbers, can be
given by the following formula:

M=

(ti+1)* 2 A

JEM;

- 3

Il
-

(to +15) 2 Al

1 JEM,

(18)

21— X (b +85) X2 AL -

i—1 %
v=1 JjeEM; v=
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The average length of the queue before the ith phase

Loi =toi 3 Aj.

JjEM;

19)

The average time that requests spend in the ith service phase
is given by formula (4), while the average time that requests
spend in the jth service path (j = 1, R) is determined by
formula (5).

We analyze a system’s performance characteristics, as de-
scribed in equation (6), using the second method of machine
time allocation.

As discussed previously, the service device can be in one
of K states, with state (i = 1, K) corresponding to the ith
service phase. After completion of the ¢th phase, the device
transitions to another state according to the service discipline
in use. If ¢;; denotes the time it takes for the device to return
to the same ¢-state from the state (¢ = 1, K), then the average
time for the service device to transition from the i-state back
to the same state is given by the following:

Tcycle
n; '

i = (20)

Here, Tcyde— denotes the average cycle duration of the
processor. The probability that the service device is idle, that
is, it is not performing any phases, is represented by the
following expression

K
172)\,&:17;)
i=1

Expression (21) is valid for any service discipline [23].
During a sufficiently large time interval 7', the total time that
the service device spends in the idle state is T'(1 — p). During
this idle time, the service device checks for the presence of
requests in the queues before each phase. This leads to the
following equality:

K T K
i=1 i=1

Here, fj denotes the average time spent checking for the
presence of requests for the ith subroutine.
From equation (22), it follows that:

2y

(22)

K —%
>, nit;
i=1

Tcycle = 23)

K
1— > Aty
1=1

From the above, the expression for ¢;; can be obtained as:

K <%
> nit;
fy = — =1 (24)

K
i=1
During the period ¢;;, requests for the i-th phase build up

a queue. The distribution function of the workload on the
service device for requests that arrive in time t;; is given by
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the following expression, which can be obtained using the law
of total probability:

Oo[t/t 7n
/ Ze—“w Ait dF(ti;),

where F(t;;) is the cumulative distribution function of the
random variable ¢;;.

Suppose t;; has an exponential distribution with mean ¢;;.
Then expression (25) simplifies to:

(25)

[t/ti]

A t” m
Z e~ 7). (26)
Expression (26) can be given as:
(Nt
Z e “Z—“)w(t —mt;), @7

where o(t —m¢t;) is the indicator function that is p(t—mt;) =
0 is true and m < [t/t;] otherwise?

Denote P{to; < 6|t > 0} as the conditional cumulative
distribution function of the time spent by requests in the queue
before the ith phase, given that the initial period of the device’s
occupancy (the time spent servicing the requests accumulated
in the queue during time ¢;;) is ¢ (¢ > 0). Then the distribution
function of the waiting time for service in the ¢¢ith phase is
given by:

o0
Fi(0) = / Plto; < 6]t > 0}dF(0). (28)
0

Using the invariance properties P{to; < 6]t > 0} of the
distribution function with respect to the service discipline for
a single-line single-phase system with K incoming Poisson
streams and an arbitrary service-time distribution [33], it can
be shown that the following expression, obtained in [11], is
valid for the considered system:

Wi(0 —t)

(29)

For t; = t, the function W;(0) is given by:

[0/t:] D(rts—0)]"
Wi(0) S e Nilrti— 9)7” , atf >0,
i - r=0
0, at 0 =0,

where W (0)-is an arbitrary coefficient.
Substituting (27) and (29) into (28) and differentiating to ¢,
we get

+ (ti)™
ef}\itii( ZTrlLl') u/(tfmti).

