
- I -

The Benefits of Dynamic Nonhierarchical 
Routing in Metropolitan Traffic Networks 

F. A. Field 

Bell Laboratories 
Holmdel, New Jersey 07733 

ABSTRACT 

The widespread introduction of inteIligent switching systems 
coupled with the deployment of local Common Channel 
Interoffice Signaling could provide an opportunity to introduce a 
more flexible and cost effective network structure in 
metropolitan areas. We investigate the use of two-link 
sequential dynamic nonhierarchical routing (DNHR) in a 42-
node traffic model of the metropolitan Chicago area . We find 
that the use of nonhierarchical routing that is allowed to change 
by time of day in response to changing load patterns in the 
network could reduce the cost of a network that carries 
intrametropolitan traffic by about 10 percent compared to the 
cost of a hierarchical network. 

Ash and others have previously described the use of such a 
form of DNHR in the BeIl System intercity network in the U.S. 
This paper describes the results of a first study of the 
application of this form of DNHR to metropolitan networks. 

I. INTRODUCfION 

The application of a form of dynamic nonhierarchical 
routing (DNHR) to the Bell System intercity network in the 
United States was previously described by Ash, et. al., [1,2,3]' 
They described an algorithm for sizing and finding minimum 
cost routing in DNHR networks that use originating office 
control to route calls over one- and two-link paths in the 
network. The preplanned routing, determined at the time the 
network is sized, is changed by time of day to take advantage of 
the time noncoincidence of traffic loads in the network. They 
showed that the use of such a form of dynamic routing, called 
two-link sequential DNHR, could reduce the cost of the 
intercity network by about IS percent compared to the cost of a 
hierarchical network with time invariant routing. 

This paper describes the potential benefits of two-link 
sequential DNHR in metropolitan networks. Stored program 
controIled (SPC) end offices originate, terminate and tandem 
switch dynamically routed intrametropolitan calls. The 
originating end office retains control of call routing through the 
use of the local Common Channel Interoffice Signaling (CCIS) 
network. A nonhierarchical route consists of an ordered set of 
one- and two- link paths as shown in Figure 1. A call from end 
office El to E is offered to the first path in the route, the 
one-link path I; -E

2
. If all trunks in the E I -E2 group are busy, 

El route advances the caIl to path E I-E3-E2. -U there is a free 
trunk in the E)-E3 group, El seizes a trunk and sends called 
number information to E

J
, which attempts to route the call 

directly to E2. If all trunks in the E3-E2 group are busy, E3 
returns control of the call to El' which aovances the call to the 
next path in the route. This sequential path-to-path overflow 
continues until the caIl is set up or until the call is blocked after 
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overflowing the last path in the route. The DNHR network is 
sized to a point-ta-point (end office to end office) blocking 
objective. A sufficient number of paths is included in each route 
so that the combined blocking of all paths does not exceed the 
blocking objective. 

The non hierarchical routes are changed by time of day to 
take advantage of capacity in the network that is idle because of 
the noncoincidence of the peak traffic loads between end 
offices. At some other time during the day, the route from El 
to E2 in Figure I might be the ordered paths E I-E2, E 1-ES-E2, 
E)-E3-E2, and E I-E4-E

Z
' All of these preplanned routes 

would be stored in the switches. The switches select the correct 
route at call set-up according to the time of day. 

Szybicki and others have previously described the 
implementation of another form of dynamic routing in a 
metropolitan network in Canada [4,S]. Their implementation 
of dynamic routing uses a central computer that continuously 
monitors the state of the network and periodically updates the 
routing tables in each dynamic routing switch . 

OUTLINE 

In Section 11 we review the current hierarchical 
configuration of metropolitan networks and present a network 
structure that combines dynamic routing of caIls among DNHR 
equipped SPC end offices with hierarchical routing of calls that 
originate or terminate on non-DNHR offices. We describe a 

• DNHR END OFFICE 

-Z- COMMON CHANNEL INTEROFFICE SIGNALlNG (CCIS) LINK 

STP CCIS SIGNAL TRANSFER POINT 

FIGURE 1 TWO-LINK SEQUENTIAL NONHIERARCHICAL ROUTE 
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42-node traffic model of the metropolitan Chicago area and, 
using that model, we motivate the use of DNHR by assessing 
the cost penalties of fixed hierarchical routing. The third 
section of the paper presents results that show that DNHR 
could reduce the cost of a network for carrying 
intrametropolitan traffic in the Chicago model by about }O 
percent while providing a blocking grade of service that is 
comparable to that provided in a hierarchical network. In 
Section IV we briefly review some additional advantages of 
DNHR and outline areas for additional investigation as well as 
some of the changes to network operations and administration 
that would be required if DNHR were introduced. 

