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This paper discusses incentives, concepts and approaches for advanced rout
ing from the aspects of network design and real-time performance. A need for 
simple network design with powerful real-time traffic control is demonstrated. 
A new concept of load dependent expansive routing based on centralized control 
is proposed. As an example, a two-level real-time traffic control strategy for 
future telecommunications networks is presented. 

1. Introduction 
Telecommunications networks continue to grow all over the world. Today, telecom

munications world is entering a very exciting age due to rapid progress of technologies, 
introduction of various new services, growing competition in the market, and increasing 
social responsibility. This trend may be further accelerated in the near future. In these 
circumstances, network control has become vitally important. It provides flexibility and 
adaptability with networks to achieve both economy and reliability. 

Advanced routing such as dynamic routing is one of the techniques used. Various 
architectures and algorithms for advanced routing have been presented [1-81. However, 
more efforts are requIred to obtain comprehensive understanding of advanced routing tech
niques. This paper clarifies the incentives and concepts of advanced routing and discusses 
approaches to advanced routing from the aspects of network design and real-time per
formance. A need for simple network design with powerful real-time traffic control is 

. demonstrated. A new concept of load dependent expansive routing is proposed. There
fore, a two-level real-time traffic control strategy for future telecommunications networks 
is presented. . 

2. Incentives and concepts of advanced routing 
2.1 Network design aspect 

Traditional telephone networks belong to a class of so called hierarchical networks, 
which is basically composed of a multi-level star-shaped backbone network. A direct link 
may be established between any pair of origin and destination nodes (exchanges) from 
the viewpoint of economy. Routing is based on the so called far-to-near rotation, which is 
defined according to the hierarchy of the network. This classical fixed alternate routing may 
be called hierarchical routing. A hierarchical network is engineered to meet pre-determined 
bldc~ing probability for each. link in the backbone network. It may be possible to construct 
more economical networks by allowing more freedom in routing and in blocking probability 
allocation. Thus, a class of nonhierarchical networks appears together with nonhierarchical 
routing. 

If there is noncoincidence in busy hours in a network, multi-hour engineering mal 
be required. Indeed, day/night traffic variation is significant in the NTT networK. E
fectiveness of multi-hour engmeering in a hierarchical network is limited, because there is 
no freedom in routing. In a nonhierarchical network, optimal routing could be chosen for 
each hour without th.e constraints of hierarchy. Thus, a concept of a multi-hour routing 
network appears. 

As described above, flexible routing in terms of space and time domain in network 
design phase is effective in achieving economical networks. From day fnight traffic data 
and cost parameters for NIT network in 1987, cost of networks with nonhierarchical multi
hour routing is evaluated. It is found that a saving of more than 10 % could be expected 
compared wlth the conventional hierarchical networks. 
2.2 Network real-tiIIle perforIIlance aspect 

There may be some factors causing overload or underload at any part of the engi-
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neered network under real-time operation. Factors causing overload at a part of a network 
are as follows. 
( a) Real traffic demand is greater than the forecast. 
(b) Exceptional peak traffic occurs. 
(c) An unex~ected failure occurs in network elements such as exchange systems or trans
mlssion facihties. 
Conversely, factors causing underload at a part of a network are as follows. 
(a) Real traffic demand is smaller than the forecast. 
(b) A network is engineered for future (typically a few years) forcast traffic demand. 
(c) Network dimensions are increased due to modularity of network equipment. 
( d) There are low traffic days (side days) in day-to-day traffic variation within a year as 
well as low traffic hours (side hours) in hour-to-hour traffic variation within a day. 

Among the .factors mentioned above, the problem of forecast error may be most signif- . 
icant. In fact, this situation is seen in Japan's telecommunications networks, in which new 
services are introduced year by year and new common carriers appear recently. If there 
were any mismatch between network capacity and real traffic demand, expansive routing 
which allows extended alternate paths besides designed paths might use network capacity 
to achieve as high performance as possible. 

