Lin et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2013 14(2):75-84 75

Journal of Zhejiang University-SCIENCE C (Computers & Electronics)
ISSN 1869-1951 (Print); ISSN 1869-196X (Online)
www.zju.edu.cn/jzus; www.springerlink.com

E-mail: jzus@zju.edu.cn

JZUS

Stochastic computer network with multiple terminals

under total accuracy rate’

Yi-Kuei LIN', Cheng-Fu HUANG

(Department of Industrial Management, National Taiwan University of Science and Technology, Taiwan 106, Taiper)
"E-mail: yklin@mail.ntust.edu.tw
Received July 11, 2012; Revision accepted Sept. 29, 2012; Crosschecked Nov. 12, 2012

Abstract: From the viewpoint of service level agreements, data transmission accuracy is one of the critical performances for
assessing Internet by service providers and enterprise customers. The stochastic computer network (SCN), in which each edge has
several capacities and the accuracy rate, has multiple terminals. This paper is aimed mainly to evaluate the system reliability for an
SCN, where system reliability is the probability that the demand can be fulfilled under the total accuracy rate. A minimal capacity
vector allows the system to transmit demand to each terminal under the total accuracy rate. This study proposes an efficient al-
gorithm to find all minimal capacity vectors by minimal paths. The system reliability can then be computed in terms of all minimal

capacity vectors by the recursive sum of disjoint products (RSDP) algorithm.
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1 Introduction

Computer network is one of the major medium
for transmitting data/information in most enterprises.
Usually, the Internet service provider (ISP) should
transmit the specific demand to different customers.
As the stability of computer networks strongly in-
fluences the quality of data transmissions from a
source to many terminals/customers, especially for
accuracy traffic measurement and monitoring, the
system reliability of the computer network is always
of concern for information technology departments.
Many enterprises regard system reliability evaluation
or improvement as crucial for network management,
traffic engineering, and security tasks. In general, a
computer network is usually modeled as a network
topology with nodes and edges, in which each edge
represents a transmission line and each node repre-
sents a transmission device such as a hub, router, or
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switch. In fact, a transmission line is combined with
several physical lines such as twisted pairs, coaxial
cables, or fiber cables. Each physical line provides a
capacity and may fail; this implies that a transmission
line has several states where state ¢ means that ¢
physical lines are operational. Hence, the capacity of
each arc has several values. In other words, the com-
puter network should be multistate due to the various
capacities of each transmission line. Such a network
is a typical stochastic flow network (Aven, 1985; Xue,
1985; Jane et al., 1993; Lin et al., 1995; Cheng, 1998;
Yeh, 1998; 2004; 2005; Ramirez-Marquez and Rocco,
2009; Ramirez-Marquez et al., 2009; Lin, 2001; 2002;
2009; 2010; Lin and Yeh, 2011), and is called a sto-
chastic computer network (SCN) herein. The related
works about system reliability and accuracy rate for
computer networks are introduced as follows.

1.1 Related works in assessing system reliability

Traditionally, system reliability is the probabil-
ity that demand can be successfully transmitted from
the single source to single terminal through the net-
work. Several studies have evaluated the system
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reliability in terms of minimal cuts (Aven, 1985; Jane
et al., 1993; Lin, 2002; 2010; Lin and Yeh, 2011) or
minimal paths (Aven, 1985; Xue, 1985; Lin et al.,
1995; Lin, 2001; 2009). A minimal path is an order
sequence of edges from the source to the terminal
with no cycle being used to decide the flow assign-
ments in a network. For the perfect node case with
only a capacity constraint, several researchers (Xue,
1985; Lin et al., 1995; Yeh, 1998) have presented
algorithms to generate all minimal capacity vectors
for demand to evaluate the system reliability.