(30)
Considering the property of the derivative of the indicator

function,
/ e
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Expression (30) can be simplified to

> /\ztzz)

Wi —mt;). (31

After a series of transformations, we obtain the following
expression for the distribution function of the waiting time for
the start of service for requests at the i-th phase:

0/t; 0/t; Tz
,At ZOZOGA(zMIl [(m+z)t _0]
Fi(0) = T
Z e—Alzt Y (zt,—@)]
z=0
(32)

Having the expression for the distribution function of the
waiting time for the start of service for requests in the -
th phase, we determine the average time a request spends in
the queue before the i-th phase fp;. By definition, and using
expressions (20) and (24), we obtain that the quantity to; the
following expression gives:

toi = pitii- (33)

Since the total number of requests for all subprograms per
K

cycle Teycies Mo = >~ n; and the average duration of device
i=1 _

occupancy while servicing requests in all phases 1" can be

expressed as the sum of the time fractions spent by the device

servicing each request queue v;, it follows that

K
= E UZX
=1

The average time the device spends servicing requests in
the ¢ -th phase is given by:

t;
T = ) (34)
L —pi
Substituting (20) and (34) into (33), we finally obtain
K
_ Ait; tin;
toi = = A . (35)
n; ;J L=pj
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Fig. 7. Increase in device load and waiting time for requests in the queues

The graphs of the normalized average waiting time for the
start of service in the ¢-th phase as a function of the devices
load for the second method of processor time allocation are
shown in Fig. 6. Calculations were performed using formula
(35)f0rK:5,)\i:)\,Ti:T,n1:16,n2:8,n3:4,
ny = 2, nys = 1.

Fig. 7 shows that as the device load increases, the waiting
time for queue requests increases rapidly. Additionally, the
waiting times for requests in the queues before higher priority
phases decrease at the expense of increased waiting times
for requests in the queues before lower priority phases. The
analysis of the graphs reveals that £y, strongly depends on the
total processor load p, especially for lower-priority phases.

The average time a request spends in the ¢-th phase is given
by:

K
— Pi Tj
nz; "1 - p;

For equal request arrival intensities at each phase \; = A\
and 7; = 7, expression (36) simplifies to:

(37

Ti:t|:1+ Pilto }

(1= pi)n;

The dependence, constructed using formula (37), is shown in
Fig. 8. The calculation was performed for the case K = b5,
n; = 271, The data from the graph allow us to reproduce
the behavior of the curves presented in Fig.7. We analyze
the impact of the number of phases in a system of type (6)
under the second of the methods considered of processing time
allocation on the average waiting time for the start of service
in the ith phase.
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A. Impact of Processor Load and Priority Levels
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Fig. 8. Graphs of the normalized average waiting time for requests in the
queue as a function of the device load

Figure 8 illustrates that as the number of phases increases,
lower-priority tasks suffer significantly from queuing delays.
This emphasizes the importance of optimizing scheduling
strategies in systems with multiple competing subroutine re-
quests.

This section explores how processor load (p) and the num-
ber of priority levels (K) affect the average waiting time across
service phases. As the number of phases increases, requests in
lower-priority phases experience significant delays under high
device load conditions.

Figures 9—11 show the graphs of the normalized average
waiting time for requests in the queue as a function of the
device load for systems with 1, 2, 3, 4, and 10 priorities. These
graphs indicate that as the overall load on the service device
and the number of phases in the system (and, consequently, the
number of priorities) increase, the waiting time for the start of
service in the queues for higher priority phases increases much
more slowly with the total load compared to the waiting time
for lower priority phases. Figures 9 and 10 show how queueing
time sharply increases for lower-priority phases, especially as
processor utilization exceeds 70%. This is a critical insight
for embedded systems where timing guarantees are required
even for non-critical tasks. Based on the graphs in Figures
9-11, generalized graphs of the dependence of the average
normalized waiting time in queues for lower priority phases
are constructed according to the level of service device load
p and the number of priorities (Figure 12). The graphs in
Figure 12 show that the extent of the influence of the total
number of priorities on the waiting time for requests in the
queues significantly depends on the processor load [34]. This
influence is minor for small values of p < 0. However, as p
increases, the waiting times for requests increase dramatically,
especially when the number of priorities (phases) is K > 5.
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The sharp increase in the waiting time for requests in the
queues for lower priority phases is related to the increased
load on the device due to servicing requests at higher priority

phases.
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Fig. 9. This graph shows how the average normalized waiting time for
different priority levels evolves as overall device load increases in a multiphase

queuing system
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Fig. 10. Illustrates the rapid increase in queueing time for lower-priority

phases as device load approaches saturation
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Fig. 12. Effect of Increasing Priority Levels on Waiting Time for Lower-
Priority Tasks Under Varying Device Loads-Case B)