Expansive routing also saves costs in investment in network plants and equipment. 
There are basically two factors. First, it is possible to reduce the margin of forecast error 
because expansive routi~g could improve end-to-end grade-of-service by utilizing spare 
network capacity most effectively. Second, it may be possible to reduce reference traffic, 
the value of traffic to be used for network dimensioning, which is the average busy hour 

. traffic of the busiest 30 days (high traffic days) in a year in the NTT network. It is known 

. that a high traffic day for an origin-destination node pair (0 - D pair) is not always the 
same as that for another pair. In that case, expansive routing could make it possible to use 
network capacity most effectively by utilizing difference in hIgh traffic days among 0 - D 
pairs. Thus reference traffic can be reduced. It is reported that there are cases in which 
reference traffic is reduced about 5 % in a hierarchical network [9]. More reduction would 
be expected in nonhierarchical networks with expansive routing. Similarly, nocoincidence 
of busy hours in a network also contributes to reduced reference traffic. Let ex be the ratio 
representing how much reduction in design load could be possible. The value of ex could 
be obtained empirically based on measurement of real-time performance of the network. 

3. Approaches to advanced routing 
3.1 Network design aspect 

The network design problem of achievin~ minimum network cost under given condi
tions of blocking probabilities between 0 - D pairs produces a nonlinear combinatorial 
optimization problem. It is difficult to solve such a problem and it is often transformed 
into a more tractable one by introducing various assumptions, for example, fixing network 
topology and routing, excluding switching cost parameters from the modeling, linearization 
of cost functions, constraint functions, etc [11. Nevertheless, the design problem usually 
includes enormous variables when the number of nodes in the network is large} and it 
is difficult to obtain a solution quickly. Even if a solution were obtained, it mIght not 
always be a good solution, because the problem might have been changed from the origi
nal one through excessive simplification. In addition, sophisticated network optimization 
techniques do not always achieve meaningful results when demand forecast errors are sig
nificant. They may only waste time and money. If powerful real-time traffic control were 
possible, network dimensioning could be substantially simplified, since excessive optimiza
tion might be no longer required. Simple network dimensioning would lead to a reduction 
in network design cost and development time. 

From this viewpoint, heuristic approaches for network design may be useful. They may 
consider switching cost, which is often neglected in conventional methods. For example, 
an overall network design process can be classified into three subprocesses: design of 
backbone network topology, routing and dimensioning. There may be heuristic methods 
applied to each of the subprocesses. An algorithm for designing hierarchical backbone 
network topology for a single busy hour has been proposed [101. This method could be 
generalized to design nonhlerarchical multi-hour routing backbone network topology for 
day /night busy hours. There may be a method of defining routing based on the backbone 
network topology and day/night traffic demands. A modified ECCS or MHE method could 
be used for network dimensioning. Further studies are required on this approach. 
3.2 Network real-time performance aspect 
3.2.1 Control architecture-centralized or distributed 
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There may be two approaches for expansive routing control architecture, centralized 
control and distributed control [2-81. In general, it may require much money to construct 
a centralized control system for dealing with nation-wide scaled network. It may be much 
easier to construct a distributed control system. However, a distributed system may be 
poorer in performance than a centralized systems. 

It seems that centralized control is indispensable for congestion control. It is known 
that restriction of calls at the entrance of a network is required for protecting the network 
against focused overload. To do this effectively, centralized control is more promising 
than distributed control. NTT is developing Traffic Congestion Control System (TCS), 
which has centralized control architecture [111. A centralized congestion control system 
has, as the basic system elements a computer and network dataoase at the center and 
data links between the center and switchIng nodes in the network. These elements are 
also required for centralized routing control. Thus, there may be an approach to have 
a centralized control system for expansive routing by enhancing a centralized congestion 
control system. This approach could provide an economical centralized routing control 
system. A centralized control system for expansive routing is more expandable in terms of 
functions than a distributed control system because it is possible to improve the system 
performance by updating the routing algorithm of the computer at the center. It is not 
necessary to update the routing function at each exchange. 
3.2.2 Mechanisms for expansive routing-state dependent or load dependent 

Assume centralized routing control systems in the following. Two mechanisms could 
be considered for expansive routing control, state dependent and load dependent mecha
ninsms. The conventional state dependent schemes [2-3] may have the following disadvan
tages: 
a) Detailed information about trunk occupancies at the center and very frequent updates 
of routing tables at network nodes are required. 
b) Heuristic approaches are taken to determine routing strategies and no optimization at
tempt is ever made to maximize the network performance. 
c) Expansive routing capability is limited and performance may be poor in case of drastic 
traffic variations or network capacity changes due to failures. 