11. Network Configuration, Metropolitan Traffic Model, and Bounds 
on DNHR Savings 

Hierarchical Metropolitan Networks 

Many metropolitan networks are two-level hierarchical 
networks and use multialternate routing as shown in Figure 2.a. 
Final trunk groups, sized to one percent blocking. connect each 
end office to its home tandem and interconnect aIJ of the 
tandems in the metropolitan network. Economic CCS 
engineering techniques are used to size the high usage groups 
in the network. Depending on the development of high usage 
groups, this network configuration provides at most four paths 
between any pair of end offices. For example. a caB from E3 to 
E4 in Figure 2.a. is first offered to the path that consists of the 
prtmary high usage group E

3
-E4. Calls that overflow the first 

path are offered to paths E
3

-T2-E4, E
3
-T
J

-E4, and E3-T)-T2-
E4 in that order. All tandem switching IS one by the dedicated 
tandems T] or T 2' If the network uses combined "local/toll" 
trunking, then the end office to tandem final groups also carry 
traffic destined to or completing from distant cities. 

DNHR Metropolitan Networks 

A metropolitan network with DNHR is shown in Figure 2.b. 
End offices E2 through ES and tandems T) and T 2 form a 
DNHR subnetwork. Each of these switches is assumed to be 
an SPC switch equipped with software that implements dynamic 
routing. Intrametropolitan calls originate and terminate at the 
end offices. The two-link sequential dynamic routing structure 
described in Section I is used to carry calls between the DNHR 
end offices. Although the pure tandems (T) and T?) are part 
of the DNHR network, they have no hierarchical relationship 
to t~e DNHR end offices for the purpose of routing 
intra metropolitan dynamically routed traffic. For instance, a 
permissible nonhierarchical route between E3 and ES is the set 
of ordered paths E3-ES' E3-T 2-E5' and E3-E4-Ey 

Figure 2.b also shows two non-dynamic routing end offices, 
E} and E6. These offices might use electromechanical switches 
or SPC switches without a DNHR capability. Calls between two 
non-DNHR offices, or a non-DNHR office and a DNHR office 
would be routed hierarchically. For example, a call between E} 
and E2 would first attempt the primary high usage group E}-E2 
with overflow offered to the path through T} . In order to 
ensure that such calls would continue to receive the same 
blocking grade of service as they would experience in a fully 
hierarchical network, the trunk groups that connect DNHR end 
offices to their home tandem would be sized to one percent 
blocking. Note that for such hierarchically routed calls, the 
tandems T 1 and T 2 have a hierarchical relationship to the 
DNHR end offices. 

Lastly, the "final" groups between DNHR end offices and 
their home tandem might also carry traffic that accesses or 
completes from the intercity network(s). We have ensured a 
satisfactory grade of service for these calls by requiring that the 
DNHR "final" groups be sized to one percent blocking. While 
it might be possible with certain transmission and switching 
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facilities and transmission loss plans to dynamically route these 
intercity accessing/completing cal1s in the metropolitan 
network, we will restrict these caBs to route only on the one
link path from the end offices directly to the tandems. 
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The remaining discussion in this paper will address the 
DNHR subnetwork in Figure 2.b. We shall investigate dynamic 
routing networks that carry only intrametropolitan traffic and 
networks that carry both intrametropolitan and intercity 
accessing/completing traffic. 

Metropolitan Traffic Model 

Our study was conducted with the use of actual traffic loads 
from the 312 Number Plan Area (NPA) in the North American 
network. The 312 NPA is the Chicago metropolitan area and 
includes Chicago itself along with the surrounding urban and 
suburban areas within a radius of about 20 to 80 km. from 
downtown Chicago . End office to end office traffic data were 
collected among all of the end offices in the 312 NPA during 
the first 10 business days of December, 1977 . The data , which 
included both trunk group measurements and detailed billed 
call accounting data, were processed to form hourly average 
office-to-office loads for each of the 15 hours, 8 a.m. through 
11 p.m .• of the business day. 

