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In the event of a major network outage such as a fiber cable cut, a network can experience
significant deterioration of network performance. To address such a situation, a network
can be equipped with restoration capacity. We present here a mathematical model and
design algorithm for determination of transmission network restoration capacity. We then
present models for two restoration options — connection based restoration and load directed
restoration (for restoration of bundle of circuits) — and consider their impact on a wide-area
dynamic call routing teletraffic network when the restoration capacity is limited (tight). Our
network simulation of failure and restoration of a dynamic call routing teletraffic network
shows that the load directed approach generally performs better than the connection based
approach.
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1. INTRODUCTION

A major network outage such as a fiber cable cut can significantly deteriorate the performance
of a network [1]. In a recent paper [2], we have noted that to improve the performance of the
network in such an event, various network planning and management implementation options
such as the following can be sought: dynamic call routing between switching nodes, pre-planned
circuit diversity through cross-connect nodes, pre-planned augmented trunk capacity design to
address failure, real-time restoration in the transmission facility network (and associated pre-
planned capacity required), or a combination of these options. (We refer to the traffic network
as the network where the services such as voice, video and data are offered, and the transmission
network is where the circuit required to provide the above services are routed; see section 2 for
more detail). In this paper, we address the issue of network restoration for a dynamic call routing
teletraffic network. By network restoration, we do not mean physical restoration of the actual
failed circuits (on the failed link); rather, we mean reconnection of failed circuits around the
failure using any available (restoration) capacity. Thus, we will use the terms restoration and
reconnection interchangeably. Specifically, we address the problem of restoration capacity design
in the transmission network for failure of a link; secondly, network reconnection algorithms in
the transmission network, and thirdly, the traffic network performance as reconnection in the
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transmission network is done after the failure using the restoration capacity, especially when the
reconnection capacity is limited. We address these issues in the context of a wide-area dynamic
call routing network (see, for example, [3], [4], [5], [6]).

Network survivability and restoration have been gaining attention in recent years. Designing
for survivability has been addressed by several researchers for various networks (for example, see,
(7], [8], [9], [10], [11], [12], [13], [14], [15]). Results on network performance under a failure for wide
area circuit-switched networks have been presented in ([2], [12], [16], [17], [18]), and for wide area
packet networks in [19]. Network restoration has also been addressed by several researchers; e.g.,
Coan et al [20] have presented a discussion on network configuration for trunk network survivability;
Kawamura et al [21] discuss network restoration for ATM networks; Dunn et al [22] have compared
k-shorted path to maximum flow routing for network facility restoration; Doverspike and Wilson
[23] have addressed the issue of capacity efficiency in Digital Cross-connect System (DCS) network
restoration. Balakrishnan el al [24] have addressed the issue of timing of virtual circuit restoration
in a wide-area packet network. Our present work is significantly different from these works. We
briefly discuss our work below before we go into each aspect in detail in subsequent sections.

For reconnection capacity design, we present a model for design for failure of a single transmis-
sion link (at a time). In this model, we introduce a parameter, connection restoration factor, which
can be specified to design for restoration of a specified percentage of failed trunk capacity. If cost of
full recovery is larger than the budget permits, then this factor can, for example, be specified at the
appropriate level. Our work considers the case when full restoration capacity can not be provided
in the transmission network, e.g., due to budget; we will refer to this situation as the network being
under ‘tight’ capacity. This leads to the second problem we address: given tight availability of
restoration capacity, how can the network make best use of the available capacity to bring the net-
work back to (near) normalcy. Towards this end, we present two network restoration approaches:
connection based restoration (CBR) and load directed restoration (LDR). These approaches are for
reconnection rerouting in the transmission network of failed trunks (circuits) using the restoration
capacity in the transmission network. These two approaches can be used to generate pre-planned
restoration configuration for specific failure scenarios that can be stored in a database, and can
be triggered in the event of a failure. It is well known that offered traffic varies depending on the
time of the day [3]. While connection based restoration is generated and is indifferent to the load
variation during the day, the load directed restoration is to generate different restoration rerouting
depending on the time of the day (at major time epochs when load changes) taking into account
variation of load during the day and the dynamic call routing in effect for the traffic network. The
third related issue we consider here is the interplay of the reconnection rerouting of circuits in the
transmission network and dynamic call routing in the traffic network towards integrated network
restoration: we address this problem by doing network simulation of specific failure scenarios where
we also consider staggered restoration of restorable trunks. For our computational works, we have
used a network testbed extracted from an actual network. Finally, we discuss relevance of our
approach in asynchronous transfer mode (ATM) based broadband networks.

It is instructive to discuss two recent work ([25], [26]) which have some similarities to our
work. Both these papers, like us, have considered an integrated view of the traffic and transmission
network towards the issue of network survivability and restoration. However, we differ from both
of them in various ways. We discuss each one separately below.

Ash et al [25] have presented design and analysis of a fully-shared network where dynamism
in the transmission network through cross-connect systems is addressed along with dynamic call
routing in the circuit-switched traffic network. While they address transmission network recon-
figurability and its implication on network performance under various network conditions in a
substantial manner, we do not consider reconfigurability in the transmission network (under nor-
mal network operating conditions); on the other hand, we provide the restoration capacity design
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for the transmission network to support the traffic network while no discussion is presented in this
regard in [25]; further, while we have attempted to provide trade-off of doing transmission network
restoration (including staggering) under tight capacity compared to additional trunking capacity
in the traffic network performance, this is not addressed in [25]; finally, an approach such as load
directed restoration that we present here is not addressed in [25], or perhaps, not even explicitly
required in a fully-shared network environment.