The load dependent schemes are characterized by 'optimal traffic control in terms of 
blocking probabilities between 0 - D pairs based on short-term load estimation. This 
is not intended in conventional state dependent routing schemes for nonhierarchical net
works. Therefore the above problems could be overcome in the proposed system. The load 
dependent schemes may have the following advantages: 
a) This approach requires only essential Information about the network because 0 - D 
pair load estimation could be conducted at the local origin node. Thus routing tables at 
the nodes are updated only when necessary. 
b) The load de:pendent schemes are interactive in the sense that the operators could mod
i(y the constraInts of the optimal traffic control problem. This function may be useful, 
for example, on the occasion of failures in the network, when high level judgement of the 
0ferators is required. 
c High performance could be expected due to optimal traffic control, especially in case of 
drastIc traffic variations or network capacity changes due to failures. 

4. Example of new real-time control structure 
4.1 Conditions 

Three link attributes;, which define routing for network dimensioning, are introduced: 
(a) An independent link tThe set of independent links is represented by Ld 

This is a link used only as the direct path between the corresponding 0 - D pair 
directly connected by the link. No alternate path is available for overflow calls from this 
link. 
(b) A high-usage link (The set of high-usage links is represented by L h ) 

This is also a link used only as a direct path between the corresponding 0 - D pair. 
However, a two-link alternate path, which is called the basic alternate path, is available 
for overflow calls from this link. 
(c) A shared link (The set of shared links is represented by La) 

This is a link used both as the direct path between the corresponding 0 - D pair and 
a' part of the alternate path between any 0 - D pair. No alternate path is available for 
overflow calls from this link. 
, It is aSsumed that a network is dimensioned to achieve blocking probability no higher 
than the pre-deter:mined value B* on each ~ink belonging t~ the set Li or La fo~ the design 
load. Let the basIC path for an 0 - D paIr be the paths Introduced along WIth network 
dirnensioning. It is clear that an 0 - D pair with an independent or shared link has a 
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single basic path, the direct path, while one with a high-usage link, has two basic paths, 
the direct path and the basic alternate path. 
4.2 Real-time control structure 

The overall control effort consists of two parts: a centralized computation by a su
pervisor (a computer at the cent er ) at a higher level of traffic control, and a distributed 
computation by network nodes on a faster tune-scale at a lower level of traffic control. As 
for higher level control, information exchanges are required between the supervisor and 
each node. Each node estimates end-to-end traffic load in a future control cycle based 
on real-time traffic measurement, and sends the load estimation data to the supervisor. 
U sing the received load estimation data, the supervisor determines new higher level traffic 
control parameters (routing parameters), which are transmitted to the nodes. Thus, the 
routing table at each node is updated at every higher level control cycle to follow real
time load variation. The computation and updating of traffic control {>arameters at the 
higher level is _guided by the oDjectives of roughly minimizing network-wIde service quality 
degradation. The duration of the higher level control cycle 15 typically 10-60 minutes. 

The computation and updating of the lower level traffic control parameters is guided 
by the objectives of maintaIning local service quality. The duration of the lower level 
control cycle is typically a few minutes. 
4.3. Higher level traffic control 
4.3.1 Optimal traffic control problem and algorithm 

The higher level control establishes new two-link alternate paths (called additional 
paths) in addition to the basic paths and their load (overflow) sharing percentages for 
each 0 - D pair at every control cycle based on the real-time end-to-end offered loaas and 
the given network capacity. The additional paths are given to the 0 - D pairs if the link 
between the pair is not a high-usage link and its blocking probability is greater than B* 
for real-time traffic loads. Additional paths, established between a certain 0 - D pair, 
are used to carry traffic overflowing from the link between the 0 - D pair according to 
load sharing percentages. Here it is assumed that blocking of each link, through which any 
additional path will be established, is less than B* for real-time traffic loads. 

