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Computational Techniques for a Generic and Flexible
Telecommunication Network Evaluation Tool

SUMMARY Telecommunication technologies are making re-
lentless progress. In this circumstance, network cost must be
evaluated to assess the effectiveness of emerging technologies.
To do such an evaluation efficiently, it is necessary to develop
a software tool that can calculate the network cost independent
of the employed technologies. This paper describes computa-
tional techniques used in developing such a software tool. First,
the functional requirements are identified to establish a flexible
tool that is applicable to a wide range of technologies. One of
the required functions is the function that computes the resource
amount and the network cost from the given conditions such as
traffic demands, a cable duct network, multiplex hierarchy and
the specifications of network elements employed. As this com-
puting function, the paper proposes an appropriate path classi-
fication scheme that enables us to evaluate the resource amount
correctly when a service protection technique is applied to the
target network. Namely, the proposed scheme yields evaluations
that isolate the primary path route from the backup path route.
This isolation is not always provided without classification. In
addition, a classification of network elements is also derived for
valid estimation of the necessary interface board number, which
is a basis of estimating the required network element amount.
This classification allows us to identify the exact points of path
cross-connection and termination, which affects the number of
interface boards. This paper presents the computing procedures
that realize path grouping and an estimation of network elements
using these classification schemes. Finally, the paper describes a
prototype of the tool to confirm the feasibility and effectiveness
of the proposed schemes.

key words: telecommunication network, multiplex, cross-connect,
routing, protection switching.

1. Introduction

In the recent telecommunications world, technolo-
gies have been progressing rapidly in various as-
pects including network elements[1],[2], service pro-
tection methods [3] and multiplexing technologies such
as SDH (Synchronous Digital Hierarchy)[4], ATM
(Asynchronous Transfer Mode) [5], and the optical path
concept [6] based on WDM (Wavelength Division Mul-
tiplex). To introduce these technologies into real-world
telecommunications, the network planner must confirm
the economical benefits offered by the technologies.
Therefore, the cost of a telecommunication network
with new technologies must be evaluated and compared
with the cost of conventional technologies.
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The cost of a telecommunication network is com-
puted from the amount of physical resources such as net-
work elements or optical fibers. This resource amount
must be large enough to satisfy the estimated traffic de-
mand. The resource amount can be computed manually
or with using spreadsheet programs if the network size
is not too large. However, manual or spreadsheet calcu-
lations become difficult for large and complex networks
and often contain data errors caused by human faults.
By contrast, a computer program is an alternative way
of evaluating network cost. However, such a program
often tends to be specialized for a particular technology.
This means that a program associated with a technology
may not be reusable for a network with another tech-
nology, for example, a network element with a different
specification or a different protection method. Thus,
such programs must be rewritten whenever a new tech-
nology emerges. This rewriting requires a considerable
amount of labor.

This paper describes a generic telecommunication
network evaluation tool that solves the problems of
these conventional cost evaluation methods. The tool
evaluates the cost of the “transport network [7]” and
can flexibly support a wide range of technologies by
simply editing the architecture or network element data
without rewriting any other part of the program. The
paper particularly focuses on the computational tech-
niques employed in the tool.

To develop a generic cost evaluation tool, two
problems must be addressed. One is the evaluation of
spare capacity needed for the service protection mecha-
nism, and the other is the evaluation of interface boards
attached to network elements. For the former, the re-
source amount must be computed under an appropriate
path routing scheme. That is, the primary route of a
path should be physically disjoint (isolated) from its
secondary route or a valid cost evaluation can not be
realized. To assure such routing, this paper categorizes
paths into two classes, each of which is associated with a
different routing scheme. To solve the second problem,
the important point is to identify which network ele-
ment terminates or cross-connects paths of a particular
multiplex layer. For this identification, it is shown that
the network elements should be categorized into three
classes. On the basis of these classification schemes,
this paper presents computing procedures that yield the
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amounts of the physical carrier (i.e. optical fiber) and
the network elements that determine network cost. The
feasibility of the required functions and the proposed
techniques was confirmed by building a prototype of
the tool.