A set of 38 end offices and four tandems was selected to 
model the entire metropolitan Chicago traffic load. Figure 3 is 
a sketch of the locations of the 42-nodes. Figures 4.a and 4.b 
compare the daily variation of the total intrametropolitan traffic 
and the total intercity accessing/completing traffic in the model 
and in the entire 312 NPA. In the aggregate. the hourly 
variation of traffic in the model matches that in all of Chicago 
very closely. 

Bounds on DNHR Cost Savings 

The various end office to end office traffic loads do not all 
reach their individual daily maxima at the same time . With 
fixed hierarchical routing rules. capacity that is provided to 
serve busy hour or near busy hour loads of some traffic parcels 
remains relatively underutilized in other hours even though 
different traffic parcels may be experiencing their daily busy 
hour loads at that time. 

We obtained a measure of the amount of capacity that must 
be a included in a fixed hierarchical network because of the 
noncoincidence of traffic as follows. First, we dimensioned a 
network for all fifteen hours of intra metropolitan and intercity 
accessing/completing traffic in the 42-node model. This is the 
network that would be required with fixed hierarchical routing 
and it provides at most one percent blocking on the final groups 
throughout all hours of the day. We then dimensioned fifteen 
separate hierarchical networks - one network for each of the 
fifteen sets of average hourly load. Each of these networks 
meets the grade of service requirement on final groups only for 
the set of loads for which it is sized. Figure 5 displays the cost 
of these fifteen separate networks in comparison to the cost of 
the required hierarchical network. The most expensive single 
hour network. the network dimensioned for the 10-11 a.m. 
network busy hour, costs 10.8 percent less than the hierarchical 
network that is required to carry the traffic throughout all 
fifteen hours. 

Further, the hierarchical routing rules cause an additional 
network cost penalty. While the trunk group that directly 
connects two end offices is usually the least costly path between 
the offices, a hierarchical overflow path through a tandem is not 
necessarily the next least costly path between two offices. For 
instance. in Figure 2.a, the relative proximity of offices El' E2, 
and E3 may cause the nonhierarchical path Ej -E2-E3 to be less 
costly than the hierarchical path E I-T l-E]" We sized a 
nonhierarchical network that uses two-link sequential routing 
for the 10-11 a.m. network busy hour loads. This 
nonhierarchical network was 2.5 percentage points less 
expensive than the hierarchical network sized for the same 
loads as shown in Figure 5. These results suggest that the use 
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of nonhierarchical, least cost path routing with routing changes 
throughout the day in response to changing load patterns could, 
as an unrealizable upper bound, reduce the cost of this 
metropolitan network by up to 13.3 percent, the sum of the 
10.8 and 2.5 percentage point reductions discussed above. 

Ill. Network Savings witb DNHR 

Networks for Intra metropolitan Traffic 

DNHR and hierarchical networks were sized to carry the 
intrametropolitan traffic in the 42-node model of the Chicago 
network. The hierarchical network was sized through use of 
standard cluster busy hour load selection techniques. High 
usage groups were sized through use of standard economic CCS 
techniques, and the final groups were engineered to provide 
one percent blocking. We used the algorithm described by 
Ash, et. al., [1 ,2,3]' to size the DNHR network. Distinct 
routing was allowed in each of the fifteen hours of the day for 
each end office to end office traffic parcel. "Final" groups in the 
DNHR network were sized to one percent blocking. A 
sufficient number of paths were included in each DNHR route 
to provide 0.5 percent end office to end office blocking. 
However, if an sufficient number of paths could not be found, 
point to point blocking of up to 2 percent was allowed. 
Blocking greater than 2 percent was reduced to 2 percent by 
providing additional trunks in the route. Both hierarchical and 
DNHR networks meet their respective grade of service 
objectives throughout all 15 hours of the day . Standard Bell 
System cost assumptions for planning purposes were used for 
the cost of trunking and switching in these networks. 