1.2 Related works involving accuracy rate

From the viewpoint of network operations,
management, and engineering, service level agree-
ments (SLASs) are an important part of the networking
industry (Wang et al., 2011). SLAs are used in con-
tracts between ISPs and their customers. An SLA can
be measured by many criteria: for instance, avail-
ability, delay, loss, and out-of-order packets. A basic
index is the accuracy rate, which is often used to
measure the performance of enterprise networks. The
file is said to be transmitted correctly only if the file
received at the terminal is identical to the original file.
In fact, data transfer is done through packet trans-
mission. Thus, the accuracy rate is the ratio of correct
packets to all packets. The ISP should and promise to
furnish with a specific accuracy rate and fulfill the
requirements from all customers according to their
contracts of SLAs. Therefore, from the perspective of
quality of service (QoS) (Huang et al., 2009; Sausen
et al., 2010; Zibanezhad et al., 2011), maintaining a
high network accuracy rate is essential for enterprises
to survive in a competitive environment. Many re-
searchers have discussed the issues related to meas-
uring local area network (LAN) traffic (Chlamtac,
1980; Amer, 1982; Jain and Routhier, 1986), and
previous studies have considered flow accuracy in
traffic classification. Such flows are called elephant
flows. Since high packet-rate flows have a great im-
pact on network performance, identifying them
promptly is important in network management and
traffic engineering (Mori et al., 2007). A conventional
method for estimating the accuracy rate of large or
elephant flows is the use of packet sampling. How-
ever, packet sampling is the main challenge in net-
work or flow measurements. Statistical sampling of
network traffic has been used to measure traffic on

NSFNET (Clafty ef al., 1993). Jedwab et al. (1992)
proposed an algorithm to limit the flow packet count
estimation error of the largest flows using a statistical
traffic model. Feldmann et al. (2001) presented a
model for traffic demands to support traffic engi-
neering and performance debugging of large ISP
networks. Choi et al. (2003) used packet sampling to
accurately estimate large flows under dynamic traffic
conditions.

1.3 The addressed problem

In the previous references mentioned above, the
system reliability is evaluated for the network with
one source to one sink. However, multiple terminals
and accuracy rate in a computer network are quite
important criteria, but to the best of our knowledge
there has been no literature that includes both criteria
for assessing system reliability. From the perspective
of SLAs, providers need to fulfill each customer’s
required demand with the accuracy rate. In the SCN,
the provider can be regarded as a source, and cus-
tomers are regarded as multiple terminals. The pur-
pose of this paper is to evaluate the system reliability,
1.e., whether the SCN satisfies each customer’s re-
quirement, including demand and accuracy rate. The
system reliability for multiple terminals is defined as
the probability that the demand at each terminal can
be successfully satisfied, and all received flows
should meet the total accuracy rate. An efficient al-
gorithm is proposed to generate all minimal capacity
vectors fulfilling all customers’ requirements. The
system reliability can be computed easily in terms of
such vectors. This value of system reliability allows
the network supervisor to comprehend the ability of
the SCN and how it can be used to improve the SCN
to enhance the system reliability.

2 Stochastic-flow network model

Let G=(E, N, M) be a stochastic-flow network
where E={e;|1<i<n} is the set of edges, N is the set of
nodes, and M={M,, M,, ..., M,} with M; being the
maximum capacity of edge e;. The network G further
satisfies the following assumptions:

1. The capacity of each edge is stochastic with a
given probability distribution.

2. The capacities of different edges are statisti-
cally independent.
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3. Flow in the network must satisfy the flow-
conservation law (Ford and Fulkerson, 1962). This
means no flow is lost during transmission.

4. Each node is perfectly reliable.

2.1 System reliability evaluation

Suppose there are totally m minimal paths from
the source to all terminals: mp;, mp,, ..., mp,,. The
flow model can be described in terms of capacity
vector X=(x, x, ..., x,) and flow vector F=(f, f5, ...,
fm), where x; denotes the current capacity of edge e;
and f; denotes the current flow on mp;.

The total accuracy rate is the ratio of correct data
to all received data. The system reliability Rp 4 is the
probability that the network can fulfill the demand
D=(d,, d,, ..., d,) and total accuracy rate 4, where d,,
is the demand on terminal #,. That is, Rp ~=Pr{X|X
meets (D, A)}. For convenience, let Q={X|X meets
(D, A)}. Then, the system reliability Rp 4 is

Rp ~Pr{Q}=3 Pr{X},

Xen

where Pr{X}=Pr{x;}Pr{x,}...Pr{x,} by assumption
2.