In the other work, Krishnan et al [26] have presented a unified network design approach to
consider network survivability and restoration by looking at a layered view of the network, and
have considered trade-off of doing restoration either in the traffic network or in the transmission
network or in both (it may be noted that this is done beyond what we have addressed in a previous
work towards network survivability [15]). They present their analysis for a symmetric network.
The authors indeed have made an important contribution towards understanding the trade-off of
restoration at various level. However, our focus is more on understanding the difference between
connection based restoration and load directed restoration given a tight restoration capacity, as
well as staggering of actual restoration towards understanding the implication of timing towards
what actually may be appropriate as the circuit layout/diversity in the transmission network.

The rest of the paper is organized as follows. In section 2, we discuss preliminaries and
assumptions. In section 3, we describe the network restoration capacity design model. In section
4, we present connection based and load directed restoration models. In section 5, we present
computational results for restoration design and the impact of network restoration schemes on the
performance of dynamic call routing circuit-switched networks. Finally, in section 6, we summarize
our work and discuss possible future work including extension to ATM-based broadband networks.

2. PRELIMINARIES AND ASSUMPTIONS

We briefly describe the difference between the traffic network and the transmission network
as considered in this paper. The reader may want to refer to, for example, [2], [12], [15], [27] for
additional detail which have also used this two-layer approach. The traffic network refers to the
logical network where different services [e.g. voice, data, video] are offered, and the transmission
network refers to the network through which the circuit connectivity for the traffic network is
provided. Based on a given traffic demand (in erlangs) and a specified grade-of-service (GoS), the
traffic network is designed to determine the (logical) trunks required [5] for a specified call routing
procedure. Usually, the traffic network is engineered for 1 % blocking GoS (to be referred as n-GoS
hereafter) under normal network operating conditions. Thus, for the traffic network, we are usually
given a set of traffic switching nodes, the traffic matrix between the switching nodes [possibly for
different load periods (hours) during the day]. For the transmission network, we assume that we
are given a set of cross-connect nodes and a set of transmission links. The trunks required between
switching nodes are connected using cross-connect nodes and transmission links.

It may be noted that the T1 committee report on survivability [28] presents a four-layer
approach towards network survivability: service, logical, system and physical. We, however, take
here a two-layer approach for simplicity and manageability. Comparatively, the service layer in
[28] corresponds to the traffic layer here and the aggregation of the other three layers as in [28]
to the transmission layer here. Due to this aggregation, for our purpose here, transmission link is
synonymous with physical link. Due to this aggregation and also since our primary interest is on
the impact in the traffic network, we do not take into consideration the role of automatic protection
switching or self-healing ring [13], [28].

For the trunks required for the traffic network, a circuit layout procedure [29] is used to
determine the transmission path on which various trunk demands (and how much) should be
routed between cross-connect nodes. This routing is called circuit routing, not to be confused with
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call routing. For clarity, we will refer to the demand to be routed between cross-connect nodes
as ‘connections’. Note that a traffic link commonly known as a trunk group is different from a
transmission link and it connects two switching nodes as a logical link while a transmission link as
considered here connects two cross-connect nodes at the transmission level. For clarity, we refer to
a traffic link (trunkgroup) as a t-link and a transmission link as an f-link. A traffic path (route) for
call routing consists of at most two t-links connecting a demand pair (switching node pair) either
directly or via another switch (this is a standard assumption for dynamic call routing networks,
see [5]). A transmission path is the path between two cross-connect nodes consisting of f-links
connected by a chain. Typically, a switching node is associated with a cross-connect node in the
same city for routing circuits through the transmission network to another switching node. Here,
we will consider a switching node to be co-located with an associated cross-connect node, at the
same time there may be some independent cross-connect nodes; if a node marked n has co-located
switching node and cross-connect node, then we refer to the switching node as SWn and the cross-
connect node as CCn. For example, consider the switching pair SW1-SW6 in Figure 1. The logical
t-link is simply SW1-SW6 connecting the switching nodes SW1 and SW6, while two transmission
paths between SW1 and SW6 are, for example, SW1-CC1-CC8-CC6-SW6 and SW1-CC1-CC11-
CC6-SW6; note that the trunks for the trunkgroup/t-link SW1 — SW6 that is circuit routed on
transmission path CCl-CC8-CC6 goes through the cross-connect node at 8, but does not enter
the switching node at 8. As mentioned before, the demand between the cross-connect nodes will
be referred to as connections, to distinguish from trunk demand between the same associated
switching nodes. Thus, the loss of a trunk in the traffic network due to an outage corresponds to
the loss of an associated connection in the transmission network. For example, the loss of trunks
between SW1 and SW6 in the traffic network means loss of corresponding connections between
CWI1 and CW6 in the transmission network. Thus, at times, the terms, connections and trunks,
will be used interchangeably. It may be noted that, in this work, we address only link failure in the
transmission network such as the failure of f-link CC1-CC8 which is usually referred to as link 1-8;
we do not address any failure of interface transmission units between SWn and CCn, e.g., between
SW1 and CC1. Also, typically, the demand between cross-connect nodes also have private line
demand; this is not considere here. Further, the demand between cross-connect nodes is typically
given in multiples of DS1 rate; however, here, we will assume the connections to be in multiples
of DSO as is the case with trunks. If the traffic network is fully inter-connected, the number of
switching-node (traffic demand) pairs is the same as the number of t-links (trunk groups). Here,
we keep the distinction assuming that the traffic network may not be fully interconnected.

We state below the main assumptions in our work followed by explanation of the assumptions:

(A1) The traffic network is non-hierarchical in the sense that all switches are at the same level.
A call between the origin and the destination switch is connected either on the direct
traffic link (if it exists) or on at most two traffic link alternate routes.

(A2) A two-layered view consisting of the traffic and the transmission network is considered
here.

(A3) The transmission network is two-arc connected [30, p. 445].

(A4) The circuit layout for provisioned trunks remains static during the course of a day (pos-
sibly for a longer period).

(A5) When restoration is done after a failure, the switch ports can not be re-arranged in real-
time. That is, switch ports assigned to a particular switching node pair, can not be
reassigned to another switching pair.

