BicHuk XapkiBCbKkoro HawjioHanbHoro yHisepcuteTy imeHi B. H. KapasiHa
12 cepis «MatematuyHe MogentoBaHHs. IHdopmauiiHi TexHonorii. ABTOMaT30BaHi CUCTEMU ynpaBniHHSY, Bunyck 51, 2021

DOI: 10.26565/2304-6201-2021-51-02

YK 004.7

The method of distributing package delivery time
S.1. Bohucharskyi, O.V. Zolotukhina, O.0O. Zolotukhin, M.S. Muravshchyk

Bohucharskyi Candidate of Engineering Science, senior researcher

Serhii Ivanovich V. N. Karazin Kharkiv National University, 4, Svobody Sq., Kharkiv, Ukraine,
61022 ; e-mail: shogucharskiy@karazin.ua
https://orcid.org/0000-0003-4971-4314

Zolotukhina head of the laboratory, senior lecturer

Olga Viktorivna V. N. Karazin Kharkiv National University, 4, Svobody Sq., Kharkiv, Ukraine,
61022 ;e-mail: ovzolotukhina@karazin.ua
https://orcid.org/0000-0002-9354-7018

Zolotukhin Oleksandr senior lecturer

Oleksandrovich V. N. Karazin Kharkiv National University, 4, Svobody Sg., Kharkiv, Ukraine,
61022; e-mail: oozolotukhin@karazin.ua
https://orcid.org/0000-0003-4440-240X

Muravshchyk Student of Department of Systems and Technology Modeling

Maksym Sergeevich V. N. Karazin Kharkiv National University, 4, Svobody Sq., Kharkiv, Ukraine,
61022 ; e-mail: muravshchyk2020ks51@student.karazin.ua
https://orcid.org/0000-0002-4130-5252

When analyzing the problems of organizing the effective functioning of distributed data transmission networks with packet
switching, it becomes clear that it is necessary to improve the existing models of individual network structures, develop new
models for studying effects, factors and mechanisms that have not been considered previously, and on their basis create non-
laborious methods for selecting network parameters according to various criteria of optimality. An analytical review of the results
achieved in the study of various structural formations made it possible to understand the current approach to organizing the
effective network operation, to formulate unsolved problems, and to outline the main directions of research. It could be clearly
seen that the peculiarity of end-to-end data transportation over a multi-link virtual connection is not taken into account, and the
question of the adequacy of the assigned distributions to the real information transfer process is not considered, and therefore,
remains open. A new approach to distributing the information packet transmission time for a virtual channel with distortions is
proposed. On its basis the analysis of the influence of end-to-end non-receipt time-out duration on the operational characteristics
of the data transport process has been carried out. A model of a data transmission path with distortions in individual sections of
the transfer in the form of a stochastic conveyor is proposed, and auxiliary relations necessary for the analysis of stochastic
information transfer have been obtained. The potential of inter-node connections, the requirements for the buffer memory of the
switching nodes, and the end-to-end delay of subscriber messages are mostly determined by the parameters of the line protocols.
The existing methods for the formal selection of these parameters are focused mainly on the unconditional preference of the
criterion for the throughput of inter-node connections and require time-consuming numerical calculations. Since the problem of
redefining network parameters due to changes in operating conditions often occurs, non-laborious engineering methods for their
selection according to various criteria of optimality require developing.