This paper is constructed as follows. Section 2
overviews the generic network structure to be evaluated
and the functional requirements for the tool. Section 3
introduces the classification concept of paths and net-
work elements. The detailed computational procedures
are presented in Sect.4. Section 5 presents the experi-
mental prototype of the tool. Finally, the effectiveness
of the tool is demonstrated through evaluation examples
in Sect. 6.

2. Preliminaries
2.1 Network Structure and Definitions

This section defines the key words in a transport net-
work to prepare for the description of the evaluation
tool. The multiplexing technology brings the layer con-
cept[7] into transport networks. Namely, each “layer”
corresponds to a multiplex level, and a lower layer
means a high-speed multiplex level. In a layer, infor-
mation is exchanged between two points through the
resource termed the “path” which provides the band-
width specified for the layer between the points. The
path ends are referred to as “termination points” in this
paper. The connectivity of a path is provided by a set of
concatenated paths in the lower layer. That is, a higher
layer path is a “client” that is served by “server” paths
of the next lower layer. A path is said to be “cross-
connected” at the point between the two adjacent lower
layer paths. The point is called a cross-connect point in
this paper. In the lowest layer, the connectivity is pro-
vided by a physical carrier, such as an optical fiber. In
this paper, a layer is indexed as 0, - - - , h from the lowest
layer to the highest layer.

In such a multi-layer network, the structure of layers
is similar. This fact suggests that the resource amounts
can be computed by repeatedly applying the same com-
putational procedure to each layer. Moreover, the layer
structure is also similar regardless of the technologies
employed in the network. The number of the multiplex
layers depends on the technologies, and the bandwidth
provided by a path in a layer also depends on the tech-
nologies. However, the structure of each layer does not
change with the technology adopted and is constructed
by a set of paths, cross-connections, and termination
points for any layer in any transport network as seen in
SDH paths, ATM virtual paths[8] (VPs) and optical
paths[6]. By taking advantage of this layer similarity,
it becomes possible to make a technology-independent
cost evaluation tool because similar computation proce-
dures can be applied to each layer repeatedly regardless
of the technology used.
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2.2 Cost Evaluation-Overview

The cost of a transport network is evaluated by the
amounts and unit prices of physical resources such as
optical fibers, multiplexers, and cross-connect systems.
The amounts of these physical resources must be deter-
mined so as to satisfy a given demand. A demand is de-
fined as a set of paths that must be placed between spec-
ified source-destination pairs. Here, the specifications
of the multiplex hierarchy, fiber system, and network
elements are assumed to be given. It is also assumed
that the locations of offices (nodes) and cable ducts are
given. This paper calls the network constructed with
offices and cable ducts the “duct network.”

To evaluate the physical network resource amount
from the given conditions, several problems must be
solved. First, it is necessary to determine the source-
destination pairs of the lower layer server paths into
which higher layer client paths are multiplexed. It is
also required to decide the relation between lower layer
and higher layer paths. Then, the path bandwidths of
each layer must be computed. This procedure is of-
ten called “path grouping” [9] and is repeated from
the highest layer to the lowest layer. Meanwhile, the
routes of paths of each layer must be also assigned in
the given duct network. After grouping and routing
of paths are determined for every layer, the amounts of
fibers and network elements are computed. The network
cost can be calculated from these resource amounts and
the unit prices. Figure 1 explores the relation between
these computations and the given conditions.

2.3 Functional Requirements

The generic cost evaluation tool must have the follow-
ing functions to support a variety of technologies and
networks.

(1) Editing function

(2) Computation function

g Multiplex layers
= Network element specs.
E Optical fiber specs.
o
c
2 Duct Network
O]
Path routing
c
=
g Path grouping
£
8 Resource amount estimation

Cost evaluation

Fig. 1 How the given conditions are used in the network cost
evaluation.
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(3) Report and display function

The editing function is necessary to input and mod-
ify the given conditions. The computation function
determines the resource amount and the network cost.
This function is detailed in later sections. The report
and display function shows the total network cost or the
specified resource cost as well as the routing or grouping
state of paths.

Among these functions, the editing function must
handle the following categories of data to provide flex-
ibility against different technologies.

(a) Multiplex hierarchy structure

The function must allow users to input and change
the structure of the multiplex hierarchy. The ed-
itable attributes of the structure include the bit
rate of each layer and the number of multiplex
layers.

