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ABSTRACT

Context. A feature of mobile systems is their dependence on battery charge, which is an important factor when planning various
processes, in particular when planning time of performing software rejuvenation procedure.

Obijective. The goal of this article is to develop a model of software aging process with performing rejuvenation procedure for
the Android operating system considering the factor of battery charge.

Method. A complex model based on Continuous-Time Markov Chains is proposed, which combines the software aging and re-
juvenation model, the user behavior model and consider battery charge factor. A graph of states and transitions describing a complex
model is constructed. Based on the formed graph the system of differential equations is written. The system was calculated using the
4th order Runge-Kutta method. The optimal time for the rejuvenation procedure can be determined when rejuvenation will not inter-
fere with the user and will be performed before the battery is fully discharged, ie when the probability of the system being in these
states is the lowest.

Results. The simulation of the developed model for test values of transition rates is performed. Considering the battery charge
model allows to avoid planning the rejuvenation procedure at a time when the mobile device is likely to have a low charge or be
completely discharged.

Conclusions. The proposed model based on the Markov chain allows to predict the start time of software rejuvenation procedure,
considering both user behavior and battery level, which can have a significant impact on the predicted time. Also, the early imple-
mentation of the rejuvenation procedure may have the effect of reducing the system workload and delaying the discharge of the de-
vice, which should be checked in further studies. The expediency and importance of the consideration of battery charge factor and the

need for further study of the proposed software aging and rejuvenation model are substantiated.
KEYWORDS: software aging, software rejuvenation, Markov Chains, Android.

ABBREVIATIONS

OS is an operating system,;

Ul is a user interface;

AY is an “Active Young” state;

RA is a “Rebirth Active” state;

ARe is an “Active Recovering” state;

AYS(L)p is an “Active Young Stable (Low) Power”
state;

AOS(L)p is an “Active Old Stable (Low) Power”
state;

AReS(L)p is an “Active Recovering Stable (Low)
Power” state;

ARS(L)p is an “Active Rebirth Stable (Low) Power”
state;

SYS(L)p is a “Sleep Young Stable (Low) Power”
state;

SOS(L)p is a “Sleep Old Stable (Low) Power” state;

SReS(L)p is a “Sleep Recovering Stable (Low)
Power” state;

SRS(L)p is a “Sleep Rebirth Stable (Low) Power”
state;

Op is an “Off Power” state.

NOMENCLATURE
A is a transition rate between states;
Aas 1S a transition rate from “Active” state to “Sleep”
state;
Asa 18 a transition rate from “Sleep” state to “Active”
state;
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Ayo 1s a transition rate from “Young” state to “Old”
state;

Aore 18 a transition rate from “Old” state to “Recover-
ing” state;

Arey 1S a transition rate from “Recovering” state to
“Young” state;

Ayr is a transition rate from “Young” state to “Re-
birth” state;

ARy 1S a transition rate from ‘“Rebirth” state to
“Young” state;

AupLp 1S @ transition rate from “High Power” state to
“Low Power” state;

Aipcn 1 a transition rate from “Low Power” state to
“Charging” state;

Achmp 1S @ transition rate from “Charging” state to
“High Power” state;

Aipop 1s a transition rate from “Low Power” state to
“Off Power” state;

AspLp 1S @ transition rate from “Stable Power” state to
“Low Power” state;

ALpsp 1s a transition rate from “Low Power” state to
“Stable Power” state;

t is a time;

P(t) is the probabilities vector of the system in differ-
ent states at time t;

Pavswyp(t) is the probability of a system being at time t
in the “Active Young Stable (Low) Power” state;

Paoswyp(t) is the probability of a system being at time t
in the “Active Old Stable (Low) Power” state;
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Paresuyp(t) is the probability of a system being at time
t in the “Active Recovering Stable (Low) Power” state;

Parswyp(t) is the probability of a system being at time t
in the “Active Rebirth Stable (Low) Power” state;

Psysyp(t) is the probability of a system being at time t
in the “Sleep Young Stable (Low) Power” state;

Psoswyp(t) is the probability of a system being at time t
in the “Sleep Old Stable (Low) Power” state;

Psresyp(t) is the probability of a system being at time t
in the “Sleep Recovering Stable (Low) Power” state;

Psrswyp(t) is the probability of a system being at time t
in the “Sleep Rebirth Stable (Low) Power” state;

Pop(t) is the probability of a system being at time t in
the “Off Power” state;

Tave 1 an average transition time.