Some key aspects of the DNHR and hierarchical networks 
are compared in Table I. The DNHR network contains 8.3 
percent fewer trunk terminations , including a 95 percent 
reduction of trunk terminations on the pure tandems in the 
network (e.g. Tl in Figure 2.b) . The DNHR network contains 
11.1 percent fewer trunk-kilometers and costs 10.3 percent less 
than the hierarchical network. We find that the removal of 
hierarchical routing restrictions and the ability to change 
routing by time of day in response to changing load patterns 
causes it to be more economical to tandem switch tra ffic 
through end offices. The cost of the DNHR network shown in 
Table I includes an allowance for the cost of this added 
switching load on the end offices. 
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Hierarchy DNHR DNHR 
Savings 

Terminations: 
End Office 22000. 21900. 0.5% 
Tandem 2000. lOO. 95 .0% 
Total 24000. 22000. 8.3% 

Trunk- 171000. 152000. 11.1 % 
Kilometers 

Cost 100.0 89.7 10.3% 

T ABLE I. Networks for Intra metropolitan Traffic 

Networks for Intrametropolitan and Intercity Accessing/Completing 
Traffic 

DNHR and hierarchical networks were sized to carry both 
the intrametropolitan traffic and the intercity 
accessing/ completing traffic in the 42-node model. We applied 
the same grade of service req uirements as were previously 
described. Table II contains a comparison of the key statistics 
for the networks. Dynamic routing saves 6.8 percent of the 
trunk terminations in a hierarchical network, requires 9.3 
percent fewer trunk- kilometers, and reduces network cost by 
8.1 percent. Although still very substantial, the cost savings 
attributable to DNHR are apparently smaller than in the case of 
networks sized for intrametropolitan traffic only. Recall that 
intercity traffic is restricted to routing on the final groups in 
each network. As a result , the cost of carrying the intercity 
traffic, about 20 percent of the total traffic , is a large and nearly 
fixed component of the cost of both hierarchical and DNHR 
networks. We approximately separated the cost of carrying the 
intrametropolitan traffic from the cost of carrying the intercity 
traffic in each of these networks. We found that DNHR again 
reduced the cost of carrying the intrametropolitan traffic by 
about 10 percent. 

Hierarchy DNHR DNHR 
Savings 

Termi nations: 
End Office 24700. 24500. 0.8% 
Tandem 4600. 2800. 39.0% 
Total 29300. 27300. 6.8% 

Trunk- 215000. 195000. 9.3% 
Kilometers 

Cost 100.0 91.9 8. 1% 

TABLE 11. Networks for Intrametropolitan and Intercity 
Accessing/Completing Traffic 

Blocking Performance of DNHR 

Table III contains the distribution of the average end office 
to end office (parcel) blocking for intrametropolitan traffic . 
This is the performance that is expected during the network 
busy hour (10-11 a.m.). 

Percent of Parcels with 
Blocking Less Than B 

Parcel Blocking, B Hierarchy DNHR 
0.1% 23% 18% 
0.2% 43% 39% 
0.3% 58% 65% 
0.4% 67% 87% 
0.5% 74% 96% 
1.0% 91 % 99% 

TABLE Ill. Parcel Blocking Distribution 
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The highest parcel blocking in the hierarchical network is 1.9 
percent and in the DNHR network it is 1.7 percent. Averaged 
over all calls in the network, about 0.11 percent of the calls 
would be blocked in the hierarchical network and about 0.19 
percent of the intrametropolitan calls would be blocked in the 
DNHR network. However, DNHR provides a more nearly 
uniform grade of service to all parcels than the hierarchy does. 

End Office Tandem Switched Load 

In addition to originating and terminating (O+T) calls, 
dynamic routing end offices must also tandem switch calls. 
Although the cost of the DNHR networks that we have 
described includes the cost of switching this added load, the 
addition of too much load on anyone end office could be 
undesirable, i.e., it could lead to the accelerated exhaust of 
individual switches . Figures 6.a and 6.b display the average 
O+T traffic and the tandem carried load at an end office 
dominated by business traffic and at an end office that is 
dominated by residential traffic. In each case, DNHR adds 
minimal load when a switch is busy with O+T traffic but 
utilizes available capacity in off-peak hours. 