2.2 Relationship between X and F

Any flow vector F that is a feasible flow-pattern
under M satisfies

DAf le emp }<M;, i=1,2, ..., n, (1)

J=1

where Z:;{fﬂeiempj} is the amount of flow

through e;. Constraint (1) means that the total flow on
e; (i.e., the loading of ¢;) cannot exceed the maximum
capacity of e;. For convenience, the set of F’s that are
feasible under M is denoted by F),. Similarly, F is
feasible under X if it satisfies

DAfileemp t<x;, i=1,2,..,n.  (2)
Jj=1

Thus, Fx={F|F is feasible under X}. Furthermore, the
flow F is said to meet the demand D=(d,, dy, ..., d,)
and total accuracy rate A if it satisfies

DAflmp, €0} >d,, v=1,2,...,r,  (3)
j=1

and
m

Y (£ 11 e emp))

1

ifj >4, ()

~

where Q, is the set of minimal paths from the source
to the terminal ¢#,. The value a; is the accuracy rate of
edge e;, i=1, 2, ..., n. Constraint (3) implies that the
each received flow at terminal 7, is larger than or
equal to the demand d,. In constraint (4), the value

H(al. |e; emp,) is the accuracy rate of minimal path

j, and fjH(al. le;emp;) is the value of accuracy

flow through mp;. Thus, Z';(fjH(ai le € mpj)) is

the total value of accuracy flow, and the value of

z_'::l(fjH(a[ le e mpj.))/Zj:lf/. is the total accu-
racy rate of the SCN.

For terminals (¢, , ..., t,), a capacity vector X is
defined to meet the demand D=(d,, d>, ..., d,) and
total accuracy rate A if there exists a flow vector Fe
Fx which meets the demand D and total accuracy rate
A. We thus have the following definition:

Definition 1 The capacity vector X meets (D, A) if
and only if there exists an Fe Fy meeting (D, A).

2.3 Generation of (D, A)-MPs

Although Rp =)

method to find all such X and then sum their prob-
abilities for obtaining Rp 4. Let Q,;,={X|X is minimal

oo PT{X}, it is an inefficient

w.r.t. <in ©} be the set of minimal vectors in . Each
X€eOn, is called a (D, 4)-MP in this paper.
Definition 2 Xisa (D, A)-MP ifand only if (1) XeQ
and (2) Y ¢ Q for any capacity vector ¥ with ¥Y<X
(where Y<X if and only if y;<x; for i=1, 2, ..., n and
Y<X if and only if ¥<X and y;<x; for at least one i).
Then the system reliability can be rewritten as

Rp x=Pr{Q}=Pr{Y|Y>X for a (D, A)-MP X}. (5)

A critical property for any X meeting (D, 4) is
stated in the following lemma:
Lemma 1 Xe@ if and only if there exists an FeF
which satisfies
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D Aflmp, €0} =d,, u=1,2,...,r.  (6)
Jj=1

Proof Suppose Xe@; i.e., X meets (D, A) and there
exists an FeFy such that Z(f/ |mp, €Q,) 2d,, u=1,
2, ..., r. Without loss of generality, for f; and d,, as-
sume mp; €01, £1>0, and Z(ﬁ |mp, € Q)=d+1. Let
F=(1{".fo, ...t =(h-112', ... f"). Then F'<F (F'e
Fy) and Y (f/Imp, € Q) =2 (f;|mp, €Q) ~1=d:.
This implies that we can find an F with
Z(f./ |mp, € 0,)=d, foru=1,2, ..., r. Conversely, if
there exists an FeFy which satisfies Eq. (6), then
XeQ by Definition 1.

For each flow vector F satisfying both con-

straints (4) and (6), the corresponding capacity vector
Zr=(x1, X2, ..., X,) is generated via

x=Y (fileemp)), i=1,2,..,n. (7

Since any F satisfying constraints (4) and (6) meets

(D, A), Zp also meets (D, A), i.e., Zrc Q2 (by Lemma 1).

An important property of (D, A)-MP is subsequently
stated as follows:

Theorem 1 If X'is a (D, A)-MP, then there exists at
least one FeF), such that X=ZF.

Proof If X=(x, x, ..., x,) s a (D, A)-MP, then there
exists an F such that FeFx. Let Z,=(y1, y2, ..., Vu) b€
generated from F. Constraint (2) implies that Zp<X.
Hence, x>y; for each i. Without loss of generality, for
X;, let x;>y;. Set Y=(x—1, x,, ..., x,) with ¥<X. Then
Y>Zr and FeFy. This implies that Y satisfies (D, 4).
It contradicts that X is a (D, A)-MP. We conclude that
x/~=y; for each i, i.e., X=ZF.

Let Y={ZgF satisfies constraints (4) and (6)}
and ¥in={X|X is minimal w.r.t. <in ¥}. By Theorem
1, ¥ contains all (D, A)-MPs, i.e., ¥2Qu. The fol-
lowing theorem further proves that ¥, is the set of
(D, A)-MPs (i.e., Fnin=2min):

Theorem 2 {(D, A)-MPs}= .

