Chapter 2
Connection-Oriented Networks

This chapter focuses on the optimization of connection-oriented networks (CONS).
Following a brief introduction to the basics of technologies and protocols used
in CONs, we formulate several optimization problems that arise in the context of
connection-oriented networking applied to cloud computing and content-oriented
services. To address specific attributes of cloud computing and content-oriented
services, the optimization problems presented—besides including classical unicast
flows—also embrace anycast and multicast network flows. All presented optimiza-
tion problems are formulated as ILP models. Moreover, for selected optimization
problems, we propose and analyze solution algorithms and report results of numeri-
cal experiments.

2.1 Introduction

In a connection-oriented network, information (packets, frames, bits) is forwarded
along a predefined connection from the source to the destination. More precisely, all
data belonging to a particular demand is transmitted along one routing path deter-
mined and established before the transmission begins. The telephone network is
notable as probably the first CON developed for communication. Following the
deployment of telephone networks, the concept of connection has been extended
and employed in many network technologies, including MPLS (MultiProtocol Label
Switching), ATM (Asynchronous Transfer Mode), WDM (Wavelength Division Mul-
tiplexing), and Connection-Oriented Ethernet [1]. We outline these technologies
below.

The MPLS architecture was proposed by the Internet Engineering Task Force
(IETF) in the standard RFC3013 [2]. MPLS is designed to carry IP packets, but with
more efficient traffic engineering and QoS guarantees than classical IP networks.
MPLS networks consist of two types of devices: LER (Label Edge Router) located
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40 2 Connection-Oriented Networks

at the entry and exit points of the MPLS network, and LSR (Label Switch Router)
located inside the MPLS network. In the MPLS network, packets are transmitted
along a LSP (Label Switch Path) between LERs and LSRs. Each packet header
includes a piece of information known as the label which indicates a particular LSP.
When an MPLS packet enters the LSR, the label is used to find the outgoing port
of the LSR where the packet should be forwarded according to the packet’s FEC
(Forwarding Equivalence Class). It should be noted that in MPLS the labels are
local, i.e., each LSR can change the label of a particular LSP for each subsequent
link along the path, which is explicitly included in the switching tables of each
LSR. This procedure ensures that MPLS is a connection-oriented technology, i.e.,
all packets assigned to the same FEC follow exactly the same routing path. However,
it should be noted that MPLS can also be used in a connectionless mode, if LDP
(Label Distribution Protocol) is used for signaling. To classify a packet to a particular
FEC class, an IP address or other element of the IP packet header can be used. FEC
classes are characterized with various QoS parameters, therefore it is possible to
provision different types of traffic in a different ways. Thus, packets included in
different FEC classes but with the same source and destination nodes can be assigned
to different routing paths. This is the key attribute of MPLS that enables efficient
traffic engineering provisioning. For more information on MPLS refer to [1-5].

The ATM architecture was standardized by the ITU-T (International Telecom-
munication Union—Telecommunication Standardization Sector) in 1987 as the pre-
ferred solution for implementing the B-ISDN (Broadband Integrated Services Digital
Network) concept. In the late 1980s, ATM was one of the most promising proposals
for high-speed networking in backbone networks supported by demand-switched,
semipermanent, and permanent broadband connections for both point-to-point and
point-to-multipoint applications. The general idea of ATM is very similar to MPLS,
which in fact can be regarded as a successor of ATM. More specifically, ATM—
like MPLS—is based on the concept of label-switching. In ATM, fixed-size packets
known as cells arrive in one port of the ATM switch and the label included in the
cell header is used to indicate the outgoing port of the switch, while a new label
number is assigned to the cell. However, in spite of the fact that ATM offered many
sophisticated, mature and robust solutions for high speed networking, its popularity
has been declining. According to experts, the main reasons for this trend are ATM’s
relatively high complexity, costly equipment and poor compatibility with legacy IP
networks. For further information on ATM, see [1, 3, 4, 6]