INTRODUCTION

Software aging process is a phenomenon of perform-
ance deterioration and failures rate increase caused by the
accumulation of software and system errors that are un-
predictable and their effects can occur with delays in sys-
tems that run for a long time without reboots [1-7]. Ag-
ing-related errors are memory leaks, rounding errors, etc.
The phenomenon of software aging has been widely stud-
ied in various systems and applications, such as Linux,
Apache server, middleware [3—6], Android OS [8—10].

Software rejuvenation procedure is a proactive tech-
nique to prevent and delay software aging [2]. This ap-
proach involves the planned regular or irregular cleaning
of the system internal state in such a way as to reduce the
number of accumulated errors. Software rejuvenation can
be applied to different levels of the system, such as sys-
tem processes and user applications, data objects within
processes, or the entire operating system.

Mobile systems have specific characteristics of opera-
tion and use by the user, compared to server or personal
computer systems. The previous article [10] describes
some features of mobile platforms, as well as the rele-
vance of studying the phenomenon of software aging in
mobile systems. Software aging in Android OS manifests
as slow response of the user interface after prolonged use
of a mobile phone, which is common issue for most users.
Also, Android is one of the most popular systems for mo-
bile phones and occupies 84.1% of the market as of 2020
[11]. Due to the urgency of the software aging problem in
mobile systems and the popularity of Android OS, an
important task is to develop mathematical and algorithmic
tools to combat the phenomenon of software aging, in
particular modeling of the phenomenon taking into ac-
count different factors allows to plan the rejuvenation
procedure.

The object of the study is the process of software ag-
ing.

The subject of the study is a model of the software
aging process for mobile OS with performing rejuvena-
tion procedure.

The purpose of the work is to develop a model of
software aging process for Android OS with performing
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rejuvenation procedure, which takes into account the
model of mobile device usage by the users and battery
charge level.

1 PROBLEM STATEMENT

The rejuvenation procedure is used to counteract the
phenomenon of software aging. Performing this proce-
dure requires predicting the occurrence of software aging
and planning the time of rejuvenation based on the pre-
dicted data. The model of the rejuvenation process should
take into account the specific factors and features of the
Android OS, as well as data that will objectively reflect
the status and dynamics of changes in system perform-
ance to be able to make accurate predictions.

Analytical description of software aging process with
rejuvenation procedure will be presented in the form of
Continuous-Time Markov Chains. Steps needed to build a
model and perform calculations to determine the optimal
rejuvenation time:

— build and describe the model of software aging
process and rejuvenation procedure, the model of the bat-
tery charge states and the model of mobile phone user
activity;

— identify the states in which the system may be ac-
cording to considered models and describe the transition
rates between these states;

— build a graph of state transitions and describe a sys-
tem of differential equations based on this graph;

— calculate a system of differential equations using a
test set of transition rates between states and analyze the
results of calculations.

Calculating the system of differential equations will
determine the probabilities of the mobile OS in different
states at a particular time. To determine the optimal time
to perform the rejuvenation procedure, proposed model
allows to find the time when the probability of the system
being in a state of active usage and low battery is minimal
and aging-related effects are observed.

2 RELATED WORKS

To counteract the phenomenon of software aging in
the Android mobile system, various approaches are pro-
posed, both at the level of optimizing the architecture of
the developed software [12] and by performing the reju-
venation procedure [13—14].

The article [15] proposes a model, which is a combi-
nation of the user behavior model and the software aging
model with performing rejuvenation procedure. These
models and their combinations are constructed in the form
of stochastic Petri nets [16], based on which Continuous-
Time Markov Chains were generated [17].

The model of user behavior is shown in Figure 1 and
is described by two possible states: “Active” (the user is
actively using the phone) and “Sleep” (the phone is in
standby mode). Determining whether the device is in a
certain state, as well as determining the transition rate
between states, is proposed by accumulating statistics on
user activity over time.
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Figure 1 — Mobile device usage model