The iterative loop for the higher level traffic control algorithm is shown in Fig.l~ 
4.3.2 Flow ass~gnment 
(1) assumptions 

A general traffic model of a network under consideration is based on the following 
widely used assumptions: 
a) Traffic offered to any link is governed by Poisson arrivals. 
b) Call holding time satisfies the negative exponential distribution. 
c) Blockings at links are independent of each other. 
(2) Equations 

The following symbols are used. 
Al : Number of the nodes in a network. 
(i,j) : A pair of origin node i and destination node j(i ~ j;i,j = 1,2, ... ,M) or a link 
between them. 
N ij : Number of trunks in the link between (i, j). 
Aij : An amount of traffic offered between (i, j) in terms of erlangs. 
<Pij : An amount of basic traffic of the link between (i, j), which is defined as the total 
traffic offered to the basic paths established through the link. 
E(a, n) : Erlang's B formula for n trunks and a erlangs offered traffic. 
Fb : Set of destination nodes Vr (1 ::; r ::; M). of the 0 - D pairs (i, v r ), which uses the link 
between (i, j) as the first link of the basic alternate path between (i, vr ) and the blocking 
of the high-usage link between (i, vr ) is greater than B*. 
Fi] : Set of origin nodes u,,(l ::; s::; M) of the 0 - D pairs (u",j), which uses the link 
between (i, j) as the second link of the basic alternate path between (u", j) and the blocking 
of the high-usage link between (u", j) is greater than B*. 

The basic blocking probability is defined as follows: 

(1) 

where ~ij = Aij, (i, i) E Li uLh, and ~ij = Aij + EkEF? Akj Bkj -t ErEF.1. AirBir, (i, i) E 
. 'J IJ 

L". 
Consider a graph G = (V, E), where a v.ertex represents a node in the network and a 
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directed edge represents a link with the blocking below B*. A link capacity is then defined 

as follows: Gij = Yij (1 - B*), (i, j) e E (2) 

where 
(3) 

Consider the independent or shared links with blocking higher than B*. Let El signify 
a set of corresponding vertex pairs in the graph G. A demand flow Zij is given for each 
vertex pair in El as follows: 

(i, j) EEl. (4) 

Consider a problem of assigning the demand flows on the paths of length 2 in the graph G. 
Let xt signify the percentage of demand flow Zij, which transits through node k. Then 
the following equation holds. 

L xfj ::; 1, xfj ~ 0, (i,j) E El (5) 
kETij 

L X~j Zkj + L x{r zir ::; Gij , (i,j)EE (6) 
(k,j)EEl (i,r )EEl 

where Tij signifies a set of transit nodes on the paths of length 2 in G on which a part or 
all of the demand flow between (i, j) is assigned. Let GOS (Grade-of-Service) de&radation 
signify an excess over B* of the end-to-end blocking frobability for an 0 -D paIr. Then, 
the network GOS degradation is defined as the sum 0 GOS degradation over all the 0 - D 
pairs with independent or shared links and is calculated as follows: 

(7) 

The flow assignment is then defined as the LP (Linear Programming) problem to determine 
the values of variables zt so that the network GOS degradation J is minimized under the 
conditions of Eqs. (5) and (6). 
(3) A~proximation in flow assignment computation 

Enormous cpu time and memory size may be re~uired for finding a solution as the 
number of the network nodes M increases, resulting In computational difficulties. It is 
not always necessary to obtain the exact splution for real-time traffic control. Rather, 
it is most important to find a solution very quickly. Therefore, this paper presents a 
heuristic algorithm, called "the lA (Incremental Assignment) method", which provides an 
approximate solution with considerably less computational effort. This method finds an 
optimal flow assignment in a step-by step manner based on an iterative procedure. 
4.3.3 Load sharing percentages 

By considering the relation between the overflow from a final basic path and the 
load which must be offered to each additional path to realize the flow determined by the 
flow assignment algorithm, the load sharing percentage is chosen to satisfy the following 
equations. 