WDM is an optical technology which enables the multiplexing of multiple opti-
cal signals on a single optical fiber by using different wavelengths (colors) of laser
light to carry different signals. The concept of WDM was first published in the late
1970s. Since late 1990s, WDM has been the most popular technology implemented
in backbone transport networks. A WDM network is formed by OXCs (Optical Cross
Connects) interconnected by fibers. Note that WDM is a connection-oriented tech-
nique, since the entire signal is transmitted along a single connection (routing path)
known as a lightpath. The frequency grid of WDM is divided with 50 GHz chan-
nel spacing. Optical devices generally cannot convert the wavelength, therefore the
whole WDM connection must use the same color on every link along the path. This
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additional requirement, known as the wavelength continuity constraint, complicates
the demand provisioning in WDM networks compared to aforementioned technolo-
gies such as MPLS or ATM. More precisely, an optimization problem known as
the Routing and Wavelength Assignment (RWA) appears in WDM networks, where
both the routing path and wavelength must be selected for each demand. In contrast,
optimization of flows in MPLS and ATM networks involves selecting the routing
paths only, since there are no additional constraints on the link capacity resources.
However, it is possible to use opaque OXC in WDM networks. In particular, the
OXC is equipped with converters that transform the optical signal transmitted over a
wavelength to another wavelength. This is achieved by first demultiplexing the opti-
cal signals and then converting them into electronic signals. Next, electronic signals
are switched using electronic switching and then converted back into optical signals.
Finally, these signals are multiplexed again into the output optical fiber. With this
capability, optimization of connections in WDM networks is exactly the same as in
MPLS and ATM networks. Note that the optimization problems presented in this
chapter can be applied in the context of WDM networks with full wavelength con-
version capabilities. For problems assuming the wavelength continuity constraint,
when the wavelength conversion is not available, the reader is referred to Chap. 3.
For a good survey on the topic of the WDM networks see [1, 5-9]

The supremacy of Ethernet in enterprise networking and in local area networks is
adirect consequence of well understood operational practices, low-cost solutions and
plug-and-play features. As a result, applications of Ethernet appear in larger environ-
ments, including backbone transport networks. However, the reduced use of Ethernet
networks has brought the need to enhance Ethernet to improve network scalability
and answer the challenge of using Ethernet in larger networks. The key additions
have been PBB (Provider Backbone Bridging) proposed in 2008 [10] and PBB-TE
(Provider Backbone Bridging—Traffic Engineering) defined in 2009 [11]. Both stan-
dards provide traffic-engineered, resource-managed transport using special tunnels
for transmitting information (frames) belonging to the same VLAN (Virtual Local
Area Network). Moreover, using the PBB-TE standard means that customer VLAN
traffic is encapsulated in a PBB header, which includes Mac-in-Mac encapsulation.
Next, the traffic is forwarded through the network using static database entries. As
a result, the Ethernet transmission is connection-oriented, since all frames included
in the same VLAN are transported by one Ethernet switched path that follows the
same routing path [3, 12, 13].

The remainder of this chapter is devoted to various aspects of modeling and
optimization of connection-oriented networks in the context of cloud computing
and content-oriented services. The key assumption following from the connection-
oriented nature of the considered networks is that non-bifurcated multicommodity
flows are applied to model network traffic.

It should be stressed that all optimization problems presented in this section
are ./ &-complete. This follows directly from the fact that the problems use non-
bifurcated flows, and in the case of network design problems modular link capacity
is applied. Therefore, since the authors of [4] show that the unicast flow allocation
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problem with non-bifurcated flows and the network design problem with unicast
flows and modular link capacity are 4" %?-complete, the anycast and multicast ver-
sions of these problems are also .4 %?-complete.

2.2 Allocation of Anycast Flow

This section starts with a relatively simple problem related to the allocation of anycast
flows. Flow allocation problems assume that only network flows need be optimized,
since an existing network is studied and the capacity of the network links is fixed. This
assumption stems from by the fact that the considered network is in an operational
phase and augmenting its physical resources, such as link capacity, is not achievable
in a short time perspective. However, at the same time, there is a need to improve
network performance, which can only be achieved by an improved optimization of
network flows [4].

2.2.1 Formulation

The general notation is the same as in Sect. 1.2. To recall briefly, the network is
modeled as a directed graph G = (V, E), where V is a set of nodes (vertices) and E
is a set of edges (directed links) with limited capacity c.. A number of data centers
(DCs) are located in the network. For simplicity, the local connection between the
data center and the backbone network node is not included in the model, i.e., it is
assumed that the network node is equivalent with the data center connected to that
node. This is because local access links used to connect data centers are usually of
a high bandwidth and thus capacity of this link is not incorporated in the model.