Software aging model with performing rejuvenation
procedure consists of four states: “Young”, “Old”, “Re-
covering” and “Rebirth”. It is assumed that when the de-
vice is turned on, the system is productive and the prob-
ability of aging-related failure is very low, i.e., the system
is at “Young” state. After prolonged use of the phone, the
system goes into “Old” state. The probability of such a
transition can be determined by monitoring certain system
metrics (such as Ul response time and memory usage) and
certain thresholds that will be indicators of the transition
from “Young” to “Old” state. Switching from “Old” state
to “Recovering” state means restarting the mobile device
by the user due to critically poor performance or device
rebooting due to system aging-related failure. Restart of
the device returns the system to “Young” state. The reju-
venation procedure takes place in “Rebirth” state, which

can be accessed from “Young” state.
AReY
ARY.
Avo AORe—>| Recovering
}\4YR

Figure 2 — Software aging model with rejuvenation procedure

The main goal of the model when planning the reju-
venation procedure is to determine the optimal time of
transition to “Rebirth” state, which will precede the tran-
sition to “Old” state. An important factor in choosing the
optimal time is to restrict the performance of the rejuve-
nation procedure if the user is currently using the phone,
i.e., the phone is in “Active” state. This is important limi-
tation because the rejuvenation procedure may have nega-
tive impact on user experience or cause a failure when
user uses a mobile device, for example, if the rejuvenation
procedure involves rebooting system or critical system
components.

The model proposed by the authors [15] allowed them
to determine the optimal time for the rejuvenation proce-
dure (approximately 30 hours after turning on the phone),
although the input data for the model were selected with
many simplifications and assumptions. Proposed model
can be expanded and improved. This paper proposes new
model which considers the battery charge factor, as mo-
bile devices depend on the battery capacity and are vul-
nerable to increase of intensity of the battery discharge.

3 MATERIALS AND METHODS
The model discussed in the previous section is pro-
posed to be extended by an additional model that de-
scribes the battery charge. Two variants of battery charge
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models can be considered: general and simplified, which
will be used in this work. The general model of a battery
charge level can be described by means of four states
(Fig. 3):

1) High Power — high battery level (for example, bat-
tery charge interval 100-25%);

2) Low Power — critically low battery charge at which
it is impractical to perform rejuvenation procedure (for
example, less than 25%);

3) Charging — the device is charging;

4) Off Power — the device discharged and turned off.

Off Power

Figure 3 — General model of battery charge

State “Charging” does not actually affect the choice of
rejuvenation, as it is impossible to predict the transition to
this state or the duration of stay in this state, so the choice
to rejuvenate or not still depends on the current battery
status. Therefore, it is proposed to simplify this model and
replace “High Power” and “Charging” states with the
“Stable Power” state, which will mean a sufficient charge
of the phone battery for the rejuvenation procedure. It is
worth noting that “Charging” state can still be taken into
account to adjust and delay the rejuvenation procedure
after the initial planning based on the model. The final
version of the simplified model is shown in Figure 4.

;MSpr
Stable

Power

Low

Off Power
Power

7\.LpOp
LpSp
Figure 4 — Simplified model of battery charge

The transitions between states in this model can be
calculated based on information about the current state of
battery charge and the estimated time to complete dis-
charge. The transition threshold between “Stable” and
“Low”, “Low” and “Off” states can be expressed as pre-
dictions of the discharge or charging time to the appropri-
ate level, for example, 12 hours before the battery is fully
discharged, or 3 hours before the battery is fully charged.

The software aging model with rejuvenation, the user
behavior model and the model of battery charge were
combined into one model, which is shown in Figure 5 and
is represented by a Continuous-Time Markov Chains. An
important feature of the new model is the impossibility of
transition to “Rebirth” state from “Active” and “Low
Power” states.
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Figure 5 — Continuous-Time Markov Chain for the model of software aging and rejuvenation which takes into account the battery
charge

Given the matrix of transition rates between states and A system of differential equations (2) is written based
the probabilities vector of the system in different states at  on the Markov Chain, which can be calculated by numeri-
the initial time, we can calculate the probabilities vector at  cal methods, in particular by the Runge-Kutta method.
any subsequent time (1):

P(t) = (Psresp (1), Psosp (1), Psysp (1), Psrsp (1),

Parsp (), Pavsp (1), Paosp (1), Pare sp (1): Ps re Lp (1)

PsoLp (1), PsyLp (1), Psrip (), ParLp () Pavip (1), ()
PaoLp (D Pare Lp (D) Pop (1))

dPs Resp (1)

—a —(Msa +Arey +AspLp)Psresp (D) +AsaParesp (D) +AorePsosp (D) + A Lpsp Ps re Lp (1s

dPsosp (1) .

s —(Asa +AoRre +AspLp)Psosp (1) + 2 as Paosp (1) +Ayo Psysp (1) + A Lpsp PsoLp (1)

dPsygp (1)

gt~ satAvo AR +hspp)Psvsp (D + A as Paysp (D) + A s Resp Prey (1) + A srsp PRy (D + 2 1pspPovip (U )
dPsgsp (1) .