Proof Suppose Xe ¥in (note that Xe Q) but it is not
a (D, A)-MP. Then there exists a (D, 4)-MP Y such
that ¥<X, which implies that there exists an FeF),
such that Y=Zr and Ye ¥. This contradicts Xe Puin.
Hence, X is a (D, A)-MP. Conversely, let X be a

(D, A)-MP (note that Xe ¥) but X¢ ¥y, 1.e., there
exists a Ye ¥ such that ¥<X. Hence, YeQ, which
contradicts the supposition that X is a minimal vector
in Q. Hence, X€ in.

3 Solution procedure
3.1 Algorithm to generate all (D, 4A)-MPs

Similar to the approaches in the literature (Xue,
1985; Lin et al., 1995; Yeh, 1998; 2004; 2005; Lin,
2001; 2009; Zuo et al., 2007; Lin and Yeh, 2011),
suppose all minimal paths have been pre-computed.
Given demand D=(d,, d,, ..., d,) at terminal (¢, t, ...,
t,) respectively and total accuracy rate 4, all (D, A)-
MPs can be derived by the following steps.

Algorithm to generate all (D, 4)-MPs
/* derive all (D, A)-MPs */
Input: G, d,, and 4.
Output: All (D, A)-MPs.
Step 1: Find all feasible flow vectors (f1, f2, .-
satisfying the following constraints:
1. Demand constraint:

> Jm)

Z{fj |mp, €Q,} =d,, u=1,2, ..., r. (8)
j=1

2. Capacity constraint for arc:

m

DAf le emp } <M, i=1,2, ..., n. )

J=1

3. Total accuracy rate constraint:

Dd, >4, u=1,2, ..., r.(10)

2 (/11 e emp)))
j=1 u=l1

Step 2 (Obtaining ¥#): Transform each feasible
flow (f1, f2, ..., fm) to the corresponding X=(xy, x5, ...,
X,) via

xf:Z(ff|eiempj), i=1,2,...,n (1)

Step 3 (Generating %nin): Suppose the result of
step 2 is ¥={X', X°, ..., X"}. Check each X in ¥
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whether it is a (D, 4)-MP or not by the following
procedures:

Initialization: /=& /* [ is the stack which stores the index of
each non-minimal one after checking */

1 for i=1to handigl

2 forj=it+1to handj gl

3 if X>X then

4 I=I0{i} /* X'is not a (D, 4)-MP and go to line 9 */
5 else if X’<X then

6 I=I0{f} /* X is not a (D, A)-MP and go to line 7 */
7 end if

8  j=jtl

9 end for

10 i=i+1

11 X'isa (D, A)-MP

12 end for

In step 1, we find all feasible F fulfilling demand
constraint (8), capacity constraint (9), and total ac-
curacy rate constraint (10). Hence, each feasible so-
lution F is transformed to X according to Eq. (11) in
step 2. Each such X is a candidate of (D, 4)-MP. Fi-
nally in step 3, the comparison rule (lines 1-12) is
used to delete the non-minimal X. The remaining X’s
are (D, A)-MPs.

3.2 RSDP algorithm
Suppose X', X°, ..., X! are all (D, 4)-MPs. To

calculate Rp 4, set B={X|X>X'}, i=1, 2, ..., q. Then,

Rp=Pr{{J’ B }. (12)

The value Pr{ Uj:l B, } can be computed by applying

the RSDP algorithm (Hudson and Kapur, 1985; Yar-
lagadda and Hershey, 1991; Zuo et al., 2007; Lin,
2010; Lin and Yeh, 2011), the inclusion-exclusion
rule (Lin, 2001; 2002; 2009; 2010), the disjoint-event
method (Hudson and Kapur, 1985; Yarlagadda and
Hershey, 1991), or state-space decomposition (Amer,
1982; Aven, 1985; Alexopoulos, 1995; Lin et al.,

1995). Note that Pr{X=¥}=]]" Pr{x =y} and

PriX>Y}=]] Prix >y}

Since all (D, A)-MPs have been found in Section
3.1, the RSDP algorithm is applied to derive the sys-
tem reliability. The system reliability is the union of
events where the capacity vector is greater than or

equal to at least one of (D, 4)-MPs. The RSDP algo-
rithm is a recursive algorithm combined by the sum-
of-disjoint-product principle (Zuo et al., 2007). In this
algorithm, a maximum operator, ‘®’, is defined as