A set of anycast demands denoted by D is given. A standard model of anycasting
is employed [14]; a single anycast request is realized by two associated demands:
upstream (from the client to the data center) and downstream (in the opposite direc-
tion). Let 7(d) be the index of a demand associated with demand d. The demand
volume is described by the constant 4. Link-path modeling is assumed, and therefore
for each demand d € D, a set of candidate paths P(d) is given. If d is an upstream
demand, set P(d) contains candidate paths that originate at one of the DC nodes
and terminate at the client node. In turn, if d is a downstream demand, candidate
paths in set P(d) connect the client node and one of the DC nodes. Paths are defined
using constant 8.4y, i.€., 84y €quals 1 if path p of demand d includes link e and 0
otherwise. There is one decision variable x4, that denotes, which path p € P(d) is
selected to realized demand d. The objective of the flow allocation problem is to find
a routing path for each demand that minimizes a selected performance metric and at
the same time provides a feasible solution in terms of the link capacity constraint.
Moreover, the anycast constraint must be satisfied to ensure that both associated
anycast demands are assigned to the same DC node.
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CON/A/FA/Cost

sets

E links

D anycast demands

DP5  anycast downstream demands

P(d) candidate paths for flows realizing demand d. If d is an anycast upstream
demand, candidate path connects client node and DC node. If d is a down-
stream demand, candidate path connects the DC node and the client node

constants

8.qp =1, if link e belongs to path p realizing demand d; 0, otherwise
hy volume (bit-rate) of demand d

Ce capacity of link e

e unit routing cost on link e

7(d) index of a demand associated with demand d. If d is a downstream demand,
then t(d) must be an upstream demand and vice versa

s(p)  origin node of path p

t(p)  destination node of path p

variables

Xqp =1, if path p is used to realize demand d; 0, otherwise (binary)
fe flow on link e (continuous non-negative)

objective
minimize F = z;“&ﬁ (2.2.1a)
eck
constraints
fo=D" D" SeapXapha, e€E (2.2.1b)
deD peP(d)
> xp=1, deD (2.2.1c)
peP(d)
foe<c., ecE (2.2.1d)
Z Xaps(p) = Z Xeapt(p), d € D™S. (2.2.1e)
peP(d) peP(z(d))

Objective (2.2.1a) is to minimize the overall routing cost. However, other perfor-
mance metrics can be considered as the optimization goal, e.g., delay or network
congestion. Moreover, the allocation problem can be formulated without the objec-
tive function, i.e., the challenge is to find a feasible routing configuration that satisfies
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the link capacity constraint (see [4] for more details). Equality (2.2.1b) defines the
value of variable f,. Constraint (2.2.1c) ensures that exactly one routing path is
selected to realize demand d. Condition (2.2.1d) is a link capacity constraint to meet
the requirement that the flow of each link given as a sum of all demands that use
this link cannot exceed the link capacity. Finally, equality (2.2.1e) defines the any-
cast constraint guaranteeing that two associated demands are assigned to the same
DC node.

2.2.2 Algorithms

This section is devoted to heuristic and metaheuristic algorithms applicable to the
optimization problem of anycast flow allocation formulated as (2.2.1a)—(2.2.1¢).
Note that it can be modified easily to enable joint optimization of anycast flows and
other types of flows such as unicast flows using the link-path modeling and multicast
flows applying the candidate tree modeling.

Greedy Algorithm

The first proposed algorithm named GR/A/FA (Greed Algorithm for Anycast Flows),
is based on a very simple greedy approach. More precisely, the general idea is to
allocate anycast demands one by one according to a selected ordering of demands.
However, due to the anycast constraint (2.2.1e), both associated anycast demands
must be processed jointly. Algorithm 2.1 shows the scheme of the GR/A/FA algo-
rithm.

