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Analysis of transport connection
by a network of queuing systems

P.A. Mikheev, A.A. Pichugina, S.P. Sushchenko

National Research Tomsk State University, Tomsk, Russia

The most important operational characteristics of multi-link virtual chan-
nels are their throughput and average end-to-end delay of protocol data units.
These figures are determined not only by the reliability of data transmission
in each section of the retransmissions, but also the number of buffer storages
for receiving data packets at transit nodes. Known approaches to the analysis
of these performance indicators and the results in this area [1-9] are focused
on models of QS networks with continuous time for given distributions of
input flows and transmission time of protocol data units that do not take into
account the specifics of linear control protocols. These methods lead to ap-
proximate results, obtained, as a rule, by time-consuming numerical calcula-
tions. Modeling using models with discrete time is performed in [10—13], but
the results are obtained only at the linear level for a two-link data transmis-
sion path. Since the algorithms with decisive feedback are the basis of the
control procedures for the linear and transport level protocols, systems with
discrete time are the more adequate description of real information transfer
processes [11, 13]. However, analysis of QS networks with discrete time is a
nontrivial task, since the output flows of discrete Markov QS in most cases
lose Markov properties [14]. The model proposes a data transmission path
model consisting of several retransmissions sites with limited storage in tran-
sit nodes, taking into account the discrete nature of the information transfer
process.

Consider a data transmission path consisting of D consecutive links. We
will assume that the exchange in each link is performed by complete infor-
mation packets in accordance with the start-stop protocol procedure. The du-
ration of the transmission cycle of the packet # from the beginning of its out-
put to the communication line until confirmation of the receipt will be as-
sumed to be the same on all the retransmission sections, and the buffer stores

of the transit nodes of the path are bounded by the sizes K,;,, d =1,D—-1. We

also believe that the reliability of packet transmission in the d link is F,, and
the number of retransmissions due to distortions of information packets and
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acknowledgments, as well as buffer memory locks is not limited. At the same
time, the error-free transmission time of a packet for each link is a random
variable that is a multiple of ¢# and has a geometric distribution law with the
parameter F,. We assume, in addition, that the transmitting node of the first

link always has packets for sending along the considered path, and in transit
nodes "external" flows are not added to the main traffic. Then the behavior of
the multilinked data transmission path is described by an open Markov net-
work of D—1 discrete QS [13], the intensity of the input flow to which is de-
termined by the value F,, and the service intensity in each d QS

(d =1,D —1) is the value of F, . Since we are considering a path with lim-

ited queue sizes in transit nodes, the output streams of each discrete QS will
not be Markov’s [14]. Therefore, such a network cannot be analyzed as a
collection of independent Markov discrete QS, but should be described by an
enclosed Markov chain in a D—1-dimensional space with the number of

states equal to the product Hf:(K 4 +1) . We denote by ni the transition
probabilities of the Markov chain from the state 4 to the state B, where

A=iy iy 5 d3B=jy 1 jp s Jpiy =0,K,57,=0,K,;;d=1,D-1 — are the
D—1-bit numbers of the initial and changed states of the Markov chain in a
(D—T1)-dimensional space with the cardinality of the set of values in d digit
(d dimension of space) equal to K, +1, and P, are the probabilities of states

of the Markov chain. The throughput of a path of length D, is denoted by
Z,(K,,...K, ), and the average end-to-end delay — 7, (X;,...,K, ;) . Since

the model in question assumes that the sender always has packets to transmit,
this operational indicator corresponds to the average upper limit of the delay.
The throughput of the multi-link path is determined by the average value of
the acknowledged (serviced) flow:

Kp, Kp

K
ZD(KD'"?KD—I):FDZ"' Z Z PiD_l...il'

11:0 lD_2:O lD_lzl

The indicator of the average end-to-end packet delay, measured in durations
of t, is composed of the time of entry into the QS network (the transmission
time at the first link) and the service time in the QS network (the transmis-
sion time for the remaining links before reaching the destination node of the
D section of the retransmitting taking into account the presence of queues in
transit nodes) [4]:
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1+K,
Z, (K Kp )

Ty (K, K,y )=

where K, is the average number of packets in all transit nodes of the data
path (in the QS network):

_ K, Kp, Kp, D-l
Kp :Z Z Z ZldED_l...il'
i=0 ip,=0 ip,=0 d=0
Let's start with the data transfer path, which consists of three retransmis-
sion areas with buffers of arbitrary size in transit nodes. The type of transi-
tion probabilities of the Markov chain describing the transport process along
such a path is given in Table 1.

Table 1
Transitional probabilities for a three-link path

7“,-221-{] iy g J2 A

F 0 0 0 1
F(1-F) 0 LK, -1 0 i +1
£(1-F) 0 LK, 1 i =1

FF, 0 LK, 1 A

F(1-F) LK, 0 i, —1 0

F(-F) LK, 0 I 1
F(-F) K, LK, -1 K, i +1

EF, LK, 0 ih—1 1

F(-F)(-F) LK, LK, -1 i, —1 i

F(-F) LK, K, i, —1 K,
FEFE(1-F) LK, LK, Iy i—1
F,(0-F)(1-F) LK, -1 LK, i +1 i—1

FF,(1-F,) LK, -1 LK, i +1 i
F(1-F)1-F) LK, -1 LK, -1 I i +1
RFE(1-F,) LK, LK, -1 -1 i +1
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For K, =K, =1, the solution of the system of local equilibrium equations for
the Markov chain describing the three-link transport connection has the form:
_ FF (1= F)” |
E(F+FR(-F))F+E(1-R)+FF(1-F)

oo

R(F(-F)+F(1-R)).
FF(1-F)