(A6) Transmission restoration capacity on f-links is stand-by capacity which can be used only
for reconnecting failed trunks.



(A7) The time to fix the actual physical link failure from the time of failure is less than the
time between successive failures. This says only one transmission link can fail at a time.

(A8) When a transmission link fails due a fiber cable cut, it affects all the trunks provisioned
on it as well as the restoration stand-by transmission capacity on that link.

Assumption (A1) states that the network is a dynamic call routing, non-hierarchical network
— the main premise of our work. Discussion on assumption (A2) is already covered. Due to
assumption (A3), at least a physical path exists between switching nodes to reconnect circuits in
case of failure of a transmission link; otherwise some switching nodes can be isolated. Assumption
(A4) is typical in present day networks; however, we note that recently dynamism in the tranmission
network has been considered by Ash et al [25]. Assumption (A5) is a realistic assumption about
not being able to rearrange port in real-time due to a failure. Assumption (A6) is to ensure that the
restoration transmission capacity is not provisioned in for some other services on demand, and is
available for the sole purpose of restoration for the traffic network it services. Regarding assumption
(A7), although multiple transmission link failures can conceivably occur, the probability of such an
event is negligible; thus, assumption (A7) is reasonable which is used in the model for restoration
capacity design and also in analysis. Assumption (A8) states that between two cross-connect
nodes we assume that we have a physical link that has both provisioned circuits as well as standby
restoration capacity — this is assumed in our modeling framework for restoration capacity design
model as well as reconnection rerouting and network simulation since in a major fiber cable cut
this situation can/does occur; thus, no parallel links are assumed here.

3. RESTORATION CAPACITY DESIGN

The reconnection capacity problem is to place the minimum amount of spare capacity needed
in the transmission network to restore a part of lost connections (corresponding to trunks in the
switched network) from a single f-link failure at a time, provided that the trunk requirements
between switching nodes and the corresponding transmission network topology and layout (under
normal network operating conditions) are given. This is used in pre-planned capacity design. We
consider here end-to-end restoration; i.e., when an f-link failure occurs, the trunks affected for
each origin-destination switching node pair which was using this f-link may be rerouted around
the failure on different transmission paths on each origin-destination switching node pair basis (as
opposed to link or “patch” restoration where all the circuits on the failed f-link are rerouted around
the immediate two transmission end points without regard to which o-d switching pairs they are
for; see [23] for a study on computational efficiency of end-to-end restoration over patch restoration
in the transmission network). We use a factor called Connection Restoration Factor (CRF) which
is to specify the percentage of lost connections to be designed for in the restoration capacity design
phase.

To discuss the capacity design problem, we first present an optimization model where the
failure of a single f-link, say, m, is considered. The input to the reconnection capacity problem
is assumed to be a set of switched demand pairs which are affected by a failure, the demand
(connections) that is lost for the affected trunk groups in the cross-connect network, and any
initial reconnection capacity that is already available in the transmission network. We list the
notation used here.

Notations
L Set of transmission links (f-links) in the network.

K. Set of affected t-links (groups) due to failure of f-link m
¢y Unit cost of transmission capacity on f-link £ € £

r¢ Existing reconnection capacity available (if any) on f-link ¢ € £
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fe Reconnection capacity to be added on f-link £ € £ (variable)

dy(m) Connections affected (lost) for cross-connect node pairs associated with t-link (trunkgroup)
k € K, for failure of f-link m

Tr(my Set of valid transmission paths (surviving paths) for t-link k € K, for failure of f-link m
(%j f-ink /path indicator: 1 if path j € Jy(m) for t-link k € K, uses f-link £ € £, 0 otherwise
z; Amount of flow (circuits routed) on path j for t-link (group) k (variable)

a Connection Restoration Factor (0 < o < 1)

The mathematical optimization model (Model (1)) for f-link failure m to determine the recon-
nection capacity can be given as follows:

min Zszz (la)

{zkj fe} ter
subject to
Z Tj = adyimy, k€ Ky (16)
JE€ETk (m)
Z Z 5@%;’ <ret+ fo, L€L (Le)
kEKm J€ETk(m)
;> 0, § € Tpimys k€K (1d)
fe>0, (el (Le)

The expression (la) represents the minimization of the total cost for reconnection capacity
augmentation on f-links in the transmission network. The expression (1b) says that all the surviving
transmission paths (valid paths) together are required to carry the connections lost for each affected
demand pair at the prescribed CRF level. The expression (1c¢) refers to the total flow (connections)
carried on each f-link for various demand pairs being satisfied by any new reconnection capacity
and any reconnection capacity already available on this f-link. (1d) and (le) are to specify non-
negativity of the path flow variables and reconnect capacity variables. Note that this multi-
commodity flow model is based on link-path formulation; this allows us to limit the number of
f-links (if and when required) for a transmission path between two switching nodes.

The reconnection capacity design to consider all f-link failure (one at a time) can be addressed
by solving the following heuristic algorithm. The algorithm assumes an initial circuit layout of
connections in the transmission network for trunk demand generated for normal network operating
conditions for a specified GoS (e.g., see [15]) and assumes no initial restoration capacity.

Algorithm:ReCap

Step 0 Generate initial circuit layout of connections corresponding to trunks for the traffic net-
work under normal network conditions. Set r, < 0,£ € L.

Step 1 For each f-link m € £ do
Step 1.1 Determine all the t-links affected, K,,, due to this failure.

Step 1.2 Determine units of connections affected (lost) dy,,) for every affected t-links due
to failure of link m

Step 1.3 Determine all the valid candidate paths due to the failure of link m

Step 1.4 Solve the reconnection capacity estimation optimization model (1) for failure of
link m to determine f,.



Step 1.5 Update reconnection capacity available, {r.}.

enddo
Step 2 Output {r¢}

Although Model (1) provides optimal placement of capacity for a specific single failure, the
heuristic ReCap may not provide an optimal placement due to the order in which f-links are
considered in Step 1 for the entire network. We discuss the implication of the order in computational
work later in section 5.1. We refer the reader to other, more sophisticated, heuristics for restoration
capacity design in cross-connect networks by Chujo et al [31].