Algorithm 2.1 GR/A/FA (Greedy Algorithm for Anycast Flow Allocation)

Require: set of edges E, set of anycast demands D, sets P(d) including candidate paths for each
demand d € D

Ensure: path selection (routing) for each demand d € D included in set X, value of objective
function

1: procedure GR/A/FA(D, P(d))

2: for d € D do

3: if Is_Not_Allocated(t(d)) then

4: p = Find_Best_Path(d)

5:  else

6: p = Find_Best_Path_DC(d, DC_Node(t (d)))
7:  endif

8 X :=XUf{xgp}

9: D:=D\{d}

10: end for

11: end procedure
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Let set X (known as the solution) include all variables x4, that are equal to 1.
Solution X determines the unique set of selected routing paths for each demand
d € D. The algorithm performs a single loop that analyzes all demands (lines 2—10).
Demands are processed according to a selected ordering. For instance, the demands
can be sorted in decreasing order of the bit-rate denoted as h,. The rationale of this
approach is that larger demands should be processed first, since they need more
capacity resources. Next, when the network becomes more congested, it is easier to
allocate smaller demands than larger ones. Another possible metric for ordering is
a multiplication of the bit-rate and the hop count of the shortest path available for a
particular demand. Note that the construct of the greedy method makes it possible
to use a wide range of ordering strategies.

As mentioned above, due to the anycast constraint, both associated demands d
and 7(d) must be connected to the same DC node, therefore there are two pos-
sible ways to process a demand. In particular, if the associated demand t(d) is
yet to be allocated, the current demand d can be assigned to any DC node and
function Find_Best_Path(d) can use all candidate paths available for demand d
(line 4). On the other hand, if the associated demand 7(d) is already processed
by the algorithm, demand d can only be assigned to the path connected to the
same DC node as demand t(d), i.e., function DC_Node(t(d)) returns the DC
node selected for demand t(d) (line 6). Note that the functions Find_Best_Path
and Find_Best_Path_DC are generic and can implement various strategies to find
a routing path. For instance, the shortest path in terms of kilometer distance can be
selected in a residual graph that only includes links with a residual capacity greater
than the requested bit-rate of the considered demand. The maximum complexity of
algorithm GR/A/FA is O(|D| |P|), where |D| denotes the number of demands and
|P| is the number of candidate paths for each demand.

Note that the main advantages of the greedy algorithm are its adaptability to the
means of ordering and routing strategies and its relatively low complexity, which
should result in a short execution time. On the other hand, the algorithm’s main
drawback is that in a congested network, it may have trouble finding a feasible
solution due to a shortage of capacity resources. Therefore, below we introduce
more advanced methods of solving the problem of anycast flow allocation.

Flow Deviation

The Flow Deviation (FD) algorithm was proposed for optimization of bifurcated and
non-bifurcated flows in [15], and has been widely applied to various optimization
problems [4, 14, 16-27].

The FD method was developed following the expansion of store-and-forward
communications networks together with the ARPANET [19]. The FD algorithm is
based on the concept of a shortest route flow applied to successive flow deviations that
lead to local minima. More precisely, for each demand in the network, the shortest
route is determined according to a selected objective function and based on the current
routing (flow allocation) in the network. Next, we attempt to deviate the flow of the
demand to the shortest route. In the context of bifurcated flows, the flow deviation can
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be applied to a part of the demand flow, since multipath routing is allowed. However,
for non-bifurcate flows with single path routing, the flow deviation must affect the
whole demand [15].

Since this chapter focuses on connection-oriented networks, the non-bifurcated
version of the FD method is applied. An FD algorithm for optimization of anycast
flows known as FD/A/FA (Flow Deviation for Anycast Flow Allocation) is for-
mulated and discussed. Note that the first time the FD method was applied in the
context of anycast flows was in [26], while in [14, 27] the same author proposed an
FD method for joint optimization of anycast and unicast flows. The key innovation of
the FD/A/FA algorithm, in comparison to the unicast version proposed in [15], is that
the new method processes associated anycast demands together, which satisfies the
anycast constraint (2.2.1e). Algorithm 2.2 reports the pseudocode of the FD/A/FA
heuristic.