& - —(Asa + ARy +AspLp)Psrsp (1) + 2 as Parsp (D) +Ayr Pysp (1) + A psp Perip (1)

dParsp () _

0 —(Aas + ARy *+AgspLp)Parsp (1) +AsaPsrsp (1) + A Lpsp ParLp ();
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dPaysp (1)

Tp =—(Aas +2yo +AspLp)Paysp (1) +AsaPsysp (1) + A ry Parsp (1) + Arey Pare sp (1) + A Lpsp Pavip (1)
dPaosp (1)

—a - —(Aas +AoRre +AspLp)Paosp () +2saPsosp (1) + Ayo Paysp (1) + A Lpsp PaoLp (1)

dPARe Sp ) .

—a - —(Aas +ARey +AspLp)Paresp (D) +AsaPsresp (1) +AorePaosp () + 2 Lpsp Pare Lp (1);

dPs reLp (1) ,
—a —(Asa +ARey +2A1psp +ALpop)PsreLp () + 2 asPareLp (1) +AoRe PsoLp (D) +AspLpPsresp (1:
dPsoLp (1) .

& —(Asa +2AoRre +ALpsp +ALpop)PsoLp () + A as PaoLp () + Ay PsyLp (1) + A g1 p Psosp (1);

dPgyLp(t) .
—a - —(Asa+Ayo +ALpsp + A Lpop)PsyLp (1) + 2 as PayLp (1) + Asre LpPrey (V) + AspLp Pry () + A spLp Psysp (1);
dPsgpp (1) _

—a —(Asa + ARy +2Apsp +ALpop)Psrp (1) + A as ParLp (1) + A spLp Psrsp (1);

dParLp (1) .

& —(Aas +ARy + A psp +ALpop)PaRLp (D) + A saPsrip (1) + A sprp Parsp (1)

dPayp ()

—a —(Aas +hyo + 2 Lpsp + 2 Lpop)PavLp (1) + A saPsyLp () + ARy ParpLp (1) + ARrey Pare Lp () + AspLp Paysp ()
dPaoLp (1)

—a —(Aas *rore +2ALpsp +ALpop)PaoLp (D) +AsaPsoLp (1) +AyoPayLp (1) + A sp1 pPaosp (;

dPaReLp (D) _
—a —(Aas +Arey +ALpsp T ALpop)Pare Lp (D) + 2 5aPsRe Lp (1) + 2o re PaoLp () + A spLp Pare sp (1)
dPOp ®)

dt

The main goal of the model considered in this paper is
to predict the optimal time to perform the rejuvenation
procedure. Since the time distribution in models based on
the Continuous-Time Markov Chain is exponential, the
average transition time to a certain state is determined by
the formula:

1
Tavg = x (3)

By calculating a system of differential equations (2) of
model for different Ay values, the optimal rejuvenation
time can be determined when the probability of being in
the Active” and “Low Power” states is the lowest, i.e.,
when the rejuvenation procedure will not interfere with
the user and will be performed until the battery is fully
discharged.

4 EXPERIMENTS
To verify and analyze the proposed model of software
aging with rejuvenation, the system of differential equa-
tions (2) was calculated by the 4th order Runge-Kutta
method. The calculation of the system of equations for the
original model [15] is also performed and it allows us to
compare the values of 1/ Ay of both models and deter-
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= ALpop (PsyLp (1) + PayLp (1) + PsoLp (1) + PaoLp (1) + Prarp (1) + Prsip (1) + Pare Lp () + Ps e Lp (1)

mine the influence of the factor on forecasting the rejuve-
nation procedure. Transition rates between all states of the
system are approximate values which allow to simulate
aging process and perform experimental calculations.

In work [15] two periods of user activity are consid-
ered, namely day (from 9 a.m. till 10 p.m.) and night
(from 10 p.m. till 9 a.m.). Rates of transitions between
“Active” and “Sleep” states for these intervals can be de-
termined based on the collected user activity data. For
example, you can divide the day into 15-minute time in-
tervals, which will be denoted as “Active” or “Sleep”
depending on the average number of events of the device
sensors collected over many previous days [15]. In this
study, 1 minute is used as a unit of time. The period of
user activity in the day for analysis has no fundamental
differences, so this paper assumes the verification of the
model for the day period. Thus, we assume that the transi-
tion rates of A,s and Agp are 0.05 (average time of phone
usage before entering sleep state is 20 minutes) and 0.02
(average time in sleep state is 50 minutes), respectively.