Keywords: pipeline effect, number of pass-through transmissions, distribution delivery time, delay of a multi-packet message,
high-quality communication channels.
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MypaBmuk cmyoeHm Kageopu MoOeno8anHsa cucmem i mexHoao2ii
Maxcum CepriiioBuy Xapxkiscokuii nayionanehuti ynisepcumem imeni B. H. Kapa3zina, matioan
Cs0600u 4, Xapkis, Yrpaina, 61022

TIpu ananizi npobiem oprauizauii eeKTHBHOrO QYHKIIIOHYBaHHS PO3MOAITICHHX MEPEX Mepeaadi JaHUX 3 KOMYTALIE0 TaKeTiB
3’5ICOBY€EThCSI HEOOXIJHICTD YIOCKOHAJICHHS ICHYIOUNX MO/IeIell OKPEMIX MEePEKEBUX CTPYKTYP, PO3pOOKH HOBUX MoJeieit s
JOCIIUKEHHST eeKTiB, (GaKkTOpiB i MEXaHi3MIB, [0 He PO3IVINAIKCS paHillle, Ta CTBOPEHHS Ha IX OCHOBI HETPYHOMICTKHX
METO/IiB BUOOPY ITapaMeTpiB Mepexi 3a pi3HUMH KPUTEPISIMU ONTHMAIBHOCTI. AHATITHIHHH OIS Pe3yiIbTaTiB, JOCITHYTHX Y
BUBUCHHI PI3HUX CTPYKTYPHHX YTBOPEHB, JO3BOJIB BHSBUTH CTYIiHb OIIPAIIOBAaHHS NMHUTaHb OopraHizaiii edeKTHBHOI poOoTH
Mepexi, chOpMyITIOBATH HEBUPIILICH] 3aBIaHHS Ta HAMITHTH OCHOBHI HAIIPSIMKH JOCIiKeHb. [IpH IbOMY SIBHO HE BPaXxOBY€EThCS
crergika HACKPI3HOTO TPAHCIOPTYBaHHS JAaHHUX MO OaraToJaHKOBOMY BipTyalbHOMY 3’€IHAHHIO, a TIMTAHHS aJeKBaTHOCTI
PO3MOAINIB, IO 3aJAIOThCS PEATbHOMY Mpoliecy mepenadi iHpopMamii He PO3IIAAAETBCS 1 3aNUIIAETHCS BiJKPUTHM.
3amponoHOBaHO MiAXig X0 MoOyaOBM pO3MOITY dYacy mepeaadi iHQopmauifHOro makeTa y BipTyalbHOMY KaHami 3i
CIIOTBOPEHHSMH, Ha OCHOBI SIKOTO IPOBOJUTHCS aHaJIi3 BIUIMBY TPUBAJIOCTI HACKPI3HOTO TaliM-ayTy HENIPUIHATTS KBUTAHIII Ha
orepamniiiHi XapaKTepUCTHKH IIPOIeCY TPaHCHOPTYBaHHS IaHUX. 3alpoNOHOBAHO MOJENb TPaKTy Iepeiadi JaHHX 3
CIIOTBOPEHHSIMH Ha OKPEMHX MUITHKAX IEpenpHiOMY Y BHIJIAII CTOXaCTHYHOTO KOHBEEpa, a TaKOXX OTPHMaHi JOMOMIKHI
CITiBBIJHOIIEHHS, HEOOXigHI I aHami3y iH(OpMamiiHOTO CcTOXacTHYHOro mnepeHocy. [lapaMeTpw MiHIHHUX NPOTOKOIIB
3HAYHOI0 MipOI0 BH3HAYAIOTh MOTCHLINHI MOKIMBOCTI MIXKBY3JIOBUX 3’€IHaHb, BUMOTH 10 00cAry OydepHoi mam’sTi By3miB
KOMYTalil Ta HAacKpi3Hy 3aTpUMKy aOOHEHTCHKMX MOBiZOMJIeHb. Bimomi meromu ¢opmanapHOro BHOOpY IMX MapameTpiB
Opi€EHTOBaHI B OCHOBHOMY Ha 0€3yMOBHY IIepeBary KpUTEPit0 MPOIYCKHOI CIPOMOKHOCTI MIXKBY3JIOBHX 3’ €JHAHb Ta BUMAraloTh
TPYAOMICTKHX YHCEIbHUX pO3paxyHKiB. OCKIIbKH 3aBIaHHS EPEBU3HAYCHHS MEPEKEBUX MapaMeTPiB JOCUThH YaCTO BUHUKAE B
peanpHuX Mepekax y 3B’sI3Ky i3 3MIHOIO YMOB €KCILTyaTalii, TO BUHHKAE OTpeda B po3poOlli HETPYAOMICTKHX iHXEHEPHUX
METO/IIB X BHOOPY 32 PI3HUMHU KPUTEPIsIMU ONTHMAIILHOCTI.