X"=X'@X’=max(x],x7), i=1,2, ...,n. (13)

For example, suppose Xl=(1, 0,1,1,0,0,1, 1)
and X°=(0, 0,2, 0, 0,0, 2, 2). By Eq. (13), X"*=X'®X*
=(max(1, 0), max(0, 0), max(1, 2), max(1, 0), max(0,
0), max(0, 0), max(1, 2), max(1, 2))=(1,0,2,1,0,0,2,
2). The following pseudo-code procedure summarizes
the RSDP algorithm.

RSDP algorithm
/* Compute system reliability Rp 4=Pr{ U;Bi +*
function SR=RSDP(X', X7, ..., X)
/* Input g (D, A)-MPs */
for i=1:q
if i==
Rp ~Pr(X=X')
else
Temp Rp, 4 1=Pr(X>X") /* Temporary R pa ¥/
if i==2
Temp Rp 4_2=Pr(X>max(X ' XY)
/* max(X', X)=X'@®X' */
else
for j=1:i—1
X=max(¥, X') /* max(X, X)=X®X */
end for
9=¢-1
Temp Rp4 2=RSDP(X', X2, ..., X%)
/* Execute recursive procedure */
end if
end for
Rp 4~Rp +Temp Rp 4_1-Temp Rp 4_2
/* Return the system reliability */

4 Numerical examples
4.1 A benchmark network

The benchmark network shown in Fig. 1 is used
to illustrate the proposed method. Table 1 lists the
edge data including capacity, probability, and accu-
racy rate. In this example, it is known that n=9. We list
all minimal paths for two terminals, #; and #,, in the
following order:

For t;: mp;={a, a2}, mpy={a, as, as}, mps={ay,
Cls}.
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For t,: mps={ai, ay, a3}, mps={ai, a, as, as},
mpe={ai, a4, as, as}, mp;={ai, s, as, ds, o}, Mps={aj,
as, as, as}, mpo={as, as, as}, mpy={as, as, as, as},
mpy1={as, as, do}.

Fig. 1 A benchmark network

Table 1 Data of edges in Fig. 1

Edge Accuracy Probability
rate 0 1 Mbps 2 Mbps 3 Mbps 4 Mbps
ey 0.98 0.05 0.05 0.1 025 0.55
e 0.97 0.05 0.05 0.2 0.7 0

e; 0.99 0.1 0.1 0.1 0.1 0.6

ey 0.99 0.05 0.2 0.75 0 0
es 0.94 0.1 0.1 0.1 0.7 0
€ 0.96 0.1 0.1 0.8 0 0
e 0.98 0.05 0.05 0.2 0.7 0
eg 0.98 0.1 0.1 0.1 0.7 0
€ 0.99 0.05 005 0.15 0.2 0.55

For the case D=(d,, d>)=(2, 3) and A=0.935, the
system reliability Rp4 can be calculated using the
following steps.

Step 1: Find all feasible flows F=(f\, f2, f3, fa, f5,
J6, 11, fs5 f9, f10, f11) With the following constraints:

Sitfatfs=2, futfstfettfstfotfiotfii=3.
Sithtfatfstfetfrtfs<4,
Sitfatfs<3, fatfetfos4,
Lttt fs<2, fHtfstfetfrtfotfi0<3,
Sstitfi0S2, fitfotfiotfis3,
Sstus3, fstfrtfsthiotfn<4.

(14)

(15)

0.9506£,+0.912/,+0.9212+0.95x0.9411f;

+0.9035/:+0.9029/;+0.8668£,+0.9413f;
+0.912/5+0.8755£10+0.9508f;

>5x0.935=4.675. (16)

Table 2 shows the 40 feasible flow vectors.

Step 2: Transform each solution F into X=(x1, x,,
X3, X4, X5, X6, X7, X3, Xo) Via

xi=fithtfatfstfetfrtfs, xa=hitfatss,

xXs=fatfetfo, Xa=hrtfetfrifs,

xs=rtfstfetfrtfotfio, X6e=fstfrtfo,

X =f3tfotfiotfin, Xs=fetfi, xo=fstfrtfstfiotfin.
(17)

Table 2 lists the results after transformation.

Step 3: Remove those non-minimal ones in ¥ to
obtain ¥p,.