A More Flexible Routing Technique 

The DNHR network design algorithm utilizes a linear 
program to assign near optimal traffic flows to paths to 
minimize network cost [2]. The sequential path orderings are 
selected to realize the optimal flows as closely as possible. 
However, with the constraint of sequential path-to-path 
overflow, the optimal flows can not be realized exactly. Chung, 
Graham and Hwang [6] suggested a more flexible routing 
technique, which we call CGH routing, that more nearly 
realizes the optimal flows . CGH routing allows the use of 
multiple permutations of path ordering during any hour. 
Consider the set of paths shown in Figure I. The route E t -E

2
, 

E I -E3-E2, E 1-E4-E2, E 1-Es-E2 might be used with probability 
PI' while the route E I-E3-E2, E I -E2, E I-E4-E2, E I-E5-E2 
might be used with probability I-PI. 

We sized a DNHR network with CGH routing for 
intrametropolitan traffic only and a summary of the results is 
shown in Table IV. Compared to DNHR with sequential 
routing (Table I), we find that the added flexibility of CGH 
routing reduces the cost of the DNHR network by about one 
additional percentage point for a total saving of 11 .5 percent of 
the cost of a hierarchical network. The added savings 
attributable to CGH routing would have to be b~lanced against 
the greater implementation complexity - each DNHR switch 
must store additional routing information and must randomly 
select from among possible routes on a call by call basis. 

Hierarchy DNHR DNHR 
Savings 

Terminations: 
End Office 22000. 21600. 1.8% 
Tandem 2000. 100. 95 .0% 
Total 24000. 21700. 9.6% 

Trunk- 171000. 150000. 12.3% 
Kilometers 

Cost 100.0 88.5 11.5% 

TABLE IV. Networks for Intrametropolitan Traffic.(DNHR 
Uses CGH Routing) . 
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IV. Other Benefits, Areas for Further Investigation, and 
Developments Needed to Support Implementation 

Other Benefits [7) 

The preplanned routing sequences are selected and the 
trunk groups are sized to provide satisfactory service on the 
basis of average, forecasted loads for the network. We call the 
paths in each route that are required to meet the blocking grade 
of service the set of engineered paths. DNHR can be extended 
to include a traffic sensitive component that responds to the 
instantaneous loads in the network by augmenting the 
engineered paths in each route with additional path(s) which we 
call "real-time" paths. Like the engineered paths, the "real
time" paths are preplanned. That is, they are selected at the 
time the network is sized. They are chosen by the network 
design algorithm as the next best paths beyond the engineered 
paths on the basis of traffic noncoincidence. Traffic that 
overflows the normal, engineered path sequence is allowed to 
access these "real-time" paths subject to a trunk reservation 
threshold that is applied to each group in the "real-time" paths. 
The reservation scheme protects other traffic parcels that utilize 
these groups as part of their engineered path sequence. 
Network conditions permitting, "real-time" paths carry traffic 
that would normally be blocked and would improve the 
network grade of service compared to that shown in Table Ill. 

Dynamic routing introduces an additional degree of freedom 
to the network demand servicing process. Service problems in 
the network, caused by an under-forecast of the load for some 
traffic parcels, can be corrected by a combination of routing 
changes and trunk group augmentations. The routing changes 
would take advantage of capacity elsewhere in the network that 
is underutilized because the realized loads for other traffic 
parcels are less than the forecasted loads. 

Finally, the dynamic routing network design algorithm has 
been formulated so that it is possible to consider the existing 
network when future trunk requirements are forecast in the 
planned servicing process. That is, we are able to produce a 
minimum cost augmentation to the existing network. Taken 
together, routing changes in demand servicing and minimum 
cost augmentation in planned servicing may reduce the reserve 
capacity in the network and result in an additional cost saving 
benefit attributable to DNHR. 

Areas for Further Investigation 

The study described here should be extended to include 
additional metropolitan networks. A study of the metropolitan 
Los Angeles network is now under way. 