Algorithm 2.2 FD/A/FA (Flow Deviation for Allocation of Anycast Flows)

Require: set of edges E, set of anycast demands D, sets P(d) including candidate paths for each
demandd € D

Ensure: path selection (routing) for each demand d € D included in set X;, value of objective
function

1: procedure FD/A/FA(D, P(d))

2: X1 := Find_Intial_Solution(D, P(d)),i :=1

3: test :==0

4: repeat

5

6

7

8

SR(X;) := Find_Shortest_Paths(D, P(d), X;)

H = X,'

for d € D do

K := (H — {xgp}) U {x44}, where xg, € H and x4, € SR(X;)
9: K = (K — {x,(d)pr}) U {xr(d)q/}, where Xe@yp € H and x¢(g)y € SR(X))
10: F(H) = Find_Objective(H)

11: F(K) = Find_Objective(K)

12: if F(K) < F(H) then H := K

13: D :=D\{d, t(d)}

14:  end for

15:  if X; # H then

16: i=i+1

17: Xi:=H
18: else

19: test ;=1
20: end if

21: until test < 1
22: end procedure

Let X; denote a solution of the problem obtained in iteration i. In turn, sets H
and K are temporary solutions used in the algorithm. A special flag fest denotes
the stopping condition of the algorithm. The algorithm starts with a feasible initial
solution X; (line 2). To find a such a solution, an algorithm based on Phase 1 of the
original FD method [15] can be applied with the modifications required to process
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anycast flows; for more details, see [14]. Next, the flag fest is initialized. The main
loop of the algorithm (lines 4-21) is repeated until a new solution H generated in the
current iteration provides a modification of the solution X; created in the previous
iteration. Function Find_Shortest_Paths(D, P(d), X;) calculates set SR(X;) including
the shortest routes for all demands (line 5). This function ensures that the anycast
constraint (2.2.1e) is always satisfied. More specifically, for each pair of associated
demands d and t(d) a demand with a large value of volume A, is selected first.
Without losing generality, let us assume that i; > h (). In the case of demand d,
the Find_Shortest_Paths function finds the shortest route under a selected metric
taking into account all available routing paths included in P(d). To ensure that both
associated demands use the same DC node, in the case of demand 7 (d) the function
Find_Shortest_Paths considers only the paths from P(t(d)) that are connected to
the DC node selected for demand d. Note that usually a partial derivative of the
objective function is used as a link metric applied in the selection of the shortest path
in function Find_Shortest_Paths.

Next, the current selection X; is saved as H (line 6). The loop defined in lines
7-14 processes all demands included in set D according to a selected ordering as
in the case of Algorithm 2.1. However, to ensure the anycast constraint, associated
demands d and t(d) are processed together. A new selection K is obtained by using
the flow deviation operation, i.e., demands d and 7 (d) are switched to shortest paths
included in set SR(X;) (lines 8 and 9). Solutions H and K are compared in terms
of the objective function value; the new solution K is saved as the current solution
(lines 10-12) only if it decreases the objective function value. When all demands
are processed, we check whether solution H obtained in the current iteration brings
about a change relative to the previous solution X; (lines 15-20). If the solutions
differ, the algorithm is continued, otherwise the algorithm stops.

Note, that the algorithm converges in a finite number of steps, since there is a finite
number of non-bifurcated flows. Repetitions of the same solution are impossible
due to the stopping condition. The maximum number of the FD/A/FA algorithm
iterations can be estimated as the number of all possible routing path combinations. In
particular, let k denote the number of candidate paths defined between a pair of nodes
and let  denote the number of DC nodes in the network. In consequence, kr defines
the number of candidate paths for each anycast demand. However, since associated
demands d and 7 (d) must be processed jointly due to the anycast constraint (2.2.1e),
for each kr routing paths available for d, only & routing paths are available for 7 (d),
since both d and t(d) must use the same DC node. Thus, the possible number of
path combinations for a pair of associated anycast demands is defined as rk>. In
consequence, the number of all possible path combinations for a pair of associated
anycast demands is (k%)% .

Lagrangian Relaxation
The next algorithm proposed for optimization of anycast flows in connection-oriented

networks is the Lagrangian relaxation (LR) method combined with a subgradient
optimization approach. The main aim of this approach is to iteratively solve the
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optimization problem using a heuristic algorithm FD/A/FA that uses results given by
solving dual problems as the initial solutions. The LR technique with the subgradient
optimization has been successfully used for solving various network optimization
problems, e.g., [4, 6, 14, 28-36].