(b) Network elements and fiber systems

It is necessary to define the network elements and
the fiber systems employed in the network. Also,
their attributes must be edited. The attributes of a
network element include the interface rates, capac-
ity, and unit price. The attributes of fiber systems
are the bit rate, unit price, and regenerator inter-
val.

(¢) Duct network

Users needs to be able to define the locations of
offices and cable ducts between offices to match
their network. The editable attribute of a duct is
its length.

(d) Intra-office configuration

It is necessary for users to define the set of network
elements for each office. This is because the re-
quired types of network elements often differ with
the office.

(e) Demand

The function allows users to input and change
the demand. The demand information includes
the multiplex layer of demanded paths, source-
destination pairs, and number of paths.

Among these categories, the hierarchical structure
and the network elements are particularly important in
achieving the flexibility needed to support technology
changes. In addition, the computation function must
be able to handle any number of multiplex layers and
any network element specifications. The following sec-
tions describe how this is achieved.
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3. Resource Classes

Appropriate resource classification schemes are indis-
pensable in implementing a computation function that
can flexibly deal with a wide range of technologies. This
section describes the necessity of such classifications and
proposes resource classification schemes. These schemes
include path classification, necessary to evaluate service
protection methods, and network element classification,
which is necessary to estimate the number of network
elements.

3.1 Service Protection and Path Classes

Comparison of alternative service protection methods
is one of the most important applications of the cost
evaluation tools[10],[11]. This is because the types of
the protection methods vary in the sharing scheme of
back-up resources as well as the protected layers, and
thus it is critical to decide which method is best.

For the comparison of protection methods, the re-
source amount for the back-up bandwidth must be cor-
rectly computed. Since this bandwidth depends on the
path routes, the tool needs to compute the primary and
back-up routes of a path appropriately.

Consider the case of a two layer network whose
higher layer paths are protected in a one-to-one man-
ner. In this network, the back-up route of each higher-
layer path must be set disjoint from its primary route
in a duct network to ensure sufficient reliability against
failure like a cable duct penetration. Assume that the
primary and back-up routes of each higher layer path
are determined to satisfy this requirement. Then, sup-
pose that the lower layer paths are determined with an
appropriate method that groups higher layer paths. In
this case, setting the route of a lower layer path may
impact the routes of higher layer paths served by it. For
example, routing the lower layer may break the disjoint-
ness of primary and back-up routes in the higher layer.
An example of such a case is shown in Fig.2. There-
fore, any evaluation based on this routing scheme may
be meaningless from the service protection viewpoint,
and the evaluation result becomes invalid.

A NE—

Layer i path

Fig. 2 Primary and back-up routes that are disjoint in the
higher layer but not disjoint in the physical layer.
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The above observation implies that the lower layer
path should be routed to assure disjoint primary and
back-up routes in the higher layer. To achieve this goal
with fast computation, the tool categorizes paths into
the following classes and applies a different routing pro-
cedure to each class.

(1) Service path

The service path class is a category of paths that
offer the connectivity needed to serve traffic de-
mands. Thus, paths of this class are given as a
demand and does not play a server path role.

(2) Multiplex path

The multiplex path class is a category of paths
that are required to serve higher layer client paths.
Paths of this class are not given as demands, but
are generated only by the grouping procedure.

With this scheme, the protection mechanism is ap-
plied only to the service paths. Path routing then pro-
ceeds from a higher layer to a lower layer, starting with
the service paths. That is, the primary and back-up
routes are first determined for service paths in the duct
network using, for example, the disjoint path algorithm
of [12],[13]. Let (1 < i < h) denote the index at-
tached to a layer. Each multiplex path of the lower
layer i —1 is assigned the same route as the layer 7 client
paths. By repeating this procedure to determine the path
routes of every layer, the resulting primary and back-up
routes of a service path are obviously unchanged and
thus physically disjoint in the duct network. This certi-
fies that the evaluation is correctly executed by defining
the above path classes and by applying different proce-
dures to each class.

3.2 Network Element Classes

A transport network is composed of several network
elements such as cross-connect systems and multiplex-
ers. A network element consists of interface boards and
common parts. For such a network element, network
operators insert as few interface boards into a frame as
possible so as to operate their network with the least
cost. Thus, the cost of network elements is determined
by two factors: one is the common part cost, which is
proportional to the number of network element frames,
while the other is the interface board cost. The number
of frames needed in a office is determined by the num-
ber of interface boards and the frame capacity. Since
the frame capacity is given as a specification of the net-
work element, the network element cost is computed by
enumerating the number of the interface boards. This
number is in turn obtained from the number of paths
accommodated by the interfaces.