z~. (B·· - B*) 
S~. = SJ SJ (. .) E EkE 7ij ( 8) 

SJ (1 _ P ik ) (1 _ P1cj ) Pij , ',1 1, 

where Pij is the blocking probability of the direct link between (i,j). 
4.3.4 Numerical examples 

Some examples of the higher level traffic control computation, carried out on the VAX 
11/780 computer, are shown in Tables I and 11. It is assumed that every 0 - D pair has 
an independent link. The value of the design link blockin~ B* is taken to be 1 %. Table I 
shows a comparison of the LP method and the lA method m terms of network performance 
measured by the averaj;e network end-to-end GOS improvement defined as Go - G, where 
G is the average GOS degradation of the network with additional paths based 01,1 the 
higher level traffic control and Go is that of the network with only direct paths, that is, no 
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additional raths. As shown in Table I, the lA method yields near optimum traffic routing 
in terms 0 average end-to-end GOS improvement. It is also shown that the lA method 
is quite effective in minimizing memory size as well as reducing the cpu time required for 
computation. In addition, it IS shown that the lA method gives a better result in terms 
of worst GOS improvement, which is defined in the same manner as the average GOS 
improvement except that worst GOS is used in place of average GOS. 

The performance of the lA method for greater network size (number of network nodes) 
is demonstrated in Table 11, in which the achievement rate, the ratio of the average GOS 
improvement in the lA method to that in the LP method, is used as an measure of quality. 
It IS shown that the lA method is near optimum in terms of the average GOS improvement 
at a reasonable cost of memory size and cpu time. 
4.4 Lower level traffic control 
4.4.1 Mechanism 

Two kinds of traffic flow are offered on a link through which additional paths are 
established in higher level control. The first is termed basic traffic as defined in Section 
4.3.2, which is the total traffic offered to the basic paths established through the link. The 
second is termed additional traffic which is the total traffic offered to the additional paths 
established through the link. The amount of the additional traffic offered to each hnk is 
determined in higher level traffic control. However, the short-time blocking probability for 
the basic traffic may deteriorate to below the expected value in competition with additional 
traffic in hunting for idle trunks in the link, due to approximation in higher level control 
computation, traffic variation within higher level control cycle, etc. The purpose of the 
lower level control at each link is to exactly maintain a specIfied blocking probability (Ba) 
for the basic traffic in every lower level control cycle. To accomplish thIS objective, the 
trunk reservati~n technique may be employed to give a higher priority to basic traffic over 
additional traffic when hunting for idle trunks at each link. Since the probabilistic behavior 
of the system is dependent on the characteristics of the traffic, it is necessary to choose an 
appropriate number of trunks to be reserved. 

A learning control method may be used for this purpose. The number of reserved 
trunks at each link is updated at each control cycle based on the results of the previously 
applied control. The basic theory for learning control was presented in [12] as a mech
anIsm for controlling blocking probabilities in multi-media communication with various 
bandwidths. The detail of this method is omitted here. 
4.4.2 Numerical examples 

Call arrival is assumed to be a Poisson distribution for the basic traffic, and either 
Poisson or IPP (Interrupted Poisson Process) for the additional traffic, considering the 
fact that the additional traffic is composed of overflow traffic. Table III shows the results 
obtained by applying a criterion which maintains the blocking probability for the basic 
traffic at 1 %. The results of the learning control method are shown together with those 
of the fixed control method in which the reservation number is determined analyticallx 
so that the blocking probability for the basic traffic is around 1 % assuming that call 
arrival is a 'Poisson distribution regardless of the actual distribution. It is shown that the 
learning control method gives good results even when the unknown IPP traffic is applied 
as the additional traffic, while the fixed method works properly only when Poisson traffic 
is applied. Thus, the learning method is effective even if the call arrival distribution is 
unknown. 

5. Conclusion 
This paper discusses the following items. 

-Incentives and concepts of advanced routing. 
-Approaches for advanced routing. 
-A oasic philosophy of simple network design and powerful real-time traffic control. 
-A two level traffic control strategy for large scale networks, characterized by load depen-
dent expansive routing for higher level control and a learning algorithm for adaptive trunk 
reservation for lower level control. 