Kniouosi cnoea: ronseepnuii eghexm, KinbKicmb HACKPI3HUX hepeoay, pO3NOOin 4acy, 3ampumka MYIbMunaKemio2o
NOBIOOMNEHHS, BUCOKOSIKICHI KAHANU 38 "A3KY.
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Ilpu anamm3e mpoObiem opraHmzanuu 3PpeKTHBHOTO (YHKIMOHHPOBAHMS pacIlpelelIeHHBIX CeTel IMepeadd NaHHBIX C
KOMMYTaIieil MakeTOB BBIICHSAETCS HEOOXOIUMOCTh COBEPIICHCTBOBAHMUS CYIIECTBYIOIIMX MOJENEl OTAENBHBIX CETEBBIX
CTPYKTYp, pa3paboTKH HOBBIX MOJieJIel A1 HcciaenoBanus 3¢ GeKkToB, (akTOPOB M MEXaHU3MOB, HE paCCMaTPUBABIINXCS paHee,
M CO3/IaHHS Ha UX OCHOBE HETPYIOEMKHX METOJOB BHIOOpA CETEBBIX MAPAMETPOB IO PA3IMYHBIM KPUTEPUSIM ONTHMAIBHOCTH.
AHannTH4ecKkuii 0030p pe3yNbTaTOB, JOCTUTHYTHIX B M3YYEHUH PA3IMYHBIX CTPYKTYPHBIX 00pa30BaHUi, IIO3BOJIMII BBISBUTD
CTETIeHb MPOPaOOTKH BOMPOCOB OpraHu3anuy 3 (HeKTHBHON pabOTHI ceTH, cHOPMYINPOBATh HEPEIICHHBIE 33/1a4i U HAMETUTH
OCHOBHbIE HalpaBJIeHHs HCCIe0BaHui. [Ipi 3TOM SBHO HE yUYMTBIBACTCS CHELU(HKa CKBO3HOW TPAHCIIOPTHPOBKHU JIaHHBIX MO
MHOTO3BEHHOMY BHPTYaJIbHOMY COEIMHEHHIO, a BOIPOC a/IeKBaTHOCTH 3a/1aBaGMbIX PacIpe/eCHUil peaJbHOMY IpoLeccy
nepefayd MHGOPMALMKM HE PacCMAaTPHBAETCS M OCTACTCS OTKPBITHIM. IIpeasio’keH MOAXOJ K IOCTPOCHHIO paclpe/ieleHUs
BpEeMEHH Tiepeiaud MH()OPMAIIMOHHOTO TaKeTa B BHPTYAJIBHOM KaHalle ¢ MCKa)KEHHSMH, HAa OCHOBE KOTOPOTO IPOBOJUTCS
aHaNM3 BIMSHUS JUIUTEIBHOCTH CKBO3HOTO TaliM-ayTa HelpreMa KBUTAHIIMKM Ha ONEpalMOHHBIC XapaKTepPHUCTUKH Ipolecca
TPaHCHOPTHPOBKH JaHHBIX. [Ipe/ioxkeHa MOJENb TpakTa Iepeladdl JaHHBIX C HCKAKEHWSIMH Ha OTACNBHBIX Yy4acTKax
nepernpueMa B BUIAEC CTOXaCTUYECKOTO KOHBeﬁepa, a TaKX€ IOJIY4€HbI BCIIOMOT'ATECIIbHbIE COOTHOILIEHUS, H606X0}11/IM]>IC JUIA
aHaJIM3a CTOXaCTHYECKOro HH(MOPMAIMOHHOTO IepeHoca. IlapamMeTphl JHHEHHBIX HPOTOKOJIOB B 3HAYUTENBHON Mepe
OIIPENENISAIOT MOTEHIHAIBHBIE BO3MOXKHOCTH MEKY3JIOBBIX COCAMHEHHMil, TpeGoBaHHSI K 00beMy OydepHOW HamsaTH y37I0B
KOMMYTAIIMH H CKBO3HYIO 33/IepKKy aDOHEHTCKHX cooOmuieHuit. M3BecTHBIE METOIbI (hOPMAILHOTO BBIOOpA STHX MapaMeTpOB
OPHEHTHUPOBaHBI B OCHOBHOM Ha 0€3yCIIOBHOE MPEANOYTEHHE KPUTEPHUSI TIPOMYCKHOI CIOCOOGHOCTH MEXKY3JIOBBIX COCIMHEHHUH 1
TPeOYIOT TPYZOEMKHX YHCICHHBIX pacyeToB. II0CKONIBKY 3a/1aua NEepeolpeaesieHHs] CeTEBbIX MapaMeTpPoOB A0CTATOYHO 4acTo
BO3HHMKAeT B PEAJIbHBIX CETSX B CBSA3M C M3MECHEHHEM YCIOBHH JKCILTyaTalldH, TO MOSBISIETCS ITOTPEOHOCTh B pa3paboTke
HETPYAOCMKUX UHXXCHEPHBIX METOAOB UX BblGOpa 0 pasjIMYHbIM KPUTEPUAM ONTUMAJIbBHOCTH.