4. RESTORATION MODELS

Now we discuss analytical models/algorithms for two restoration schemes: connection based
restoration (CBR) and load directed restoration (LDR). These are aimed at generating pre-planned
reconnection rerouting (of circuits) and creating a database; in the event of a failure, a database
look up is triggered to look for the specific failure scenario.

4.1 Connection Based Restoration (CBR) Model

As we have mentioned before, the initial network design determines the number of trunks
required for every demand pair based on the load in erlangs for a specified grade-of-service and
the transmission paths through which these trunks are circuit routed. Furthermore, using the
reconnection capacity design procedure, transmission capacity for restoration can be determined
and placed in the network. When a facility link failure occurs, it affects the demand pairs for
which the trunks are being circuit routed through the failed f-link. The connection based model
tries to restore as many connections as possible in the transmission network for every affected
t-link (group) based on the available reconnection capacity. If reconnection capacity is designed
using CRF («) to be one, then this model would restore the entire lost connections (hence, trunks)
since there is enough reconnection capacity built-in to restore all the affected trunks; if, however,
the reconnection capacity is designed with o < 1 due to the cost for full restoration being more
than budgeted for, then there is a need to make the best use of available reconnection capacity for
restoration of failed connections.

The input to this problem is a set of trunkgroups affected by the failure, the connections lost
at the cross-connect level due to this failure, and the units of reconnection capacity available in
the network. We assume that the reconnection capacity is obtained by solving the reconnection
capacity model (1) for a given CRF. The goal of the CBR algorithm is to maximize the restoration
of lost connections between switching nodes by reconnection rerouting. The following notations
are used in this model:

L Set of facility links
K Set of affected t-links (trunkgroups) due to the failure of the f-link

r¢ Units of reconnection capacity available on link ¢ € £ (from model-1) except for the failed

f-link for which r, = 0.
d} Units of connections affected (lost) for t-link (group) k € K
dZ’low minimum units of connections affected to be restored for k € K
Ji Set of valid facility paths (surviving paths) for k € K
(%j Link-path indicator: 1 if path j € Ji for k € K uses link £ € L, 0 otherwise

z; Amount of circuit routed (flow) on transmission path j for trunkgroup k (variable)



The rerouting of circuits in the CBR model can be given by the following multi-commodity
model:

pay 2 2 (24

kEX JETy
subject to
A < N ag <dy, ke (20)
JETk
SN bk <o, LEL (2¢)
kEX JETy
g 20, €Tk, kXK (2d)

The expression (2a) represents the maximization of the total circuits routed on the surviving
paths for all groups. The expression (2b) says that all the surviving paths together are required
to carry as much lost connections as possible while carrying a minimum of connections at the
same time. Note that the upper bound also implies that no switching port reassignment is done
in real-time. The expression (2c¢) refers to the total flow carried by all the demand pairs on each
f-link being satisfied by reconnection capacity available on that f-link. (2d) says that the path
variables are non-negative. Setting a lower bound on connections as in (2b) is to ensure that a
certain minimum amount of restoration for each demand pair is attained to achieve fairness. The
feasibility of this model is guaranteed when the designed « using in Model (1) for capacity design
is used here to provide a lower bound, i.e., dZ’low = ad} (or any factor smaller than designed «
will also ensure feasibility). When the reconnection capacity is tight, without the lower limit as in
(2b) it may be that all the trunks for a t-link are restored while another has no trunks restored
at all. However, if the fairness issue is not a problem, then the lower bound can be ignored. The
lower bound may not be practical in a rapidly changing network where it is difficult to pick dz’low
to ensure feasiblity of the problem; in that case, it may be wise to ignore it.

4.2 Load Directed Restoration (LDR) Model

This model is motivated by the offered load variation that occurs in the traffic network de-
pending on the time of the day and taking into account dynamic call routing in the traffic network.
Note that the connection based model tries to restore as many connections as possible for affected
groups without considering the load variation. The idea behind the load directed model is to
make better use of available reconnection capacity depending on the time of the failure. While
the restoration rerouting with CBR is indifferent to load variation during the day, the restoration
rerouting can be different at different times during the day with LDR.

For the load directed model the first step is to consider the offered load (in erlangs) for each
demand pair at the time of failure. For pre-planned computation, this means considering the load
profile if the failure were to occur at a particular time during the day. Based on the load, we
then estimate the number of trunks that need to be restored on each t-link by using a two-phase
process: first we estimate virtual trunks required for every demand pair for a specified Grade-of-
Service in restored state (see next paragraph for explanation of virtual trunks), and then solve a
multi-commodity flow model to estimate the trunks required on each t-link. The GoS goal can be
classified into a desired restoration GoS (r-GoS) for the affected demand pairs in the network in the
restored state; for non-affected demand pairs, we still plan to provide the normal Grade-of-Service,
n-GoS, designed for normal network operating conditions in the failure state also. We first estimate
the trunks required considering that the network has dynamic call routing. Then the optimization
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model given for CBR is used to reroute (as much as possible) the computed requirements in the
facility network.