To complete the study of the considered model, we deter-
mine the average duration of the device’s busy period, which
is necessary to assess the performance, time, cost efficiency,
and throughput of the selected scheduling algorithm. The busy
period C is defined as the duration of the time interval from the
arrival of a request that finds the device idle to the subsequent



M. MALIKA et al.: A METHOD FOR ESTIMATING THE EXECUTION TIME OF COMPUTER PROGRAMS

moment when the device becomes idle again after servicing
the request. To estimate the average busy period, we divide the
time axis into alternating intervals during which the device is
either busy or idle. For independent streams, the stationary
probability that the device is not processing requests from the
i- th stream is 1 — p;(¢ = 1, K), which is invariant to the
duration distribution ;.

Figure 12 generalizes the behavior across different numbers
of priority levels. The results reveal that increasing priority
count worsens latency for low-priority phases, especially when
p > 0.7. Thus, limiting excessive prioritization levels may
improve overall system fairness.

Consequently, over a very large time interval 7', the device
will be in the state of not servicing requests from the ith stream
for a total time T'(1 — p;), which consists of TA;(1 — p;)
non-overlapping busy periods for servicing requests from the
i-th stream. The total duration of these various busy periods
TX;(1—p;) equates to T'p;. Therefore, the average duration of
the busy period of the device while servicing all K'th phases
is given by:

B. Comparison with Existing Methods

To assess the effectiveness of the proposed execution time
estimation models, we compare our approach with several
existing methods from the literature.

Jackson’s Queueing Model [25] is a classical approach
that analyzes multistage queues assuming Poisson arrivals and
exponential service times. While mathematically elegant, it
fails to account for load-dependent service rates and execution
phase prioritization, which are addressed in our proposed
method.

Dynamic QoS Management in 5G/6G Networks [28] offers
flexible scheduling but primarily focuses on service prioriti-
zation in mobile networks, not computational systems. Our
model instead targets execution flow in embedded environ-
ments.

LLM-based Active Queue Management [29] introduces Al-
based solutions for traffic shaping. However, it does not
yield closed-form timing expressions nor address multistage
program logic.

Credit-Based Network Calculus for Airborne Systems [32]
provides precise traffic shaping via calculus but is optimized
for communication latency—not processor-bound execution
time under stochastic load patterns.

This makes it more suitable for embedded systems and real-
time information transmission scenarios, as supporte.

TABLE I
COMPARISON OF EXECUTION TIME ESTIMATION APPROACHES
Method Multi | Closed | Finite Priori.ty AITS
phase form source | modeling | specific
Jackson [25] No Yes No Limited No
ML-based [31], [37] No No No No No
5G/6G QoS [28] No No No Yes No
Proposed Yes Yes Yes Yes Yes

As shown in Table I, the proposed method is not intended
to replace network-level QoS optimization or data-driven
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predictors, but rather to provide an analytical framework for
structured multi-phase CCR timing in AITS.

C. Device Busy Period and System Throughput

To evaluate system performance holistically, the average
busy period of the processor is analyzed. The busy period
indicates the total time the device remains active before
becoming idle again. This metric is critical for determining
throughput and evaluating scheduling efficiency.

K

c— i Tp; B t;
7;71)\1'(1—&') 721_&"

i=1

(38)

Assuming that the device spends time sampling requests for
service in the ith phase 7;°, the complete busy period of the
device will be equal to

K

= toi +ti +1]
C,=Y e thth (39)
=1

L—=pi

Knowing the numerical value of Cj, the device’s through-
put can be estimated as follows. Suppose, for example, the
processor speed V' (instructions/time unit) with an average
instruction execution time ¢ (time units) and the number of
instructions required to process a single request in isolation is
m (instructions/request); then the number of requests that the
processor can handle per time unit is given by