Knrouesvie cnosa: romsetiepuviii  apghexm, KoAUUECmMBO CKBO3HBIX nepeday, pacnpeodeienue GpPeMeHU, 3ad0epIicKu
MYI6MUNAKEMHO20 COOOWEeHUSL, BbICOKOKAYECMEEHHbIE KAHAbL CE53U.
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1 Models of pipeline mechanisms of the data transfer process in a virtual connection

The probability of message delivery between interacting applications in a given time and the average
end-to-end delay of user information in a virtual channel are among the most significant indicators of the
quality of service for subscribers of information and computer networks. An important aspect of the
effective organization of the data transport process is choosing the length of the end-to-end confirmation
time-out for end-to-end delivery of information to remote subscribers [1]. Existing approaches [3] to
solving this problem allow studying the effect of the non-receipt time-out duration on the operational
characteristics of the data transmission process for given distributions of the time for transferring
information packets and acknowledgments between correspondent subscribers.

In this case, it is clear that the peculiarity of end-to-end data transportation over a multi-link virtual
connection is not taken into account, and the question of the adequacy of the assigned distributions to the
real information transfer process is not considered and remains open.

A new approach to distributing the information packet transmission time for a virtual channel with
distortions is proposed [6]. On its basis the analysis of the influence of end-to-end non-receipt time-out
duration on the operational characteristics of the data transport process has been carried out.

A model of a data transmission path with distortions in individual sections of the transfer in the form
of a stochastic conveyor is proposed, and auxiliary relations necessary for the analysis of stochastic
information transfer have been obtained.

We consider the study and the analysis of various schemes of end-to-end handshaking in the process
of transmitting a multi-packet message in a multi-link virtual connection as the part of constructing the
procedure for calculating the time-out duration.

2 Pipelined interpretations of a virtual connection

When the distortion factor of protocol data blocks and the decisive feedback mechanism
(retransmissions of distorted blocks) are superimposed on the pipeline effect that occurs for the process
of transferring information flows along multi-link (multiphase) paths, a virtual connection can be
interpreted as a stochastic pipeline, in which the processing time on individual phases is random. Since
at the level of end-to-end transmission of multi-packet messages of application systems, an urgent task is
to determine the durations of waiting intervals for end-to-end acknowledgments (end-to-end time-outs),
and an important aspect is the probabilistic description of the end-to-end information transfer process at
the transport level. An exhaustive description of such a pipeline specifies the distribution of the end-to-
end delivery of application messages to the addressee.