For a given offered load and GoS level, the virtual trunk requirement is approximated as
discussed in [12] and [15] which is found to work well in practice. We briefly discuss it here for
completeness. The load to be carried in a dynamic call routing environment can be carried in two
ways: on a direct traffic link or on two traffic links in case of alternate routing. If we assume a
blocking by of the load to be carried on the direct path, then the overflow traffic can use two traffic
links to complete the requirements. This overflow traffic shares trunks from other traffic pairs.
Conceptually, although it uses two traffic links, the overflow can be visualized as being carried on a
shared virtual trunk group. Thus the total requirement over the direct link and alternate two link
paths is the total virtual trunk required for the offered load to be carried. Let B, be the blocking
level for the traffic demand pair p. This reflects the grade of service. Let E(c, a) be the well known
Erlang blocking formula (e.g., see [5]) for trunk ¢ and offered load a defined by:

at/cl

2 h=ol@/KY)

We denote the number of trunks necessary to carry the offered load a at a particular blocking level
b by the inverse function E~'(a,b). Let the average occupancy of a trunk group be p. For traffic
pair p, let the carried load be denoted by a; = a,(1 — By). Then the virtual trunk demand for
traflic pair p is approximated by the following formula:

E(c,a) = (3)

Ut(apv Bp) = E_l(a;w bd) + a;bd/p (4)

The choice of b, is observed usually from practical network by observing amount of alternate routed
traffic compared to direct routed traffic. We used the parameter values as used in [12].

The input to the model is a set of switcheddemand pairs and the virtual trunk demand estimate
computed using the above procedure for the traffic load depending on the time of the day the failure
were to occur, and GoS parameters, n-GoS and r-GoS. We first present notations:

K Set of traffic links (trunk groups) in the network

P Set of traffic switching node pairs in the network

G, Set of candidate (one/two t-link) traffic paths for call routing for node pair p € P

a, Load in erlang for pair p € P

di Additional trunks desired for group k € K (variable)

B, Acceptable blocking for pair p which is r-GoS for affected pairs and n-GoS for unaffected pairs
sk Units of trunks survived for group k after the failure

di Units of affected (or lost) trunks for group k after the failure

Yp; virtual trunk flow on traffic path ¢ € G, for pair p (variable)

'y;fi t-link /path indicator: 1 if traffic path ¢ for node pair p uses t-link &, 0 otherwise

The units of virtual trunks required for carrying the load are estimated as mentioned above in
(4) for the specified GoS and the model below tries to find the minimum additional trunks required
given the survived trunks in the network with at most two t-link call routing.

min , Z dy (5a)

i7d
{wpidi b 25



subject to

Z Ypi = vt(ap, Bp)7 pePpP (5b)
1€G,
ZZPV;;‘ypiSdk‘FSk, ke (56)
pEPIEG,
ypi207i€gp7p€77 (5d)

The expression (5a) represents the minimum additional trunks required. Expression (5b) refers to
satisfying virtual trunk demand between switching node pairs on various traffic paths for a given
traffic offered load (corresponding to the time of failure) in erlangs for desired blocking level. The
expression (5c) refers to the total trunk flow carried by all demand pairs on each traffic link being
satisfied by trunks that has survived the failure and any additional restoration trunks desired.
(5d) indicates that path variables are non-negative. (5e) specifies that the maximum that can be
restored for a group is the total affected, thus, not allowing port re-assignment; in particular, a
trunk group can not have more trunk ports than originally assigned for.

Thus, to recap, the load directed model, LDR, has two steps: in the first step, compute (4)
and solve (5) to determine dj; in the second step, set df = dj, in (2) and then solve (2) to generate
restoration rerouting of trunks. It should be noted that the CDR models does not add additional
trunks in the traffic network (beyond originally provisioned for); it provides a directive on selective
connections to be reconnected in the transmission network (triggered by the offered load in the
traffic network at the time of failure) in an intelligent manner to make best use of reconnection
capacity.

5. COMPUTATIONAL RESULTS

Before we present our results, we first discuss the network data and the network scenarios.
We have considered a ten switching node example network for computational work. The data for
this network is extracted from an actual public switched voice network spanning the continental
US. The facility network for this network is shown in Figure 1 which consists of eighteen cross-
connect nodes and twenty seven transmission links. Three different load periods of traffic data are
considered to reflect variation of traffic during the day; they are for morning, early afternoon and
late afternoon with total load of 2684.80 erlangs, 2826.16 erlangs and 3224.08 erlangs, respectively.
For brevity, we refer to them as 1d-1, 1d-2, and 1d-3, respectively. Additional discussion about the
data can be found in [2], [15]. Three network scenarios are generated based on the data (see [15]):

PMO-1 the traffic network is designed for 1 % blocking GoS (n-GoS) under normal operating
conditions considering the multi-hour traffic and the facility network is designed for circuit
routing based on minimum cost routing subject to f-link capacity constraints.

PMO-2 the traffic network is designed as in scenario PMO-1 but the facility network is designed
for circuit routing based on minimum cost routing subject to f-link capacity constraints
and additional constraints that trunks between two switching nodes are split on two or
more physically diverse transmission paths while none carrying more than 50 %.

SDSN this is a unified traffic and facility network design for survivability where the traffic net-
work is designed for 1 % blocking GoS under normal operating conditions considering
multi-hour traffic and 50 % blocking GoS in case of a failure for the affected traffic pairs
(see [15] for detail).

Note that while PMO-1 and PMO-2 have the same number of trunks (total: 3,863) between
switching nodes, their trunk layouts on the transmission network are different. Specifically, PMO-2
provides trunk group diversity while PMO-1 does not (subject to f-link capacity constraints). On
the other hand, SDSN has PMO-2 layout as the starting layout and then additional trunk capacity
for the switched network to provide a specified level of survivability in the traffic network itself
(total: 4,241). This additional trunking in the traffic network is sometimes referred to as the traffic
restoration capacity.
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5.1 Reconnection Capacity

In the reconnection capacity design procedure, ReCap, it is clear that the order of failure of
f-link considered can produce different design outputs. Using distance as the link cost (¢, in (1a)),
we considered three rules for failure order for the test network in hand based on Step 0 in ReCap
for PMO-1 or PMO-2: 1) failure is done in increasing order such that the f-link whose failure
would affect the minimum capacity under normal condition is considered first and so on, 2) failure
is done in decreasing order such that the f-link whose failure would affect the mazimum capacity
under normal condition is considered first and so on, 3) failure is done without any ordering, i.e.,
links are failed based on alphanumeric name of links. The linear program in model (1) is solved
using MINOS [32]. Integral values for capacity are obtained at the end of ReCap by rounding the
solution.