G, ( messages )
"~ mt \unit of time/
Expression (35) is obtained for the case R = 1. If m;

streams pass through the ith phase, the quantity £y, is given
by

(40)

tgNyg '
L—tg> iem, Nij

Other characteristics of the model of type (7) can be
obtained using formulas (4) and (5). For models of type (7),
when R = 1, to find an upper bound for the quantity ¢,;,
one can use the expression for the distribution function of the
number of requests in each phase of a Markov system [16],
[22]. The probability that there are n i requests at the sth phase
of the system is given by

Y em, N
£ = 2iEn > (1)

Nn;
(3 g:O

=l0) (ng) = L’“)

= , 42
S 0(nk) 2

d(ng) = (ni) " H(Crpr)™, ng < Cy
(Cr) ™ (Crpr) % (o)™ =%, ng > C.

Using (42), we obtain the expression for the average number
of requests in the queue before the i-th phase and being
serviced at the ith phase

C;—1
_ 1 Cipi)
T {z_; 1

where

(Cipi)(pi — Cipi + Cy)
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C.

<1 (ClpZ)CT 1

A= —(Cipi — T

TZ::O”( P+ = 1,

The average number of requests waiting in the queue before
the +th phase

T _ (Cip)ps
G- )2 A

where A; — is determined by expression (43). The average
waiting time for the request in the queue before the ¢th phase

(44)

fi= =2 (45)

Other characteristics of this model can also be obtained
using formulas (4) and (5). For the analysis of models of
type (8), it is essential to note that, according to Jackson’s
theorem [15], a steady-state regime in a multiphase system can
be represented as a superposition of the steady-state regimes
of individual phases, considered mutually independent. This
implies that Cobham’s formula [10] for multi-line systems can
be used to calculate the characteristics of the system of type

).

V. CONCLUDING REMARKS

This paper has introduced a queueing-theoretic framework
for estimating the execution time of computer programs in
Automated Information Transmission Systems (AITS). Two
practically relevant categories of control computing resources
(CCR) were identified: Type I resources with multistage
program execution and strict timing constraints, and Type II
resources characterized by finite source devices and unreliable
components. For both categories, we derived closed-form
analytical expressions for key temporal metrics, including
average waiting time, execution delay, queue length, and
processor busy period, under fixed-priority and cyclic weighted
scheduling disciplines. The analytical models were validated
through simulation experiments, which confirmed that the pro-
posed formulas capture the expected behavior of multiphase
CCRs under varying processor loads and priority configura-
tions. In particular, the results demonstrate how increasing
the number of phases and priority levels leads to a sharp
growth in waiting time for lower-priority tasks as utilization
approaches saturation, while high-priority tasks remain rela-
tively protected. These insights are directly applicable to the
design and configuration of real-time AITS controllers [35],
in line with recent execution-time analysis and priority-based
scheduling methods in real-time and embedded systems, where
the choice of scheduling discipline, number of priority classes,
and acceptable processor load must balance responsiveness for
critical functions against fairness for non-critical tasks [10],
[24], [26]. Execution time estimation in real-time, embedded,
and distributed systems has been intensively studied over the
last few decades, with several mainstream directions emerging
[30], [31], [35], [36]. From a practical standpoint, the derived
expressions for busy period and throughput can be used as
design tools to dimension processor resources and to estimate
how many control tasks per time unit can be reliably executed,
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given a specific instruction rate and program complexity. This
makes the framework suitable as an analytical complement
to measurement-based or simulation-based performance eval-
vation in embedded AITS deployments [37]. The present
work has several limitations that suggest directions for future
research. First, the models largely rely on Poisson arrival
processes and deterministic service times, which lead to con-
servative (overestimated) timing characteristics but may not
fully capture bursty or correlated traffic patterns observed in
modern communication-intensive control systems. Extending
the framework to more general arrival and service-time distri-
butions, or to hybrid analytical-measurement-based schemes,
is a promising direction. Second, integrating the proposed
CCR models with network-level scheduling and QoS mecha-
nisms in 5G/6G or digital twin architectures would allow joint
optimization [15], [24], [28], [32]. Future research will focus
on extending the proposed models to hybrid analytical-data-
driven frameworks, integrating adaptive scheduling mecha-
nisms and learning-based parameter estimation to enhance
robustness under non-stationary workloads.
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