The search for such a distribution is considered as the process of transferring a multi-packet message
consisting of N packets, over a multi-link virtual connection of the length D >1, expressed in the number
of inter-node links.

It is supposed that each link of the virtual connection is controlled by a start-stop exchange procedure
[2, 7] and has the same packet transmission cycle times T from the beginning of its withdrawal to the
communication line until the receiving of the receipt. With probability R4 , n=1, N, d =1, D in every
link d distortion occurs of n-th information packet and retransmission is carried out according to the
control procedure.

The number of retransmissions is considered to be unlimited. Then the time of error-free packet
transmission over d -th node-to-node connection is a random multiple of the cycle time T and distributed
according to the geometric law with the parameter 1- R, 4 .

It is also assumed that the sending of a packet at each segment of the virtual connection begins only
after it has been transmitted without distortion along the previous segment of the path. It is believed that
end-to-end data transport is organized as follows. A time-out is allocated to transmit a packet to a remote
recipient and receive a response receipt. S size intervals T .

If the receipt is not received during the time-out period, the sender organizes a retransmission end-to-
end. The number of pass-through transmissions is also assumed to be unlimited.

3 Determining the probabilities of package delivery time
Finding the probability of end-to-end transmission of a single information packet p(k, N, N) over

virtual connection of length D equals k intervals duration of which is T . Obviously, the number of
intervals must satisfy the condition k>D. Let D=1, then p(k,1,1)=(1- R)Rk_l. At D=2 the
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probability function is given by the sum of all possible products of the probabilities of successful packet
transmission over the first and second links of the virtual channel during the time k (12).

p(k,1,2) = (L-R)(L- Rz)z RIRS 2 (2)
i=1
R{ Ry
k,,2)=(1-R)(@-R 2
p(k,1,2) = (1-Ry)( 2){R1 R2+R2_R1} )
Provided that D =3, then the required probability p(k,1,3) takes the form (3, 4).
k-3 . k=3-i k 3iej
p(k,13)=(-R)A-R,)A-R3) X Rl > RyR; ©)
i=0 j=0

p(k,13)=(1-R)(A-R3)1-R3)x

X R + R + R )
(Ri—R2)(Ri-R3) (Ry—R1)(R; —R3) (R3—R1)(R3—R>)
For arbitrary D the probability function has the form (5, 6).
D Jood, B2 g dp4 oS
pk,L,3)=T]@-Ry) > R™ .. Z RDZZRDlRD (5)
d=1 d=0 dp_»=0 dp
d-1
Sq =k-D-2 dj (6)
i=1

Successively performing the summation in this relation, we obtain (7).

1

pk,1, D)= H(l Rd)ZR H ()
) d=t i1 Ry =R
izd
Therefore, for k = D we come to the expected result (8).
D
p(D.1,D)=]](@-Ry) (8)
d=1

In practical cases, for a virtual connection, the equality Ry =R, d =1,_D, indicating the statistical
homogeneity of distortions in various links of the data transmission path. Under this condition, an

uncertainty of the form arises in the expression (4) of % To get values p(k,1, D) here it is necessary

to execute (D —1)! rather time-consuming operations of disclosing uncertainty and finding p(k,1, D)
from the function (3, 4) by the definition (9).