For the test network in hand, we found that the decreasing order is about 2% costlier and the
alphanumeric order is about 12% costlier than the increasing order. Thus, we chose the increasing
ordering in our study to determine the restoration transmission capacity. The reader should keep
in mind that the outcome may be different for different network topology and traffic data. We
generated reconnection capacity for two values of CRF, namely, 0.5 and 0.75 to generate two cases
of tighter reconnection capacity availability for network scenarios PMO-1 and PMO-2. Note that
« = 1 produces all the reconnection capacity for any f-link failure at a time and, thus, is not
of interest to us for the rest of our work. In Table I, we report the total units of transmission
capacity required for CRF values of 0.5 and 0.75 with respect to scenarios PMO-1 and PMO-2. A
clarification between units of trunk capacity and units of transmission capacity is in order here: a
trunk to be reconnected between two switching nodes generates w units of transmission capacity
if the transmission path on which it is reconnected has w number of links, requiring one unit from

each f-link.

5.2 Network Performance

To observe the implication of connection based and load directed restoration in case of an
f-link failure in the traffic network, we developed a call-by-call traffic simulator with dynamic call
routing capabilities. We first briefly discuss the call routing scheme used. For each switching pair,
the two traffic link alternate paths are ordered periodically in decreasing order based on the free
trunking capacity available on them, and then a routing table is created. An arriving call (with
Poisson arrival) between two switching nodes first tries the direct traffic link. If there is a free
trunk, the call is connected on that trunk. If there are no free trunks on the direct t-link or there is
no direct t-link, then the call first tries through the first alternate via node as given in the routing
table; if it cannot find any available trunks (subject to trunk reservation [33], [34], [35]) on this
alternate route then the call is crankbacked ([3]) and tried via the next alternate via node as given
in the routing table. If the call cannot find any available trunks after trying all the alternate routes
given in the routing table, then the call is blocked. Call holding time is assumed to be exponential
with a mean of three minutes. Like dynamic non-hierarchical routing (DNHR) [3] and trunk status
map routing [36], this routing has the crankback feature; while DNHR used an off-line computed
routing (with some real-time network management add ons in case of overload [37]) and the Trunk
Status Map Routing (TSMR) uses DNHR with some added routes computed regularly, the routing
we used in our simulation updates routing table at a regular interval (every ten seconds) based on
maximum free trunks and ordering, somewhat similar to Dynamically Controlled Routing (DCR)
[38]. Note that the routing we use attempts various alternate routes in the order given in the
routing table using crankback, if needed, while DCR uses probabilistic values to pick the alternate
route from the routing table; additionally, DCR does not have crankback. More details on this
routing can be found in [2] and [15].
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For our study, we have chosen two different f-link failures (each considered separately in
simulation). They are f-links 1-3 and 4-15. The number of trunk groups and the number of
trunks affected due to each of these failures are shown in Table II. They were considered since
each of them affect a significant number of trunks and trunk groups in the event of a failure. As
discussed earlier in the beginning part of section 5, for each scenario, PMO-1 and PMO-2, first the
layout is obtained (Step 0 of Algorithm ReCap) and then the reconnection capacity is computed for
CRF values of 0.5 and 0.75 using algorithm ReCap. Reconnnection rerouting in the transmission
network is then generated using reconnection capacity available (depending on the value of CRF)
for each of the failure scenario 1-3 and 4-15 separately as described in section 4; this is done for
both the connection based reconnection and the load directed reconnection (for LDR, a separate
rerouting is generate for each load period). The linear programs in (2) and (5) are solved using
MINOS [32]. For LDR, typically, we have set r-GoS to be 3 % or 1 %. Since we consider CRF
of 0.5 and 0.75, note that not all the trunks can be reconnected with reconnection rerouting in
the transmission network. For, clarity, the trunks that can be reconnected will be referred to as
restorable trunks, and when all restorable trunks (does not mean all affected trunks are up) are
up, we call it fully-restorable state.

In the event of an actual failure, it may not always be possible to bring all restorable trunks
up at the same time due to database look up of restoration scenarios. Thus, in our simulation, we
considered another scenario where a part (partial recovery) of the restorable trunks are restored at
a time. Specifically, we consider bringing back restorable trunks associated with three trunk groups
at a time (staggered restoration). We will refer to the time between each such partial recovery to be
a time slot without assigning a specific time amount to it. (Thus, for f-link failure 4-15 in scenario
PMO-2, it takes eight time slots to bring up all the restorable trunks to the fully-restorable state,
cf. Table II). If the actual time of this time slot is very small, then the order or staggering may not
be an important issue — in that case, the reader may look at the average blocking at the time of
failure, and the average blocking at the fully-restorable state, and ignore the blocking information
in between; for example, in Figure 3, consider blocking at time slot 1, the time of failure, and time
slot 13, the time of the fully-restorable state. On the other hand, if the time between successive
time slots is noticeable, then the affect of giving priority in partial recovery of restorable trunks is
important; in this case, the reader may look at the blocking value at each time slot from the time
of failure to the time of recovery of all restorable trunks. Furthermore, this provides a comparison
of CBR and LDR during the partial restoration states.