The number of the paths accommodated at inter-
face boards depends on the cross-connection point for
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Access Side Transmission Line Side
Distribution Higher Layer Path
Frame

Multiplexer

Low Speed Interface

(@

High Speed Interface

Cross-Connect System

Low Speed Interface
(b)

Fig. 3 Relationship of the interface board number and the
cross-connection point; (a) case where the cross-connect is
executed outside the network element, (b) case where the
cross-connect is executed within the network element.

High Speed Iinterface

the paths in the office, and the cross-connection point
depends on the function of the employed network el-
ement. Figure 3 shows two cases of cross-connection.
Each case employs a network element that has a low
speed access side interface and a high speed transmis-
sion line side interface. The employed network element
is a multiplexer in Fig. 3 (a) and a cross-connect system
in Fig. 3 (b). In Fig. 3 (a), the paths go through the low
speed interface and are physically cross-connected at the
distribution frame. By contrast, the paths does not go
through the low speed interface in Fig.3 (b) because
the network element has a cross-connect function and
because there is no need for physical cross-connection
at a distribution frame. This means that the number of
paths accommodated by the low speed interface differs
between the cases in Figs.3(a) and (b), and thus the
number of interface boards is also different.

From the above example, the following observa-
tions are obtained for enumerating the interface board
number.

Observation 1: In an office, the interface board num-
ber of a network element depends on the location of
the cross-connection point for the paths accommodated
by the interface. It is necessary to identify whether the
path is cross-connected within or outside the network
element.

Observation 2: The function of the network element
determines the location of the cross-connection point
for paths of a layer in an office.

For a valid enumeration of interface board number,
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Transmission Line Side
——
Cross-Connection of 150 Mb/s Paths

Access Side

I
M TIILL A
/] 4
150 Mb/s ¢° 600 Mb/s
Path y Path
[
150 Mb/s

Interface  Termination of 660 Mb/s Paths
(a)
Cross-Connection of 50 Mb/s Paths

1l

50 Mb/s i 600 Mb/s
Path s Path

A

150 Mb/s - .
Interface  Termination of  Termination of

150 Mb/s Paths 600 Mb/s
(b) Paths

Fig. 4 The interface number is determined by the layer; (a) the
case where 150 Mb/s layer determines the number, (b) the case
where 50 Mb/s layer determines the number.

the location of termination points are also important.
To see this, Fig. 4 shows two cross-connect systems de-
signed for a fictional multiplex hierarchy that consists
of 50Mb/s, 150 Mb/s and 600 Mb/s layers. One cross-
connect system (Fig. 4 (a)) has a cross-connect function
at the 150 Mb/s layer, while the other (Fig.4(b)) has
a cross-connect function at the 50Mb/s layer. For
the former, the access side interfaces accommodate the
150Mb/s paths terminated. On the other hand, the
150 Mb/s paths are not included in the access side in-
terfaces for the latter, because the 150 Mb/s paths are
terminated in the network element. Thus, the number of
the access side interfaces must be assessed by the S0 Mb/s
paths. This example leads to the next observation.
Observation 3: The multiplex layer of paths, which de-
cides the number of interfaces, is not determined by the
interface bit rate. The layer should be decided from the
termination points of layers.

The above observations imply that termination and
cross-connection points must be correctly identified for
valid cost evaluation. Thus, this study categorizes net-
work elements into the following classes.

(1) Cross-connect system (DXC)

The cross-connect system class represents the cate-
gory of network elements that cross-connect paths
as well as terminating paths or fibers.

(2) Multiplexer (MUX)
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A multiplex class network element bundles sig-
nals from several higher layer paths into a lower
layer path and splits a signal from a lower layer
path into several higher layer paths. This means
that these elements terminate higher layer paths.
Namely, if a network element of this class mul-
tiplexes layer ¢ paths into a layer j path (0 <
j < i < h) and demultiplexes a layer j path into
layer 4 paths, it terminates layer j, 5 +1,---,4 —1
paths. Note that this class does not have any cross-
connection function.