Transition rates from “Young” to “Old” state and from
“0ld” to “Recovering” state in [15] are considered equal
and are based on increasing the average delay time of the
user interface. These transition rates in a real system can
be calculated based on the observed aging-related metrics,
which show a performance degradation or an increase
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usage of system resources. However, in this paper, it is
assumed that the transitions from “Young” to “Old” and
from “Old” to “Recovering” last 100 hours, so Ayo = Aore
= (0.00017. Rejuvenation procedure and recovery of the
system after aging can be considered as a process of de-
vice rebooting, which lasts about one minute, so
Arey = Ay = 1.

Transitions rates of battery charge model can be ob-
tained based on remaining charge predictions at the time
of calculations on the mobile device. In this work, it is
assumed that the discharge time of the battery to a low
level, and then to complete shutdown is 24 and 1 hour,
respectively, i.e., Agprp = 0.0007, Arpop, = 0.017. The time

AY

0.24

P (t)

0.2

0.18

required to charge the battery to full level is assumed to
be equal to 2 hours, i.e., Ap,s, = 0.0083.

5 RESULTS

Calculations results of differential equations system of
the original model without considering the battery charge
are shown in Figure 6. Fig. 6 (a) shows the probability of
being in the state AY, and Fig. 6 (b) shows the sum of the
probabilities of being in the RA and ARe states.

Figure 7 shows the results of calculations of model
considering the battery charge. Fig. 7 a shows the prob-
ability of being in the state of AYSp, and Fig. 7 b shows
the sum of the probabilities of being in the RALp and
AReLp states, as well as the individual probabilities of
being in these states.

RA+ARe

3.E-05
3.E-05
2.E-05

< 2.E-05
1.E-05

5.E-06

0.E+00

1/AYR (hours)

—RA —ARe RA+ARe

b

Figure 6 — Calculations results of the model which doesn’t take into account the battery charge:
a — the probability of state AY; b — the total probability of states RA and ARe
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<

—RALp —ARelp

b

RALp+ARelLp

Figure 7 — Calculations results of the model which considers the battery charge:
a — the probability of AYSp state; b — the total probability of RALp and AReLp states
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Figure 8 shows the probability that the mobile device
is in a discharged state.

Op
0.8
0.7 —

o~ w0 (=] = ay o ~ — Ty}
— — — o~ o~ m o

1/AYR (hours)

48

(2] <
m <

Figure 8 — The probability of state Op

6 DISCUSSION

Figures 6 (a) and 7 (a) show that as the time to the re-
juvenation procedure increases, the probability of the sys-
tem being in a young state decreases both considering the
battery charge and without taking it into account.

The result of original aging model calculating (Fig. 6
(b)) shows that the optimal time to perform the rejuvena-
tion procedure is 1 / Ay, = 1620 minutes (27 hours), i.e.,
when the sum of the probabilities of being in the RA and
ARe states is the lowest. In turn, the calculation of the
model which considers the battery charge (Fig. 7 (b))
show that the rejuvenation procedure can be performed in
350 minutes (5 hours 50 minutes) after device start up.
Comparing the results of calculations of both models, we
can conclude that factor of battery charge has a significant
impact on predicting the time of the rejuvenation proce-
dure.

The idea of considering the battery charge factor is
that performing a rejuvenation procedure is inefficient
and impractical at a time when the battery level is criti-
cally low, or device is completely discharged. The formu-
lated hypothesis is confirmed by the obtained calcula-
tions. If we do not consider the time to full discharge of
the battery, the forecast of the original model is impracti-
cal, because after 27 hours (Fig. 8) the device is more
likely to be discharged. The influence of the battery dis-
charge can also be observed on Fig. 7 (b) where 1/ A,>27.

It is worth noting that planning the rejuvenation pro-
cedure based on the battery level may not necessarily lead
to performing this procedure at the selected time (5 hours
50 minutes), because at this time the system may still be
in the state “Young”, and the battery may be recharged.
Therefore, it is worth considering additional checks and
new calculations of the model at scheduled time.