S S
p(k,1,D)=(A-R)PR¥D S .31 )
d;=0 d;=0
Ratio for the sum (10) species [5, 8].
m+1
ZH(k+|)_—H(n+|) (10)
k=1i=0 m+
Applying (10), we obtain the relation (11).
k-1 _
p(k,1, D)=[D_J(l— R)PRKP (11)

This dependence can be represented in a recurrent form (12, 13).
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p(k,1, D+1)=p(k,1, D)w (12)
DR
p(k,1,1, D) = p(k, L, D)—<2 (13)
k—-D+1
Thus, for R =0 the probability function (11) is transformed into the defining form (14).
p(k,1, D+1) = p(k,1, D)=0, where k >D (14)

4 Distribution of package delivery time
An important operational parameter for a virtual connection is the probability of an end-to-end packet
transmission within a given time-out period S (15):

S
p(S.1, D)= 2> p(k,1 D) (15)
k=D
When determining a statistically inhomogeneous virtual channel (16), the probability p(S,1, D) in
relation to p(S,1, D) in relation to (11) takes the form (17).

R #Rj,iand j=1,D,i,# j (16)

D D _R.
p(S.L, D)de(RdD‘l—RS)H R (17)

-1 i=1 Ry —R;
i#]
Finding the dependency p(S,1, D) on the parameters of a statistically homogeneous virtual channel.
Successively solving the equations and canonizing the obtained and known [4] relations (18-21) for sums
of the form (22) proceeding from (17) taking into account (7) at D=1, 4 we get (23-26).

k. ok
2x'=—x(1 ’; ) (18)
i=1 -
k i X(l—Xk) kxk+1
EIX = (1—x)2 R (19)
Koo x@-x)a+x) ko 2
Ell X = 0 1y {k+1—x} (20)
K o3i x@Q-xX)+4x+x%) k&, 3k 3(1+x)
igll X = (1_X)4 - 1-x k +E+(1_X)2 (21)
ks, s=0,3 (22)
P(S,11)=1-RS (23)
P(S,1,2)=1-R° -S(1-R)R* (24)
P(S,1,3)=1-RS —S(1- R)Rs—l—@a—R)ZRS—2 (25)
P(S,1,3)=1-R® —S(1-R)R>* —ga— R)2R5™2 —WQ— R)3RS3 (26)

Thus, for an arbitrary D meaning P(S,1, D) is determined by (27) at where Kp is a known

parameter. Provided that S =D based on (15), the expression P(D,1, D)=(1- R)D is set. From (27)
and considering the conditions (1—R) we get (28)
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P(S,1,D)=P(S,1,D-1)-Kp Iﬁz(s —i)(1-R)P1RSP+ (27)
i=0
1-RP =1-' 3" K4 [] (D-i)a-R)IRDC (28)
d=0 i=0

This approach is defined by the identity expression if the factors at R and (1-R) are determined by
the coefficients of the Newton binomial of degree D. Based K4 =1/d! and compliance P(S,1, D)
naturally occurs (29).

P(S,1,D)=1- Df[%(l— R)4 RS (29)
d=o\ D

Thus, for R =0 the distribution function P(S,1, D)=1 for S>D.

5. Conclusion

The time slice of the process of end-to-end transportation of a single packet over a multi-link path
coincides with the transmission of a multi-packet message over a virtual connection consisting of one
hop. That testifies to the symmetry of information transfer, expressed in the fact that the operational
characteristics (probability function, distribution function, and average time to reach the destination) of
the end-to-end delivery of a single packet over a virtual connection of the length D and the process of
transmitting a message from N =D packets on a single-link virtual channel are completely the same.
Then, for the average delay of a multi-packet message with end-to-end confirmation of the correctness of
its transmission as a whole by information packets of the opposite flow.

It has been determined that the main contribution to the limit values of the average end-to-end delay
in a stochastically homogeneous path corresponding to an unlimited timeout duration changes the time
of transmission of a multi-packet message and receipt of a response receipt in a deterministic pipeline
with a transmission time in a separate phase equal to the average packet delay. The contribution of the
remaining components to the end-to-end delay is proportional to the intensity of a packet distortion R
which can be neglected for high-quality communication channels.
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