(3) Distribution frame (DF)

This class represents the functionality of physical
cross-connection, i.e., no path termination.

These classes differ in terms of the functions of-
fered. Thus, the procedure of identifying the cross-
connection and termination points depends on this clas-
sification of network elements.

4. Computational Procedures

The resource classification schemes makes it possible
to evaluate the amount of physical network resources
as well as the network cost. This section introduces
computing procedures that estimate the amounts of the
two classes of physical resources, fibers and network el-
ements, that determine the cost.

4.1 Path and Fiber Evaluation

It is necessary to determine the routing and grouping
of all paths for evaluating the amount of network el-
ements and fibers. The routing procedure determines
the sequence of nodes that a path goes through. Mean-
while, the grouping procedure determines where to set
multiplex paths and which lower layer multiplex path is
used to establish a higher layer client path. Namely, the
grouping procedure automatically constructs the logical
network topology of the lower layer.

Routing uses the scheme described in Sect. 3.1. Un-
fortunately, the strictly optimal path grouping is a very
complex problem[9],[14]. From the performance re-
quirement, it is not appropriate to employ a complex
grouping algorithm for the cost evaluation tool. In-
stead, this study exploits a simple grouping method that
is also well suited to routing. Namely, path grouping is
executed from the highest layer h to layer 1 by repeating
the following procedure, called path_grouping(z).

Procedure path_grouping()
comment: This procedure determines the multiplex
paths of layer (i — 1) as well as assigning layer 7 client
paths to layer (i — 1) server paths.

1. Determine the routes for layer ¢ service paths;
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2. for each path p in layer 7 do

begin

a:= (the source of p);

z:= (the second office that p goes through);

while ¢ #(the destination of p) do

if p can be cross-connected in layer ¢ at z then

begin

7. if there exists a multiplex path ¢ of layer ( — 1)
that goes through the same route as i from a

A

to z
8. then Let p be a client path of g;

else
begin

9. construct a multiplex path ¢ of layer (i — 1)

from a to z along the route of p;

10. Let p be a client path of g;
end

11. a:= z;

12. z:= (the next office from z on p);

13. else z:= (the next office from z on p);
end
end

The above procedure is based on the policy that a
path is cross-connected as frequently as possible. For
each layer ¢ path, the procedure identifies layer 7 — 1
server paths sequentially from the source to the desti-
nation in steps 5—-13. In step 6, the cross-connection
capability in layer ¢ at office z is judged from the intra-
office configuration and the network element specifica-
tion. Namely, if there is a network element of the DXC
or the DF class in the office, and if the network ele-
ment can cross-connect layer ¢ paths, then the office is
Jjudged to be capable of cross-connection. If office z
can cross-connect the path, offices ¢ and z are selected
as the source-destination pair of the layer i — 1 server
path. Here, a is the source or the previous office that
has the cross-connection capability. Steps 7—10 create
the server path if necessary, and assign the layer i path to
the server path according to the routing policy identified
in Sect.3.1. That is, if there is no available multiplex
path between offices a and z, step 9 creates a new multi-
plex path. This means that step 9 adds a new edge to the
layer i — 1 logical network. Thus, when steps 3—13 are
completed for every layer ¢ path, every necessary edge
is added to the layer ¢ — 1 logical network topology. If
a path is protected by a back-up route, steps 3—13 are
also executed for the back-up route.

By executing path_grouping(z), the required num-
ber of layer (i — 1) paths is determined because it is
known how many client layer ¢ paths must be served for
each layer ¢ — 1 path. Therefore, the number of fibers
is computed by repeating the procedure from 7 = A to
1 =1 since the layer 0 path represents the physical car-
rier. The fiber cost can be obtained from the numbers
and the distances of the physical carriers and their the
unit prices.
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Obviously, the procedure path grouping(i) does
not yield a strictly optimal solution. However, it pro-
vides good solutions for many cases (see Appendix).

4.2 Network Element Evaluation

As observed in Sect.3.2, the number of network ele-
ments is evaluated through the number of their inter-
faces, which is in turn computed from the paths accom-
modated in the interfaces. If the routing and grouping
of paths are completed, the computed path information
provides the set of cross-connected paths and that of
terminated paths for each office. Accordingly, the num-
ber of interfaces can be derived from this information
as well as the termination and cross-connection points
of each layer in the office.