It is also necessary to note the reasons why the
probabilities of being in the states “Recovering” and “Re-
birth” are in the range of 10~. These two states are proce-
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dures that perform rebooting and restoring the system, so
after performing them, the system immediately goes to
the next state. At the same time, the probability of "Re-
birth" is lower, because this state can be performed only if
the mobile device is not used by the user and has a high
battery charge. A high probability of being in these states
would mean that the system is constantly or often in the
process of rebooting, which is unacceptable for the user of
the mobile device.

CONCLUSIONS

The paper describes software aging and rejuvenation
model for mobile device which considers the factor of
battery charge level.

The scientific novelty of the proposed mathematical
model is to consider the new factor of battery charge
level. The developed model is represented by a Continu-
ous-Time Markov Chain, which combines the user behav-
ior model, the model of software aging with the rejuvena-
tion procedure, as well as the battery charge model.

The practical significance of using the battery level
in the model to predict the rejuvenation time is to consider
real mobile device usage scenarios, in particular, rejuve-
nation performing will not be effective or will not be per-
formed at all in cases when the mobile device may have a
very low charge or be completely discharged. In turn,
early rejuvenation can delay the transition to a low battery
level state, as rejuvenation will reduce the system work-
load and power consumption.

The future research is to investigate proposed model
for different conditions and real data, because in this work
a simulation was performed using test transition rates
between states. Also, it is worth testing the hypothesis of
the effect of the rejuvenation procedure performing before
transition to the low battery state on the delay of the bat-
tery discharge by reducing the system workload.
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MOJIEJIb ITPOILIECY CTAPIHHSA TA OMOJIO)KEHHSA ITIPOTPAMHOTI'O 3ABE3NIEYEHHSA /1711 OITEPAIIAHOL
CHUCTEMM ANDROID 3 YPAXYBAHHSIM ®AKTOPY PIBHSI 3APSITY BATAPEIQ

SxkoBuna B. C. — n-p TexH. HayK, mpodecop, mpodecop kadenpu CrucTeM MITyYHOTO iHTENEKTY, HarlioHanpHUN yHIBEepCHTET
«JIpBiBcbKa moONiTEeXHiKa», JIBBiB, VYkpaina; dakynpTeT MareMaTHKH Ta KOMIT'IOTEpHHX HayK, Bapminceko-Masypceekuit
VYuiBepcuret B OnbinTrHi, [Tomsima.

Yrpunoscbkuii B. B. — acucrent xadenpu IIporpamuoro 3abe3nedenss, HanionansHuii yHiBepcuTeT «JIbBIBChKA MOJIITEXHIKAY,
JIpBiB, YKpaiHa.

AHOTAULIA

AKTyaJabHicTb. OCOOMUBICTE MOOITBHUX CHCTEM MOJIATAE B X 3aJIE)KHOCTI BiJI piBHS 3apsay Oarapei, o0 € BXKJIMBUM YHHHUKOM
I/l Yac IUIaHyBaHHS PI3HOTO POy IPOIECiB, 30KpeMa BUKOHAHHS IPOIEIyPH OMOJIODKEHHS IPOrPaMHOTO 3a0e3MeUeHHs I 3Me-
HIICHHS BIUTUBY €(eKTIiB CTapiHHS I[LOTO IPOrPaMHOTO 3a0e3IIeUeHHSI.

MeTta po6oTn. Po3pobiieHHs MOJIeli POIeCy CTApiHHS Ta OMOJIOJDKECHHS IPOTPaMHOT0 3a0€3MEeUCHHS IS ONepaIliiHOl CHCTEMH
Android 3 ypaxyBaHHSIM YHHHHUKA PiBHS 3apsay Oarapei.