=

=1

j=2

X>X! and X'>X2 or X'=X*

j=3

X*>X', and X'>X° or X'=X°

=4

X=(2,0,0,2,2,0,3,3,2)>X'=2,0,0,2,2,0,3,3, 1).

Thus, X* is not a (D, A)-MP and I=4.
Jj=5

END

Since 40 feasible X need to be checked whether
they are (D, 4)-MP or not, step 3 will be executed at
most 40° times. We show only three repeats to explain
the process of removing non-minimal X. There are

totally 18 (D, 4)-MPs after the comparison step. The
final result is summarized in Table 2. Subsequently,

the system reliability Rp,~Pr{| " B, } is 0.6465 by
applying the RSDP algorithm.
4.2 Alarge-scale case study at Taiwan

We employ a practical computer network, the
TANet with 30 edges (Fig. 2), to demonstrate the
utility of the proposed approach for assessing larger
stochastic computer networks. The TANet is the
backbone network, connecting all educational and
academic organizations in Taiwan. Consider the case
where NTU is the source and NSYSU and NTTU are
two terminals. In this example, each edge is com-
posed of several Optical Carrier 18 (OC-18) physical
lines and each physical line provides two possible
capacities, 1 Gbps (Gb/s) and 0 bps (bit/s). Since the
lines are provided by different suppliers, the capacity
of each edge follows a distinct probability distribution.
For instance, ¢; is an edge combined by v independent
physical lines where each line can provide 1 Gbps
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Table 2 Results of each step for Example 1
Step 1: (flsﬁ?ﬁ»ﬁbﬁa.ﬁnﬁsﬁiaﬁ7ﬁ07ﬁl)

Step 2: (x1, X2, X3, X4, X5, X6, X7, X3, Xo)  Step 3: (D, 4)-MP?  Remark

0,0,2,0,0,0,0,2,0,0, 1) (2,0,0,2,2,0,3,3, 1) Yes
0,0,2,1,0,0,0,1,0,0, 1) 2,1,1,1,2,0,3,2, 1) Yes
0,0,2,2,0,0,0,0,0,0, 1) (2,2,2,0,2,0,3,1, 1) Yes
0,1,1,0,0,0,0,1,0,0,2) (2,0,0,2,2,0,3,3,2) xx!