To the best of our knowledge, the Lagrangian relaxation technique for anycast
flows in connection-oriented flows was introduced for the first time in [35]. In turn,
the authors of [14] report how to apply Lagrangian relaxation for joint optimization
of anycast and unicast flows.

The key aim of the LR decomposition algorithm is to consider the dual problem of
the original optimization problem by relaxing constraints in order to obtain a simpler
subproblem. This procedure makes it possible to move iteratively towards the optimal
solution of the original problem. Consequently, selecting a suitable constraint to be
relaxed is key.

In order to formulate a dual problem to model (2.2.1), the same approach as in
[14, 29, 35] is applicable. More specifically, the problem (2.2.1) is first transformed
into an equivalent formulation, which is better suited for the LR procedure. The key
observation is that the objective function (2.2.1a) does not decrease with f,, therefore
the equality (2.2.1b) one be replaced with the following inequality:

=D Seapapha, e € E. (2.2.1f)

deD peP(d)

For ease of reference, the modified optimization problem defined as (2.2.1a),
(2.2.1¢)—(2.2.1f) will be referred to as CON/A/FA/Cost/2. It should be noted
that problems CON/A/FA/Cost (2.2.1a)—(2.2.1e) and CON/A/FA/Cost/LR (2.2.1a),
(2.2.1c)—(2.2.1f) are equivalent, i.e., the optimal solution obtained to one of these
problems guarantees the optimal solution to the other problem.

A popular approach of Lagrangian relaxation in the context of network optimiza-
tion is to relax the capacity constraint [4, 6, 32, 33]. The method shown below is
based on the concept proposed in [29] and constraint (2.2.1f) is relaxed using vec-
tor A = (Aq, A2, Ajg)) of positive Lagrangian multipliers A, for each link e € E.
Accordingly, the following Lagrangian relaxation of problem CON/A/FA/Cost/2 is
formulated as follows.

CON/A/FA/Cost/LR

objective

minimize @A) = z;“gﬁ + er Z Z SedpXapha — [ (2.2.2a)

ecE ecE deD peP(d)
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constraints
z xp=1, deD (2.2.2b)
peP(d)
fe<ce, e€kE (2.2.2¢)
Do xaps(p) = D xwplp), deD” (2.2.2d)
peP(d) peP(t(d))
fe>0, e€E. (2.2.2¢)

The objective function (2.2.2a) follows directly from the relaxation of condition
(2.2.1f). Constraints (2.2.2b)—(2.2.2d) are copied from the original problem. A new
constraint (2.2.2e) is added to the problem. Note that condition (2.2.2e) in model
CON/A/FA/Cost/2 is guaranteed by constraint (2.2.1f). However, since (2.2.1f) is
relaxed and incorporated to the dual function (2.2.2a), this new constraint (2.2.2¢) is
required to guarantee variables f, to be positive.

The objective function (2.2.2a) of the Lagrangian problem can be rewritten as

minimize @A) = (Z(;Je - Aafe))—i- DD hebeapxapha | (22.3)

ecE ecE deD peP(d)

Since there are no coupling constraints between variables f, and d;p, the problem
(2.2.2) can be divided into two independent subproblems CON/A/FA/Cost/LR/1 and
CON/A/FA/Cost/LR/2, defined below.

CON/A/FA/Cost/LR/1
objective
minimize ¢(A) = Z(Qfe — Aofe) (2.2.4a)
ecE
constraints
fe<ce e€E (2.2.4b)
fe=0, eckE. (2.2.4c)

It should be noted that problem CON/A/FA/Cost/LR/1 (2.2.4) can be separated
into |E| subproblems, each of which is solved by the following formula:

Ce if Ce—)»g<0

=10 it t-rzo ¢€E (2.2.5)
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CON/A/FA/Cost/LR/2
objective
minimize @A) = ZZ Z AeSedpXapha (2.2.6a)
ecE deD peP(d)
constraints
> xp=1. deD (2.2.6b)
PpeP(d)
Z Xaps(p) = Z Xeapt(p), d e DPS. (2.2.6¢)
peP(d) peP(z(d))

In turn, problem CON/A/FA/Cost/LR/2 defined in (2.2.6) can be separated into
|DPS| subproblems, i.e., one problem for a pair of associated demands d and 7 (d). To
solve such a problem, we need to find the shortest pair of paths under metric A h, for
demands d and t(d) considering each DC node individually. Next, the pair of paths
with the lowest value of path lengths is selected as the final solution. This ensures
the optimal solution of problem CON/A/FA/Cost/LR/2.