The simulation is started considering the network to be under normal operating conditions (no
failure). After the transient time is over, the failure of a facility link is indicated so that appropriate
trunks affected are disabled and the active calls riding on them are disconnected. Then trunks
that are restorable are reconnected for this failure using pre-computed restoration (depending on
whether the option for connection based restoration or load directed restoration is given) for each
f-link failure; this is done for three trunk groups in each time slot. In our graphs, we show the
blocking state right after failure for three consecutive time slots, and then we start restoring trunks
(three trunk groups at a time) partially in each time slot where the blocking is shown. Regarding
priority with CBR (recall that it does not consider load variation during the day), we considered
the following: the three trunk groups with most restorable trunks computed using CBR model are
restored first, and then the next three in terms of most restorable trunks, and so on. For LDR,
since we have some idea about offered load at the time of failure, the intuition may be to give
priority to a set of trunk groups associated with switching pairs that has the most blocking, and
then the next set, and so on. However, through our initial investigation, we found that this may
not be a good idea. For example, suppose a node pair with offered load of 10 erlangs is likely to
face 50 % blocking immediately after failure, thus, being unable to carry 5 erlangs; however, this
pair is not as important as a pair which is likely to face 20 % blocking which has, however, offered
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load of 100 erlangs, thus being unable to carry 20 erlangs. Thus, for LDR, we give priority to
groups associated with the node pairs that has the most load affected (in groups of three), and so
on.

We have run ten replications of each simulation case and then computed 90 % confidence
intervals. We found that typically the non-affected pairs have blocking in the order of n-GoS.
Thus, in our figures, we opted to show average blocking only for all affected pairs (short vertical
lines show 90 % confidence intervals).

For all three network scenarios, PMO-1, PMO-2 and SDSN under tight restoration capacity,
we found that LDR has either lower affected pair blocking than CBR or about the same as CBR. A
representative set of figures are included (Figures 2, 3,4, 5,6,7, 8,9, 10, 11); additional figures can
be found in [39]. Our experience is that, typically, it is more difficult to see any difference under
PMO-1 than under PMO-2 and SDSN. This indicates to us that in a severe failure without trunk
group diversity when several groups usually lose all its direct trunks, LDR may not always be able
to take advantage of the load pattern as much as when the network has some trunk group diversity
(i.e, when affected trunk groups lose some of the trunks). Another area where we found LDR to do
better is that it can provide lower blocking while restoring fewer trunks than CBR. For example,
consider PMO-1 with CRF to be 0.5 for f-link failure 4-15 in traffic load 1d-1; at fully-restorable
state, LDR needs to restore 30 % fewer trunks than CBR while having an affected-pairs blocking
of 4.45 £ 1.10 % compared to an affected-pairs blocking of 10.94 + 1.24 % for CBR. In another
case (PMO-2, CRF = 0.5, 1d-2, f-link failure 1-3), LDR needed about 5 % less to restore than CBR
while having an affected-pairs blocking of 4.81 £+ 0.38 % compared to 10.07 £+ 0.66 % for CBR.
This implies that LDR is making better use of the resources of transmission restoration capacity
than CBR while providing lower blocking; furthermore, if the (near) real-time cost of bringing each
trunk up is an issue, then CBR appears to do it cheaper than LDR.

Another interesting issue is now discussed on blocking of affected pairs at the time of failure
and at the fully-restorable state. This discussion is done for LDR. Consider f-link failure 1-3 in
scenario PMO-1 for traffic load 1d-2: since failure of an f-link under PMO-1 generally affects all
direct trunks on affected groups, the blocking immediately after failure is about 92.73 £0.42 % for
affected pairs and goes down to about 34.35+0.64 % after all recoverable trunks are restored when
CRF is 0.5 (Figure 3), but it can go down to as low as 9.10+ 0.76 % when CRF is 0.75 (Figure
2). On the other hand, for the same case under scenario PMO-2, the blocking right after failure is
about 34.93+1.15 %, and goes down to about 4.80+0.38 % for CRF to be 0.5 (Figure 5), and down
to 1.59 4+ 0.32 % with CRF to be 0.75 (Figure 8). For clarity, Figure 12 shows the comparion of
PMO-1, PMO-2 and SDSN for CRF = 0.75. Thus, if the restoration time is noticeable and actual
physical restoration can take long time (hours), it is apparent that PMO-2 is a better scenario that
PMO-1; i.e., it is better to have trunk group diversity built in the network layout. Furthermore, in
some instances, even tighter restoration capacity (CRF = 0.75) can bring the network back nearly
to normal Grade-of-Service if the proper restoration rerouting (along with call routing) is used.
Now, looking at SDSN, we can see that at the time of failure, the average blocking for affected
pairs at the time of failure is 27.61 £ 1.12 %, and goes down to 0 % with CRF = 0.5. Thus, SDSN
does better than PMO-2; but, the reader should note that SDSN has more trunk capacity to begin
with. However, some additional trunking as in SDSN may sometimes be justifiable because this
additional trunk capacity can provide better call completion rate than PMO-2 (or PMO-1) if there
is overload (or focused overload) in the network (not due to a link failure) and is, thus, a part of
the normal revenue producing capacity; on the other hand, the stand-by transmission restoration
capacity can only be used for restoring failed trunks in the event of a failure. There is obviously
an important trade-off issue here between restoration capacity in ‘different’ networks. We refer the
reader to the work by Krishnan et al [26] for further discussion on this issue.
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Now we discuss the role of dynamic call routing in restoration. We found that dynamic call
routing plays an important role in reducing blocking. We have observed that both at the time
of failure and at the fully-restorable state, typically, 8 to 15 % of the calls for the affected pairs
are found to be alternate routed for scenarios PMO-2 and SDSN. Specifically, for f-link failure 1-3
during 1d-2 in scenario PMO-2 with CRF to be 0.75, when the blocking goes down to 1.59 % at
the fully-restorable state, the amount of alternate routing done for completed calls is about 12 %.
Note that for PMO-1 at the time of failure, generally all the trunks on affected direct trunk groups
between switching nodes are lost (no diversity); thus, all calls that are completed for affected pairs
are alternate routed. When restorable trunks are restored, then some groups may get some direct
trunks back. Typically, at the time of failure these affected pairs can still carry about 8 % of the
calls using alternate routing. In one instance, we found that 23 % of the calls for the affected pairs
were alternate routed at the time of failure (failure 4-15, load-1); for this case, at the fully restored
state (with CRF 0.5), we found that affected pairs call completion rate was 89 %, out of which 28
% were alternate routed. These examples show us the interplay between restoration rerouting of
failed circuits and dynamic call routing in restoring the network from a failure state.