MeToa. 3anpornoHOBaHO KOMIUIGKCHY MOJIEIb Ha OCHOBI JlaHLOora MapKoBa 3 HElEepEepBHUM 4acoM, sika 00’ €JIHIOE MOZIeIIb CTa-
PiHHSA i3 BUKOHAHHSM TPOLIEyPH OMOJIOZKEHHS IIPOrPaMHOro 3a0e3MeyeHH s, MOJIe]Ib BAKOPUCTaHHS MOOIIBHOTO IPUCTPOIO KOPHC-
TyBadeM Ta (akTop piBHs 3apsny Oarapei. [loOynoBano rpad cTaHiB Ta mepexomiB, o onucye 00’ exHaHi Moaeni. Ha ocHOBI miar-
pamMu HamMcaHO CHCTEMY TU(EPEHLINHNX PIBHSAHB, Ky OOYHCIEHO 3 normoMororo merony Pynre-Kyrtu 4-ro mopsnky. Ontumainb-
HU 9ac BUKOHAHHS IIPOIIEYPH OMOJIOKEHHSI MOJKHA BI3HAUUTH 3a YMOB, KOJIH ii BUKOHAHHS HE 3aBa)kKaTUMe KOPHUCTyBady Ta Oyne
BHUKOHYBATHCh 3aBYaCHO JI0 HACTAHHS MOXIIMBOTO IIOBHOTO po3psiay Oarapei, ToOTO TOAi, KOJIM HMOBIpHICTh IIepeOyBaHHsI CHCTEMH B
LMX CTaHaX € HAMHIDKYOIO JUIsl IEBHOTO 3HAYEHHS Yacy BUKOHAHHS IPOLIEAYPH OMOJIODKEHHSI.

Pe3yabTaTi. BukoHaHo cuMysiis po3po0iaeHoi MojieNi s TECTOBUX 3HAUCHb IHTCHCUBHOCTEH nepexoiB. BpaxyBanHs mone-
i piBHA 3apsiy Oarapei 103BOJIA€ YHUKHYTH ITaHYBAaHHS BUKOHAHHS MPOLIEAYPH OMOJIO/DKEHHS B Yac, KOJIM MOOUIBHUN NPUCTPIii 3
BEJIMKOIO HMOBIPHICTIO MOXKE MaTH HU3bKHI 3apsi] Y OyTH MOBHICTIO PO3PSIKECHHIM.

BucHoBku. Po3po6iieHa MozieNb Ha OCHOBI JIaHIIOra MapKoBa 03BOJIMTH BUKOHYBATH IPOTHO3YBaHHS 4acy IOYATKy MPOLEIy-
P OMOJIOJDKEHHSI TIPOTPaMHOTo 3a0e3MeYeHHs, BPaXOBYIOUH SIK TIOBEIIHKY KOPUCTyBaua, TaK i piBeHb 3apsay OaTtapei, KU MOXKe
MaTy 3HaYHUH BIUIMB Ha IIPOTHO30BaHMil yac. Takox, paHHE BUKOHAHHS IPOLEAYPH OMOJIOKEHHS MOXKE MAaTH BIUIUB HA 3MEHILCH-
HSI HABAHTAXXEHHS Ha CHCTEMY Ta BIATEpMiHYBaHHS PO3pSAy IIPHUCTPOIO, IO BapTO MEPEBIPUTH B MOAANBIINX AOCTIPKeHHIX. O0Ipy-
HTOBAHO JIOLIBHICTD 1 BaXIMBICTh BpaxyBaHHs YMHHHKA PiBHs 3apsaay Oarapei i HEOOXiIHICTh MOJAIBIIOTO AOCTIIKEHHS PO3p00-
JIEHOT MOJIelli CTapiHHS Ta OMOJIOJDKEHHS 13 ypaxyBaHHSIM HOBOTO YHHHHKA.

KJIFOYOBI CJIOBA: crapiHHs OporpaMHoro 3ade3nedeHHs, OMOJIOMMKEHHS IPOrpaMHoro 3ade3nedyeHHs, JaHmor Mapkosa,
omnepauiiina cucrema Android.
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AHHOTAIUSA

AKTYyaJIbHOCTB. OCOOCHHOCTS MOOMIIBHBIX CHCTEM 3aKJII0YAeTCs B MX 3aBUCHUMOCTH OT YPOBHS 3apsaa OaTapeu, 4To SBISETCS
BaXHBIM (PAaKTOPOM IPH IIAHUPOBAHUM PA3IUYHOIO POJA IPOLECCOB, B YaCTHOCTH BBINOJIHEHHUS IPOLELYPHI OMOJIOXKEHHS IIPO-
TPaMMHOT0 00ecTieUeHH /11 YMEHBIICHHS BIUSHIS d(PPEKTOB CTapeHHS IPOTPaMMHOTO 00ECIICUCHHSI.

Heasn. PazpaboTka Moaeny mporecca CTapeHUsl 1 OMOJIOKEHHUS IPOrPaMMHOTO 00ECTIeYeHHs I ONEPallMOHHON CUCTEMBI An-
droid ¢ yuerom akTopa ypoBHS 3apsiia Garapen.