By =hy

12 F

— 1 . p=p—1
YRR Y EA-RY

B =

The throughput of the three-link path is determined by the value
BB+ F(1-R))
F(F+F(1=F)F +F(1-F)+ FR(1-F)

Z,(L) =

Let us consider particular cases of this solution. It is not difficult to see that
for two absolutely reliable channels (F=F,=1, or F,=F,=1, or

F,=F, =1), the throughput of a three-link path is determined by the reli-
ability of the transmission in the third (F;, or £}, or F,, respectively). For

the case when the first retransmission area is absolutely reliable F| =1, the

throughput assumes the form coinciding with the expression of this indicator
for the two-link path [12]:

I

Z,(1,1) = .
e B+ B(1-F)

(1)

With the statistically homogeneous second and third links of the data transfer
path ( F, = F; = ), this relation 1s transformed to the form:

Z) =5 @
The throughput of the path with the deterministic average channel (F, =1)
takes the following form:
HE (R + E0-F))
F(F+F(1-F)+F(1-F)

Z;(1,1)=
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In this case the values F; = F; = F' lead to the ratio:

FQ2-F
za,n=LC=H (3)
1+2(1-F)
FF, . : :
For F; =1 we have Z;(1,1)= . It is not difficult to see that this
F+E(1-F)
ratio is exactly the same as (1). The comparison (2) and (3) shows that (3)
F(1-F)*

exceeds (2) by A= (3-2F)(2-F)

F =0,468. This fact is easily explained by the fact that the absolutely reli-
able channel of the second link of data transfer serves as an additional buffer
for storing packets between the first and third sections of the retransmission,
thereby reducing the probability of blocking buffer memory. For a statisti-
cally homogeneous data transmission path (F;=F,=F,=F) we have:
2-F
1+30-F)+(1-F)*

geneous path for K, =1 and an arbitrary K, . For a given K, , writing out the

assuming the maximum value when

Z,(,)=F

. Now let us consider a statistically homo-

equilibrium equations, taking into account the normalization condition, one
can find the state probabilities and operational parameters of the path. For

K, = 2,4, the throughput values are as follows:
F|6-3F+(1-F) |
10-7F +4(1-F) +(1-F)*’

Z,(1,2)

F[15-8F +4(1-F)’+(1-F)’ |
23-16F +12(1-F)? +5(1-F)  +(1-F)*’

Z,(1,3) =

F[35—2OF+13(1—F)2+5(1—F)3+(1—F)4]
51-36F +33(1-F)* +18(1-F)} +6(1- F)* +(1-F)* "

Z,(1,4)=

Under the assumption that K, is arbitrary and K, =1 it is easy to obtain the
values F;
Z,(K,,)=2,(,K,) if K, and K, coincide here. Thus, the throughput rate

is invariant to the order of transit nodes with buffer storage of different vol-

and the ratios for the throughput that satisfy the equality
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umes along a statistically homogeneous data path. At the same time, the av-
erage end-to-end delay is dependent on this order. Numerical analysis shows

that with the growth of K, , the throughput of the three-link path Z,(1,K),)

rapidly tends to the theoretical limit Z,(1). A study of a homogeneous path

with K, = K, =2 shows that throughput is determined by expression:
F[50—26F +17(1-F)* +9(1-F)’ + 2(1—F)4]

70—46F +35(1—F)? +21(1-F)* +8(1-F)* +(1-F)*

Z,(2,2) =

With the further increase of K, and K,, the structural complexity of the

analytical solution is rapidly increasing. A comparative analysis of the
throughput of Z;(K,,K,) with different ratios between K, and K, shows

that the uniform distribution of buffers along the data path provides the best
values of this operating characteristic. This fact should be considered when

building multi-link connections. Assume now that F =1,F, =F,=F and

K, and K, are arbitrary. Then the set of probable states is formed by a set of

two adjacent geometric figure: rectangle (i =0,1;j =1,K, ) and line segment

(i=0,K,;j=K,). Operational indicator thus have the following form:
F[K,+K,—-F]
1+K,+K, -2F
K, or K,, the throughput of Z;(X,,K,) tends to the value F.

Discrete models of a multi-link data transmission path are proposed,
which differ by taking into account the blocking factor of the limited buffer
memory of transit nodes. The proposed models allow analyzing the effect of
storage capacity on transport protocols performance indicators. The invari-
ance of the throughput index to the order of transit nodes with buffer storage
of different capacities along a statistically homogeneous data path is found,
and the dependence of the average end-to-end delay of the packet on this or-
der is insignificant. The expediency of the uniform distribution of the buffer
space among the transit nodes along the multi-link path, ensuring the best
performance of the transport connection, is established. It is shown that when
constructing network data transmission paths consisting of a large number of
retransmission site, reliable communication channels should be evenly dis-
tributed between links with a high level of distortion. In this way, these re-
transmission sites act as additional buffers between unreliable links and re-

Z,(K,,K,)=

. It follows that for an unbounded growth of
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duce the negative blocking factor of the buffer memory. An analytical esti-
mate of the lower limit of throughput and an upper estimate of the average
end-to-end delay of the multi-link data path corresponding to the minimum
number of buffers in the transit nodes are obtained.
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