Further study is needed to comprehensively evaluate various expansive routing tech
niques and to establish methods of applying expansive routing techniques to real networks. 
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TABLE I COMPARISON BETWEEN LP AND 
lA METHODS FOR MESH NETWORK 

NO. OF NODF.S 1 0 1 1 1 2 1 3 1.-t 1 5 

AVF.RAGF. GOS I.P ~ . 2 4. 4 4. 8 4.9 4. 5 5. 5 
I MPROVF.MF.NT -_. --- --

( %) I A 4. 0 4. 1 4. 5 4.5 4. 2 5. 2 

lI'ORST GOS LP 0 0 O. 5 O. 5 O. 5 5. 3 
I MPROVEMF.NT 

( %) I A 0 ~. 5 9. 5 7. 9 O. 5 2 \. 3 

CPU TIME LP 80 165 310 732 952 3978 
(S~: CONDS) 

I A 10 11 13 IS 17 22 

M~:lAORY SI7.F. I.P 227 348 515 739 1033 14 13 
(k w) -.- ._ .. I----

I A 4 5 6 8 9 1I 

NUMF.RICAL CONDITIONS 
NUMRF.R OF TRUNKS: 30 
POINT-TO-POINT TRAFFIC : O-~O cri (UNIFORM DISTRIRUTION) 
ASSIGHMF.HT UNIT IN lA: 1 cri 

TABLE II PERFORMANCE OF lA 
METHOD FOR MESH NETWORK 

NO. O~' NODF.S I 0 2 0 3 0 .-t 0 5 0 

I o 5 9 5 9 5 !l 8 !l 0 
I--

TABLE III NUMERICAL EXAMPLES OF 
LOWER LEVEL CONTROL 

BLOCKING RATES Cl) 

LEARN I NG CONTROL fiXED COHTROL 

CAI.L ORIGINATION OF BASIC ADD 1TI0NAL BASIC ADDITIONAL 
ADOITIONAI. TRAffiC TRAff IC TRAffiC TRAFF IC TRAFF IC 

,--
rOISSOH ORIGINATION I. 23 38.3 1.49 37. I 

I NTf.RRUPTED rOI SS OH 0. 86 57. 2 2.19 SS.3 
OR I G I HA TI ON (I r P) 

HmlF.RICAL CONDITIONS 
NUMRER Of TRUNKS: 30 
IIAS I C TRAH I C: PO I SSON PROCESS (J De r1) 

ADDITIONAL TRAffiC ,: rOISSONIIPP (25erl) 

1I0l.DING TIME DISTRIBiJTlON: EXPONENTIAL IITII MEAN 80 SEC, 
CONTROL CYCLE: III MIN. 

CAl.CUI.ATF. 
,\CIII F.VEMENT 2 9 2 o 5 

RATE • AU ----- . ,.-
!) 5 9 7 9 8 
--

DEMAND FLOWS" 
I.INK CAPACITIES 

CAI.CUI.ATE 
OrTIMAI. nows 

(J.r) 

CALCULATE 
LOAD SIIARING 
PERCF.NTAGES 

(%) .-t o I 9 2 9 3 9 6 9 7 

8 9 2 9 2 9 2 9 .-t 9 6 

I 10 sa 298 1020 2702 
-

cru TUm 2 9 38 179 603 1600 
(SF.CONDS) AU 

.-t 8 29 122 391 1039 

8 8 25 99 312 813 

loIF.WORY SI7.F. 4 24 71 158 298 
(k W) 

NUMF.RICAL CONDITIONS 
NUloIRF.R OF TRUNKS: 30 
rOINT-TO-rOINT TRAFfiC: 0- ~o cri (UNIFORM DI5T. ) 

* : tOUR IlOUNIl FOR NO . OF NODF.S 20-50 
A U: ASSIGNMENT UNIT . (crl) 
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Fig. 1 Iterative loop for higher level 
traffic allocation algorithm 