Mertona. IIpeoxkeHO KOMIUIEKCHYIO MOJENb HAa OCHOBE Ileu MapKoBa ¢ HEIPEPHIBHEIM BPEMEHEM, KOTOpas 00beANHSIET MO-
JIeTb CTApeHUs! C BHINOJIHEHUEM IIPOIEAYPHl OMOJIOXKEHHUS IPOTrPaMMHOTO 00ECIIeUeHNs], MOJIENb HCIIOIb30BaHUsI MOOWIIBHOTO YCT-
poiicTBa nosb3oBareneM u GakTop ypoBHs 3apsiaa O6arapeu. [Toctpoen rpad cocTosHUI U Iepexo10B, KOTOPBII OMHCHIBAET 00BEIU-
HEeHHyo Mozienb. Ha ocHoBe rpada HanmcaHo cucteMy qu¢depeHInanbHbIX YpaBHEHHH, KOTOPYIO BEIYHCICHO C IIOMOLIBIO METOa
Pynre-Kyttst 4-ro nopsiaka. OnTuMansHOe BpeMsl BBIOTHEHUS MPOLEAYPBI OMOJIOKEHHSI MOXKHO OINPEJEIUTh B YCIOBHAX, KOTa €€
BBINOJIHEHNE He OyJeT MeIlaTh MOJNb30BATENI0 M OyIEeT BBINOIHATHCS 3a0JarOBPEMEHHO A0 HACTYIUIEHHS BO3MOXKHOTO MOJIHOTO
paspsina 6aTapem, TO €CThb TOT/[a, KOTAa BEPOSATHOCTh HAXOXICHMUSI CHCTEMBI B 3TUX COCTOSIHUSIX SIBIISIETCSI CaMOM HU3KOH IS Ompe-
JIETIEHHOTO 3HAYEHHSI BDEMEHH BBIITOTHEHNUS MIPOLEYPhI OMOIOKEHHUS.

Pe3yabTaThl. BemonHeHo cuMysimuio pa3pabOTaHHOM MOJENH AL TECTOBBIX 3HAUCHUII MHTCHCHBHOCTEH MEpexonoB. Yder
YpOBHS 3apsiia 6aTapen MO3BOJIET H30ekKaTh IIAHMPOBAHUS BBITOIHEHHS IIPOLEYPEl OMOJIOKEHHS B TO BpeMsi, KOrjja MOOHIbHOE
YCTPOUCTBO C GOJIBIIOI BEPOSTHOCTHIO MOXKET MMETh HU3KHUI 3apsi/l WK OBITh HOJHOCTBIO Pa3psDKEHHBIM.

BeiBoasbl. PazpaboTannas Monenb Ha OCHOBE Lenmd MapKoBa M03BOJISIET BBIIOJHSTh IIPOrHO3MPOBAHUS BPEMEHH Hadajia Ipolie-
Jlypbl OMOJIOKEHHS IPOTPAMMHOT0 00€CTICUeHUs], YIUThIBAsl KaK MOBEICHUE MONb30BaTENs, TaK U YPOBEHb 3apsaa OaTapeu, KOTOpbIit
MOXET OKa3aTh 3HAYUTEIbHOE BIMSHME Ha MpPOrHO3UpyeMoe Bpems. Takke, paHHEe BBIIOIHEHHE MPOLEAYPBl OMOJIOKEHHS MOXKET
BJIMATH HA YMCHBIICHUE HArpy3KH HAa CHCTEMY M OTCPOUYKY pa3psiga yCTPOHCTBA, 9TO CTOUT MPOBEPHUTH B JATBHEHIINX UCCIIEA0BAHN-
sx. OBocHOBaHa 11e7IecO00pa3HOCTh M BaKHOCTH y4eTa (akTopa ypOBHS 3apsna Oataped U HEOOXOAMMOCTh AalIbHEHIIETO HCCiIeo-
BaHMs pa3pabOTaHHON MOJEIHN CTAPEHHSI 1 OMOJIOKEHHS IIPOrPaMMHOT0 obeciedeH s C y4eTOM HOBOTO (akTopa.

KJ/JIIOUEBBIE CJIOBA: crapenue IporpaMMHOIO OO€CIICUeHNsI, OMOJIOKEHHE MPOrpaMMHOTr0 obecrieueHus, 1ens Mapkosa,
onepannoHHas cucreMa Android.
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