0,1,1,1,0,0,0,0,0,0,2) 2,1,1,1,2,0,3,2,2) X>>x?
0,2,0,0,0,0,0,0,0,0, 3) (2,0,0,2,2,0,3,3,3) Xox!
(1,0,1,0,0,0,0,1,0,0,2) 2,1,0,1,1,0,3,3,2) Yes
(1,0,1,0,0,0,0,1,1,0, 1) 2,1,1,1,2,0,3,2, 1) x5x!
(1,0,1,0,0,0,0,2,0,0, 1) (3,1,0,2,1,0,2,3, 1) Yes
(1,0,1,0,0,1,0,0,0,0,2) 2,1,1,1,2,0,3,2,2) X105 x2
(1,0,1,0,1,0,0,0,0,0,2) (2,2,0,0,1,1,3,2,3) Yes
(1,0,1,1,0,0,0,0,0,0,2) (2,2,1,0,1,0,3,2,2) Yes
(1,0,1,1,0,0,0,0,1,0, 1) (2,2,2,0,2,0,3,1, 1) XB>x3
(1,0,1,1,0,0,0,1,0,0, 1) (3,2,1,1,1,0,2,2, 1) Yes
(1,0,1,1,0,0,0,2,0,0,0) 4,2,1,2,1,0,1,2,0) Yes
(1,0,1,2,0,0,0,0,0,0, 1) (3,3,2,0,1,0,2,1, 1) Yes
(1,0,1,2,0,0,0,1,0,0,0) 4,3,2,1,1,0,1,1,0) Yes
(1,1,0,0,0,0,0,0,0,0,3) (2,1,0,1,1,0,3,3,3) XX
(1,1,0,0,0,0,0,0, 1,0, 2) 2,1,1,1,2,0,3,2,2) X>x?
(1,1,0,0,0,0,0,1,0,0,2) (3,1,0,2,1,0,2,3,2) X250
(1,1,0,1,0,0,0,0,0,0,2) (3,2,1,1,1,0,2,2,2) X2'>x°
(1,1,0,1,0,0,0,1,0,0, 1) (4,2,1,2,1,0,1,2,1) XX
(1,1,0,2,0,0,0,0,0,0, 1) 4,3,2,1,1,0,1,1, 1) XB35x1
(2,0,0,0,0,0,0,0,0,0, 3) 2,2,0,0,0,0,3,3,3) Yes
(2,0,0,0,0,0,0,0,0, 1, 2) (2,2,0,0,1,1,3,2,3) XPxxl!
(2,0,0,0,0,0,0,0,1,0,2) (2,2,1,0,1,0,3,2,2) X>x"?
(2,0,0,0,0,0,0,0,2,0,1) (2,2,2,0,2,0,3,1, 1) XX
(2,0,0,0,0,0,0,1,0,0,2) (3,2,0,1,0,0,2,3,2) Yes
(2,0,0,0,0,0,0,1,1,0, 1) (3,2,1,1,1,0,2,2, 1) XP>x14
(2,0,0,0,0,0,0,2,0,0, 1) 4,2,0,2,0,0,1,3,1) Yes
(2,0,0,0,0,0,0,2, 1,0, 0) (4,2,1,2,1,0,1,2,0) xX1>xh
(2,0,0,0,0,1,0,0,0,0,2) (3,2,1,1,1,0,2,2,2) XX
(2,0,0,0,0,1,0,1,0,0,1) 4,2,1,2,1,0,1,2, 1) X35x1
(2,0,0,0,1,0,0,0,0,0,2) (3,3,0,0,0,1,2,2,3) Yes
(2,0,0,0,1,0,0,1,0,0, 1) 4,3,0,1,0,1,1,2,2) Yes
(2,0,0,1,0,0,0,0,0,0,2) (3,3,1,0,0,0,2,2,2) Yes
(2,0,0,1,0,0,0,0,1,0, 1) (3,3,2,0,1,0,2,1, 1) X >x16
(2,0,0,1,0,0,0,1,0,0, 1) 4,3,1,1,0,0,1,2, 1) Yes
(2,0,0,1,0,0,0,1, 1,0, 0) 4,3,2,1,1,0,1,1,0) X>x"
(2,0,0,1,0,1,0,0,0,0, 1) 4,3,2,1,1,0,1, 1, 1) X5 x17