The above method solves the dual problem; the next step is the subgradient
search [4, 37]. Let x4,() be the optimal solution of the Lagrangian relaxation for a
fixed vector of multipliers A. Let X denote the set of all variables x4, equal to one.
The corresponding subgradient of the dual function (2.2.6) at A is defined as:

ved) = (D D SeapxayMha | —fed) e €E. 2.2.7)

deD peP(d)

The Lagrangian multipliers in subsequent iterations of the subgradient procedure
(denoted as i) are updated as follows:

A = max(0, AL 4+ 1,y)) e €E. (2.2.8)
The step-size t; can be defined as proposed in [4, 29]:

= L@ =) (2.2.9)
112

Note that ¢ denotes the upper bound of the dual function (2.2.2a), which can

be calculated using a heuristic algorithm that yields a feasible solution of the

primal problem. Moreover, p is commonly used in the range 0 < p < 2 [4].

Algorithm 2.3 reports the pseudocode of the subgradient optimization procedure
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applied to Lagrangian relaxation of the anycast flow allocation problem defined in
(2.2.1a)-(2.2.1e).

First, tuning parameters used in algorithm LR/A/FA are initialized (line 2). The
values selected for the initialization are as proposed in [14, 35]. The maximum
number of iterations is set to i,,,, := 100 as the stopping condition for dual iterations.
Additionally, it is possible to select another value depending on specific problem
characteristics. Parameter p;;,, counts the number of subsequent iterations that do
not improve the dual function value, while parameter p,,4yir. defines the limit of such
iterations. If pj., reaches ppqvier, then parameter p used to calculate the step size
according to (2.2.9) decreases. The vector of Lagrangian multipliers A" is initialized
with all values equal to 1 (line 3), but again— depending on the specific problem—
different assignment can be made. The upper bound of the dual function ¢ is obtained
as the solution of the FD/A/FA method shown in Algorithm 2.2 (line 4). The main
loop of the algorithm including subsequent iterations of the subgradient search is
defined in lines 5-26. In summary, first the dual problem is solved according to the

Algorithm 2.3 LR/A/FA (Lagrangian Relaxation for Anycast Flows)

Require: set of edges E, set of anycast demands D, sets P(d) including candidate paths for each
demand d € D

Ensure: path selection (routing) for each demand d € D included in set X?*', value of objective
function

1: procedure LR/A/FA(D, P(d))

2: pI:: 2, Pmin := 0.005, piter := 0, pPmaxiter = 3, imax := 100, Fhest = oo, whest = —00

A =1

: @ := FD/A/FA(D, P(d))

: for i :==1t0 i;;q do

Piter = Piter +1 .

@ (L") = Solve_Dual_Problems(1")

if p(A') > % then

. wbest = 90(11)

10: Piter ‘= 0

11:  endif

12: X := FD/A/Init_Sol(D, P(d), X(A'))

13:  F = Find_Objective(X)

14:  if F < F®*' then

15: Fhest .= F

16: X = xbest

17: o :=F

18: end if

19: if pier > Pmaxiter then

20: p = max(p/2, Pmin)

21: Piter =0

22:  end if

23: yi = Subgradiem().") >refer to (2.2.7)

24:  t; := Step_Size(A\', y') o refer to (2.2.9)

25:  Atl.= Update_Lambda(li, %) > refer to (2.2.8)

26: end for

27: end procedure

Ne)
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methodology described above (line 7). If the value of the dual function ¢ (A is greater
than the previous best result, the algorithm saves this value and resets counter Py,
(lines 8—11). Solution X (A") obtained by solving the dual problem is used to initialize
the FD/A/FA algorithm, which then finds a primal feasible solution of the problem
denoted as X with the value of the objective function denoted as F(lines 12—13).
If the new solution outperforms the previous best one, it is saved (lines 14-18).
Next, it is checked whether p;,, reaches the limit defined by p,qirer and parameter
p is updated accordingly (lines 19-22). Finally, the vector of Lagrangian multipliers
A’ is updated using the subgradient optimization approach and formulas defined
in (2.2.7)—(2.2.9). Note that the complexity and the execution time of the LR/A/FA
method mainly depends on the number of iterations given by parameter i,,,,, since the
most time complex part of each iteration is the execution of the FD/A/FA algorithm.