6. SUMMARY AND DISCUSSION

In this paper, we presented a mathematical model/algorithm for reconnection capacity design
for transmission network. Further, we presented two restoration rerouting models, CBR and LDR,
to create restoration layout scenarios in case an important f-link fails. We then quantified network
performance through network simulation where both restoration rerouting of circuits and dynamic
call routing were in effect.

We summarize the main observations we have made through our study. The reader should
bear in mind that this is done for a specific 10-switching node network example.

> If staggered restoration of restorable trunks is employed for LDR, then worst-load-affected-
pairs-first heuristic appears to be better than considering first the affected pairs with worst

blocking.

> LDR appears to do either better than or about the same as CBR if there is already trunk
diversity and the reconnection capacity available is tight. In terms of space requirement for
pre-computed reconfiguration tables in the database, LDR requires h times more space than
CBR where h is the number of important load periods during the day for which LDR can be
computed. Based on our experience, we think that instead of computing LDR for each load
period, it is better to consider network impact under both schemes for important network link
outage scenarios and at critical load change periods during the day. If LDR does noticeably
better than CBR for a given load period, then this is a case to be included in the database; if
there is no significant difference, then the default CBR can be used. The upshot of this hybrid
approach is that the space requirement is between the requirement for CBR and LDR while
at the same time maximizing the benefit in terms of network performance.

> If restoration speed of restorable trunks is noticeable and the actual physical restoration of the
failure takes considerable time (hours), then it appears that it is better to have trunk group
diversity in the network to provide better restoration when the restoration capacity is tight.
Additionally, if additional trunking in the traffic network can be provided (strategically by
using method such as the one given in [15]), the network may be perceived to provide almost
normal grade-of-service after fully-reconfigurable state is reached; one advantage of additional
trunking is that it can provide better call completion rate than normal network trunking
if there is overload (or focused overload) in the network (not due to a link failure) and is,
thus, a part of normal revenue-bearing capacity; on the other hand, the stand-by transmission
restoration capacity can only be used for restoring failed trunks in the event of a failure. We
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believe that a combination of traffic restoration capacity and transmission restoration capacity
based on the specific objective of a network provider may be the suitable option.

It may be noted that CRF can be provided to be different for different t-links based on how
important a particular trunk group is. This requires only specific parameterization of CRF without
any need to change the entire model. For example, CRF can be set to one for some important
pairs, and less than one for other pairs, thus, using oy with different value for each k, instead of
using a single « for the entire network. Our restoration rerouting methods address pre-computed
configurations. Sometimes, it may be preferable to compute such configuration in near real-time;
this would require solving the linear programs in models (2) and (5) efficiently and/or developing
a quick good heuristic; also, in this case, the estimation can be based on actual load observed in
(near) real-time. Future works plan to address these issues.

Finally, we discuss the work presented here in the context of ATM-based broadband networks.
If the network architecture is defined with ATM switches and ATM cross-connect nodes with virtual
path (VP) switching capability as described in [40], then we can use the concept of virtual path to
denote a trunkgroup. Most of the results presented here will carry through for circuit-mode traffic
in uni-service broadband networks as long as the network has dynamic call routing capabilities.
However, in the case of ATM-based network, it may be possible to relax assumption (A5) on port
limitation. Intuitively, this would provide even better results with LDR. Finally, the concept of
virtual path with zero bandwidth as proposed in [21] may be explored for restoration rerouting.
Another issue is the introduction of multi-services with differing bandwidth and quality-of-service
requirements, and the ability to provide priority to a service class when the restoration capacity
is tight. Also, by relaxing (A4), dynamism in virtual path routing can be considered for network
efficiency [41]. Further work is required for understanding of these various implications in the
context of broadband networks.
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PMO-1 PMO-2

CRF, a = 0.5 6151 4784
CRF, o = 0.75 9227 7176

Table I: Transmission capacity required for restoration

PMO-1 PMO-2 SDSN

f-link || TG tk TG tk TG tk

1-3 18 | 1313 20 716 20 813

4-15 12 977 23 | 1006 23 | 1101

Table II: Number of trunk groups (TG) affected and trunks (tk) lost due to a failure
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Figure 1: Network Topology of the test network
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Figure 2: Affected Pair blocking for link 1-3 in load 1d-2 for PMO-1 with CRF = 75 %
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Figure 3: Affected Pair blocking for link 1-3 in load 1d-2 for PMO-1 with CRF = 50 %
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Blocking in Affected Pairs for PMO-1, Link 1-3, CRF = 50 %, Load-1
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Figure 4: Affected Pair blocking for link 1-3 in load 1d-1 for PMO-1 with CRF = 50 %
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Figure 5: Affected Pair blocking for link 1-3 in load 1d-2 for PMO-2 with CRF = 50 %
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Figure 6: Affected Pair blocking for link 4-15 in load 1d-3 for PMO-2 with CRF = 75 %
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Blocking in Affected Pairs for PMO-2, Link 1-3, CRF = 50 %, Load-1
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Figure 7: Affected Pair blocking for link 1-3 in load 1d-1 for PMO-2 with CRF = 50 %
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Figure 8: Affected Pair blocking for link 1-3 in load 1d-2 for PMO-2 with CRF = 75 %
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Figure 9: Affected Pair blocking for link 1-3 in load 1d-2 for SDSN with CRF = 50 %
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Blocking in Affected Pairs for SDSN, Link 4-15, CRF = 50 %, Load-3
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Figure 10: Affected Pair blocking for link 4-15 in load 1d-3 for SDSN with CRF = 50 %
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Figure 11: Affected Pair blocking for link 4-15 in load 1d-2 for SDSN with CRF = 50 %
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Figure 12: Affected Pair blocking for link 1-3 in load 1d-2 with CRF = 75 % under three scenarios
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