system reliability for D=(5, 3) and 4=0.86 can be
evaluated using the proposed solution procedure.
Fifty-two solutions are generated from steps 1 and 2,
and only 10 (D, 4)-MPs are obtained from step 3. The
system reliability Rp 4 calculated by the RSDP algo-
rithm is 0.6081.

with probability p. Thus, the probability that e; pro-

v—w

vides w Gbps is C! p"(1—p)"™". Both the capacity
and accuracy rate of each edge are given in Table 3.
For the case where the TANet has to preserve a
minimal service level that delivers to NSYSU at least

5 Gbps of data and NTTU at least 3 Gbps of data, the
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Fig. 2 Taiwan Academic Network (TANet)

5 Computational complexity analysis for
generating all (D, A)-MPs

The storage and computational time complexity
of the proposed algorithm are analyzed.
5.1 Storage complexity

For each demand at terminal ¢,, the number of

feasible solutions satisfying Z;n:l {f;Imp, €0,}=d,

|Qu|+du—1

u

is bounded by ( J, where |Q,| is the

number of minimal paths in Q,. Hence, the total
number of feasible solutions of constraints (8)—(10) is

bounded by f[['Qu| :ld” -
u=l1

ﬁ[QM u

u=1

} It requires at most

+d —1
u storage space to execute the

u

Table 3 Data of edges in Fig. 2

Probability
Edge  Accuracy rate
0 1 Gbps 2 Gbps 3 Gbps 4 Gbps 5 Gbps
e 0.99 0.000064 0.004608 0.110592 0.884736 0.000000 0.000000
e 0.99 0.000343 0.013671 0.181629 0.804357 0.000000 0.000000
e 0.98 0.000100 0.003600 0.048600 0.291600 0.656100 0.000000
ey 0.95 0.000041 0.001884 0.032502 0.249180 0.716393 0.000000
es 0.96 0.000216 0.010152 0.159048 0.830584 0.000000 0.000000
€6 0.99 0.000125 0.007125 0.135375 0.857375 0.000000 0.000000
e7 0.99 0.001000 0.027000 0.243000 0.729000 0.000000 0.000000
eg 0.97 0.000008 0.001176 0.057624 0.941192 0.000000 0.000000
€9 0.97 0.000064 0.004608 0.110592 0.884736 0.000000 0.000000
€l 0.98 0.000027 0.002619 0.084681 0.912673 0.000000 0.000000
ey 0.98 0.000064 0.004608 0.110592 0.884736 0.000000 0.000000
en 0.99 0.000343 0.013671 0.181629 0.804357 0.000000 0.000000
e 0.99 0.000125 0.007125 0.135375 0.857375 0.000000 0.000000
els 0.99 0.000010 0.000450 0.008100 0.072900 0.328050 0.590490
els 0.98 0.000125 0.007125 0.135375 0.857375 0.000000 0.000000
el 0.99 0.000024 0.001276 0.025428 0.225220 0.748052 0.000000
e 0.99 0.000008 0.001176 0.057624 0.941192 0.000000 0.000000
ers 0.98 0.000024 0.001276 0.025428 0.225220 0.748052 0.000000
el 0.99 0.000003 0.000188 0.004334 0.049836 0.286557 0.659082
€ 0.97 0.000003 0.000188 0.004334 0.049836 0.286557 0.659082
e 0.97 0.000003 0.000188 0.004334 0.049836 0.286557 0.659082
en 0.98 0.008100 0.163800 0.828100 0.000000 0.000000 0.000000
e 0.98 0.002500 0.095000 0.902500 0.000000 0.000000 0.000000
€ 0.97 0.001600 0.076800 0.921600 0.000000 0.000000 0.000000
s 0.95 0.003600 0.112800 0.883600 0.000000 0.000000 0.000000
e 0.95 0.000125 0.007125 0.135375 0.857375 0.000000 0.000000
€7 0.95 0.000024 0.001276 0.025428 0.225220 0.748052 0.000000
e 0.99 0.003600 0.112800 0.883600 0.000000 0.000000 0.000000
€9 0.99 0.000006 0.000475 0.013538 0.171475 0.814506 0.000000




Lin et al. / J Zhejiang Univ-Sci C (Comput & Electron) 2013 14(2):75-84 83

0.|+d, -1

proposed algorithm. Let L=H(

u=1

j be the

u

maximum number of feasible flow solutions.
5.2 Computational time complexity

For step 1: In the worst case, each feasible solu-
tion of Eq. (8) takes O(m) time to test whether it satis-

fies 27:1 {f;le, emp,} <M, (constraint (9)) for each

edge, and O(mn) time for all edges. Hence, it needs at
most O(mn) time to check whether it satisfies the total
accuracy rate (constraint (10)). Thus, we need at most
O(mnL) time to generate all feasible solutions of
constraints (8)—(10).

For step 2: Virtually, Z';:l{ f;le,emp,} has

been computed in constraint (9). So, we do not need
any more time to execute step 2.

For step 3: It further needs to take at most O(nL)
time to test each solution from step 3 whether it is
minimal, and at most O(nL?) time to check all solu-
tions from step 3 in the worst case.

In sum, the computational time complexity of
the proposed algorithm in the worst case is O(mnL)+

O(nL*y=0(nL?) (Note that m="" |Q, | is less than

L in the first summand).

6 Conclusions

For a stochastic flow network with multiple
terminals, this paper proposes an algorithm based on
minimal paths to describe X and F for deriving all
(D, A)-MPs. The system reliability Rpg, the prob-
ability that the network fulfills both demand D and
total accuracy rate 4, can be computed in terms of all
(D, A)-MPs by the RSDP. The proposed algorithm
needs O(nL?) time in the worst case.

It seems that applying repeatedly the algorithm
proposed by Xue (1985) or Lin et al. (1995) is a
straight way to calculate the system reliability for
multiple terminals. Their approaches can evaluate
R,=Pr{X]there exists an FeFy which meets (d,, 4)}

for each terminal ¢,. Then let R}, EH;:1Ru be an

approximate Rp,4. However, such a method is not

reasonable by comparing the values of R, , with Rp 4.

For the benchmark example, Rp4=R;R,=0.8891x%

0.8520=0.7575 overestimates the true system reli-
ability 0.6465.

Future research can extend the SCN to the
overall-terminal problem. Transmission time is also
an important issue for computer network systems.
Hence, we can consider the time effects on each edge.
In addition, considering the transmission cost and
time together, it is also worth studying the system
reliability under budget, time, and accuracy rate
constraints.
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