Assign indices 0,1,---,n to network elements in
an office such that the network element on transmission
line side has a smaller index. Then, let T} denote the
index of the network element that terminates the paths
of layer k at office 4. Similarly, let X; ; denote the index
of the network element that cross-connects the paths of
layer & at office 1. Also, let I;,; be the number of the
transmission line side interfaces of network element j
of office 4, while let d; ; be the number of access side
interfaces of network element j of office i. By using
T;x and X i, the number of interfaces, l;,; and d; ;, are
computed by the following procedure:

Procedure interface_number(7)
l.for j =0 ton do

begin
2. if 5 =0 then
begin
3. l; ; := the number of fibers terminated at i;
4, if Xi,]‘ =0 then
5 li,j *= l; ; +2x (the number of fibers that
transit ;
end

6. elsel;; := d; j_1— (the number of service paths
of the interface layer);

7. k:= the minimum z such that Tz > 7;

8. d;; := the sufficient number to accomodate the
layer k paths terminated at i;

9. if X; > j then d; ; := d; ;+(the sufficient
number to accomodate twice the layer k& paths
transitting 7);

end

For network element j, the interface board num-
ber of the line side is basically evaluated from that of
the access side of network element j — 1 by step 6, or
from the number of optical fibers by steps 3—5 when
J is directly connected to fibers. The interface board
number of the access side is caluculated by steps 7-9.
Step 7 identifies the multiplex layer that determines the
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interface board number on the basis of Observation 3.
Steps 8 and 9 compute the board number according to
Observations 1, 2.

If d; ;°s and [; ;’s have been determined by the above
procedure, the number of frames can be computed from
them and the frame capacity. The network element cost
is obtained from the numbers of interface boards and
frames together with their unit prices.

The values of T; ;, and X ; are calculated by the
following procedure.

Procedure compute_T_and_X(3)
1. for k=0 to & do

begin
2. Tipi=mn; +1;
3. Xi,k = ~—].;
end
4. for j =0 ton do
begin
5. 1 := layer index of the line side interface of
network element j;
6. if the class of j is DF and Xj; := —1

7. then Xg,[ =7;
8. else if the class of 7 is DXC then
begin
9.  p:= index of cross-connection layer of network j;
10.  if X;, = —1 then X, , := j;
1. form=p+1toldo
if Ti,m > j then Ti,m =7;

end
12. else if the class of j is MUX then
begin
13.  p:= the layer index of the access side interface
of 7;

14. form=p+1toldo
if T; > j then T} o, 1= 7;
end
end

Thus, the classification of network elements is in-
dispensable to determine the values of T; ; and X .

5. Prototype

A prototype of the tool was made to confirm the feasi-
bility of the described functional requirements and com-
putational procedures. The prototype satisfies all func-
tional requirements identified in Sect. 2.3. Figures 5 and
6 show the graphical user interfaces of the prototype.
Figure 5 is the main window that provides the duct net-
work editing function. The duct network can be edited
in a mannar similar to that offered by common drawing
software. Meanwhile, the intra-office configuration edi-
.tor is shown in Fig. 6. The editor allows a user to add,
delete and change the combination of network elements
placed in an office. These user interfaces are well con-
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Fig. 5 The main window of the prototype tool.
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Fig. 6 The intra-office configuration editor.

structed by utilizing the Tcl/Tk language[15], which is
frequently used in the telecommunication field [16].

It was confirmed that the tool, and its user in-
terfaces, can be used to edit network data for a wide
range technologies such as ATM networks constructed
with ATM cross-connect systems, ATM over SDH net-
works, and WDM networks. The network cost and var-
ious path data were also successfully computed and re-
ported. A cost evaluation of a 32 node ATM-over-SDH
network [ [7] took 94.1 seconds on a SUN SparcSta-
tion 5 computer. This network consists of three mul-
tiplex layers (2.488 Gb/s fiber, 150.3Mb/s SDH VC4,
and 8.0Mb/s ATM VP), and there are 70 cable ducts
set up among nodes. The given service paths (demand)
include SDH VC-4s required for 355 source-destination
pairs and ATM VPs required for 86 source-destination
pairs. The considered network elements are SDH mul-
tiplexers, SDH cross-connect systems, and ATM cross-
connect systems.
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6. Evaluation Examples

The purpose of the described tool is to evaluate the eco-
nomic benefit of introducing new technologies. This
section shows the effectiveness of the tool through two
evaluations. One example is an assesment of employing
the WDM technology, while the other is a comparison
of path protection schemes.