Other areas for future investigation include a) the response 
of metropolitan DNHR networks to overloads and failures, b) a 
further investigation of the added load on the switches 
(including the added work per call resulting from a more 
complex routing strategy), c) the added load on the local CCIS 
network, and d) a study of the strategies for transitioning from 
hierarchical to dynamic routing. Similar studies of DNHR in 
the Bell System intercity network have been conducted [8] and 
have shown that it is feasible to implement dynamic routing in 
the intercity network. 

Dnelopments Needed to Support Implementation 

Numerous changes to the methods by which the network is 
operated and administered will be required if dynamic routing is 
to be implemented in metropolitan networks. Changes to the 
call processing software of the SPC switches would be needed, 
local CCIS would need to attain a significant penetration in the 
network, and network forecasting and servicing software 
systems would have to be modified to include the DNHR 
network design algorithm. 
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V. Summary 

We have shown that the use of two-link sequential dynamic 
routing could reduce the cost of a network that carries the 
intra metropolitan traffic in the model of Chicago by about JO 
percent compared to the cost of a network that uses fixed 
hierarchical routing. A more flexible dynamic routing scheme, 
CGH routing, could yield one additional percentage point of 
savings . DNHR greatly reduces the number of terminations 
that are required on local tandems for carrying 
intrametropolitan traffic while limiting the tandem load on end 
offices during their busy hours. DNHR provides about the 
same network average blocking as hierarchical routing but tends 
to provide a more uniform grade of service to all traffic parcels. 
Finally, we have presented a metropolitan network 
configuration that integrates dynamic routing among DNHR 
equipped SPC end offices with hierarchical routing of calls that 
originate or terminate on non-DNHR end offices. While not as 
large as the approximately 15 percent cost savings attributable 
to DNHR in models of the Bell System intercity network [2.8]. 
the 1 ° percent cost savings in the model of metropolitan 
Chicago are still very significant. 

This first investigation of two-link sequential DNHR in 
metropolitan networks has shown very promising results. 
Additional application studies as well as fundamental studies of 
metropolitan dynamic routing will be required in order to assess 
the overall feasibility of DNHR in metropolitan networks. 
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Q.l (Pernau) 

A.l 

In your paper you showed us the savings by applying DNHR. On 
the other hand you have to continuously monitor the state of the 
network and one could imagine that the circuit-forcasting and 
planning of a DNHR-network is more difficult. Taking these 
factors into account is then DNHR also economical for networks 
with short distances between the exchanges (ie. with low costs 
for the .circuits groups) 

(F.A. Field) 

My paper' shows that, for the model of the Chicago network, the 
DNHR savings due to improved network design are ~bout 10% of the 
cost of a hierarchical network. DNHR has several other benefits 
beyond theses design sav1ngs ' and we briefly mentioned thes'e in 
Section IV: ' 

1) The use of a combination of routing changes and trunk group 
augmentations in demand servicing 

2) The use of "real time paths" in the routing sequence which 
allow more calls to be carried when network conditions 
permit. 

Any economic analysis of DNHR would have to weigh the totality 
of', these benefits against the cost of trunks that will be ~aved. 

Q.2 (U. Johru) 

A.2 

Is dynamic nonhierachical routing effective for cases where time 
noricoincidence of traffic loads are negligible? I think that 
there may be negligble noncoincidence of traffic loads in spch 
narrow areas as me~ropolitan network. 

(F'.A. Field) 

Figure 5 in the paper describes the two components of DNHR 
sa~ings: , 
i) Savings due to noncoincidence of traffic 
ii) Savings due to :the use of nonhierarchical, least cost path 

routing. 
We :see that 10.8 percentage points of the 13.3 percentage point 
(unrealizable) upper bound on savings in the Chicago model are 
due ' to noncoincidence. 
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A.2 (con' t) 

If one takes a broad definition of a metropolitan area, one 
that 'includes the surrounding suburbian residential areas, then 
I believe that one will find significant amounts of noncoincidence 
between business and residential traffic. 

Q.3 (E Abdou) 

Is there any reason for significant concern with respect to the 
added load on the switch processors and CCIS network? · 

A.3 (F.A. Field) 

On the basis of our initial look at the loads on the end offices, 
represented by Figures 6a and 6b in the '.lpaper, we do not believe 
that these loads pose a significant problem. However, as we 
point out in Section IV of the paper, we do believe that these 
issues should be carefully investigated in future work. 
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