In the first example, the network cost with and
without WDM is compared for the same duct network
and demand model. For the case with WDM, the multi-
plex hierarchy consists of four-wavelength WDM fibers
(9.776 Gb/s), SDH VC4-16¢ (2.444Gb/s), SDH VC4
(155Mb/s), and ATM VP (9.39Mb/s). Meanwhile,
the hierarchy consists of SDH VC4-16¢c, SDH VC4,
and ATM VP for the case without WDM. The cable
duct network and the demand model were taken from
Ref.[17]. The duct network is shown in Fig. 7. The de-
mand is given as VC4 paths among all nodes and ATM
VPs among six nodes. The considered network elements
are ATM cross-connect systems, SDH cross-connect sys-
tems, SDH Mutiplexers, and WDM cross-connect sys-
tems. Among these, ATM cross-connect systems are
equiped only at the nodes that terminate the VPs. Ad-
ditionally, WDM cross-connect systems are used only
for the case with WDM.

The hierarchy editing function and the proposed
computing function of the tool are indispensable to
complete this WDM technology assesment because it is
required to compute network cost for the models with
different multiplex levels. Additionally, since the net-
work element configuration differs depending on the
node, the node editing function of the proposed tool
are also required.

The result is shown in Fig. 8. The figure shows that
the WDM technology is effective in reducing the link
cost. However, it also shows that the cost of the WDM
cross-connect system must be made much smaller to re-
duce the total network cost. As this example shows, the
tool is useful in assesing a new technology and finding
out what is the dominant part of network cost.

The second example shows how the tool can be
used to compare two path protection schemes. For this
example, the duct network is the one used in Ref.[10]
(Fig.9), and the multiplex hierarchy consists of SDH
VC4-4c (600Mb/s) and ATM VP (10Mb/s). It was
assumed that every node is equipped with ATM cross-
connect systems. For this network, a constant num-
ber of virtual paths were set up between every pair of
nodes. The total bandwidth of demand was set at about
10Gb/s. The network cost was evaluated for the 1:1
dedicated backup path scheme and the shared backup
path scheme.

Figure 10 is the result of the evaluation. The figure
suggests that the effect of the shared backup path scheme
is not very large for the considered network model in
comparison with the dedicated backup path scheme. To
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Fig. 7 Duct network model for assesing the eflectiveness of the
WDM technology [17].
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Fig. 8 Network cost comparison for the cases with WDM and
without WDM.
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Fig.9 Duct network model for the evaluation example of com-
paring two path protection schemes[10].
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Fig. 10 Economical comparison between the dedicated backup
path scheme and the shared backup path scheme.

evaluate these schemes more precisely, the path routing
scheme of the tool is significant because it assures the
disjointness of the working and backup routes of a path.

7. Conclusion
This paper described the computational techniques em-

ployed in a new software tool that evaluates network
cost. The main feature of the tool is its flexibility in



OHTA: TELECOMMUNICATION NETWORK EVALUATION TOOL

supporting a wide range of technologies. This paper
first identified the functional requirements of such a
tool. In particular, it was shown that parameters such
as the multiplex layers and network element specifica-
tions must be editable to achieve independence from the
technologies. Next, appropriate classifications of net-
work elements and paths were introduced. These classi-
fications are indispensable to evaluate resource amounts
correctly. A simple grouping procedure was presented
as well as the procedures used to compute the network
element amount. Finally, the techniques presented in
the paper were realized in a prototype and confirmed to
be feasible through tests.

Given the relentless progress in telecommunication
technologies, the concept of the proposed tool and the
procedures will become more important.
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Appendix: Accuracy of the Path Grouping Proce-
dure

This appendix formulates the path grouping problem
described in Sect.4.1 and assesses the accuracy of the
solution obtained by the procedure path_grouping(s) in
comparison with the exact solution.

Let us assume that the network uses a fictional
hierarchy that consists of the multiplex levels called
S1 (50Mb/s), Sy (150Mb/s), and S3 (600Mb/s). Let
M; (i = 1,2) denote the maximum number of the S; level
paths served by a 5,1 path.

The employed network elements include two types
of multiplexers as well as distribution frames that ac-
comodate the S;, S, and Sz levels. One type of the
multiplexers, called M; o, converts the signals between
the S; and S5 levels while the other type of multiplexers,
called M 5, converts the signals between the Sz and 53
levels. Consequently, each node is configured as shown
in Fig. A- 1. For multiplexer M, ; 1, the price of a high
speed interface is L, for one direction, while the price
of low speed interface is denoted by D;. The distribu-
tion frame cost and the fixed part cost of multiplexers
are assumed to be zero.

The cable duct network is assumed as shown in
Fig. A- 2. In this duct network, the set of nodes is V =
{1,2,..., M}, while the set of path source-destination
pairis P = {1,2,..., N}. The source and destination of
p € P are denoted by A(p) and B(p), respectively. The
fiber cost between the source-destination pair p is C{p).
For this network, T'(p) paths of level S; are demanded
for source-destination pair p € P.

For the formulation, let us introduce the following

S;DF My S,DF M, S§DF

o

Node configuration for the problem formulation.

Fig. A- 1

1 10km 2 10km 3 1{okm 4
O Oo————C0 O
-/ A

Fig. A-2  Duct network for the grouping problem formulation.
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decision variables.

1 if §; level paths between p € P are serv-
ed by 5,41 level paths between q € P,
0 otherwise.

Jipq =

- J 1 ifanS; level path exists between p € P,
Yir =1 0 otherwise.

nip: the number of S; level paths set up between p € P.
Zipq: the number of the S; level paths between p € P,
served by the S; 1 level paths between g € P.

The problem is formulated as follows:

3
minimize Z Cpnzp+ 2 Z L; Z T p
peEP =2 peEP
2
)91 3) SRS
i=1 pEP geP
subject to
nip=1, forallpe P, (A-2)
Zip,q = Nip — K(1 = fipg),
fori=1,2 and all p,q € P, (A-3)
Uysip =2 n4ip, fori=2,3allpe P, (A-4)
Z fi,p,q - Z fi,}%q
q€{qla(g)=2} q€{q|b{q)=v}
yi,p) lf’U = A(p)
={ —Yip Iifv=DB(p) ,
0, otherwise
for i=1,2v€V and pe P, (A-5)
Mini+l,q % Z Zi,p,qy
peP
fori=1,2 and all g € P, (A-6)
fipq = fopg, fori=1,2and
("), (a,9) € {(p,p)IA(p) = B(p)
and B(p) = A(p)}, (A-7)

where K and U are large positive constants.

In the above formulation, the objective function
(Eq. (A- 1)) consists of three terms; the link cost, the
multiplexer high speed interface cost, and the multi-
plexer low speed interface cost. Equation (A-2) is the
definition of service path demand. The condition that
sets the value of z 5, is Eq.(A-3). Equation (A-4)
presents the relationship between path existence and
path number. The connectivity of a path is reserved
by Eq.(A-5). Equation (A-6) specifies the relation be-
tween the number of server paths and that of the served
client paths. Finally, Eq. (A-7) is necessary because
paths are managed in a bi-directional manner in real
world networks.

Since the formulated problem is an integer pro-
gramming problem, it can be solved with using opti-
mization software. Figure A-3 compares the cost of
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Fig. A-3 Comparison between the strict optimum and the so-
lution derived by the proposed method.

the strict solution derived by the integer programming
approach with the cost derived by the proposed tool.
Here, the fiber cost was set 5 (/km) for one direction.
Parameters Dy, Dy, Lo and L3 were 1, 2, 2, and 6, re-
spectively. The figure shows that the proposed method
yields good solutions. However, the solution derived
by the proposed method becomes worse as demand in-
creases, for example, the case of T'(p) = 3 or T'(p) = 4.

In this example, no backup routes were considered.
For the case that backup routes exist, it was also shown
that the proposed method does not always yield a good
solution[18]. Thus, if it is necessary to know the net-
work cost that is very close to the strict optimum, some
improved algorithms[18] should be employed instead
of the proposed method.
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