The optimization problem (2.2.1a)—(2.2.1e) uses the link-path notation to model
multicommodity flows. Some papers that apply Lagrangian relaxation to routing
problems use the node-link formulation [4, 28, 32-34]. However, in both cases the
dual is constructed analogously, i.e., we obtain an optimization problem that can
be decoupled into two independent subproblems, where one is the minimum cost
routing problem with link metrics given by Lagrangian multipliers.

Evolutionary Algorithm

The evolutionary algorithm (EA) is a stochastic heuristic method widely applied in
the context of various optimization problems related to computer and communication
networks. For an extensive survey of EAs and their application to network problems
refer to [4, 38—42].

The key issue in designing the EA is to develop a method of encoding the optimiza-
tion problem into chromosomes. To recall, in the anycast flow allocation problem
(2.2.1a)—(2.2.1e), the decision is to select routing paths for each demand. A solu-
tion of the problem is denoted as a set that includes all variables x4, equal to 1,
which directly indicates the selected routing paths. Regarding connection-oriented
networks, a common approach of EA encoding is to assume that each allele in the
chromosome represents one demand. The value of each allele is an index of a path
selected for a particular demand (denoted as p,) [4, 43—49]. Therefore, the chromo-
some is defined as follows:

X =[p1,p2,....pp|] (2.2.10)

For example, chromosome X = [3, 1, 2] means that demand d = 1 uses path
p =3 (x;3 = 1), demand d = 2 is allocated to path p = 1 (xp; = 1) and demand
d = 3 is realized on path p = 2 (x3 = 1). Using encoding (2.2.10), it is straight-
forward to calculate flow on each link (2.2.1b) and next to calculate the value of
the objective function (2.2.1a). It should be noted that other ways of encoding the
multicommodity flow optimization problems in EAs have been proposed in literature,
e.g., see [50-54].

Originally, EA was designed to solve optimization problems without constraints
and with the aim of maximizing the objective (fitness) function. Therefore, to address



2.2 Allocation of Anycast Flow 53

the fact that the problem includes constraints and the objective function is to minimize
the routing cost, the following modifications are required. There are three ways of
incorporating processing of constraints in EA. Firstly, the encoding scheme can
ensure that particular constraints are directly satisfied. Secondly, a penalty function
can be employed, i.e., the fitness function contains not only the problem objective
function, but also a special term including a measure of violation of the constraints
scaled by a penalty parameter. It is assumed that the measure of violation is nonzero
if the constraint is violated, and zero in the region where the constraint is not broken.
Thirdly, a repair function can be used when the current solution (chromosome) is
not feasible.

Note that in this problem (2.2.1), condition (2.2.1¢) is included directly in the
encoding scheme (2.2.10). More specifically, since a single allele is assigned to
exactly one demand in the chromosome, the single path routing is imposed.

To address the link capacity constraint (2.2.1d), the penalty function approach is
applied. More specifically, let F(X) return the value the objective function (2.2.1c)
of the solution encoded in chromosome X. Next, let FZ¥ (X) denote the value of the
objective function with an additional penalty function for chromosome X defined as
follows:

FPEN(X) = F(X) + PnZCapCon(X, e). (2.2.11)

ecE

Function CapCon(X, e) represents the violation of capacity constraint (2.2.1c)
according to network flows defined in X. If the capacity constraint for link e is not
violated (i.e., f; < c.), then CapCon(X, ¢) = 0, otherwise, CapCon(X, e¢) = f, — ce.
In turn, Pn denotes the penalty scaling parameter that tunes the penalty function.

Finally, to tackle the anycast constraint (2.2.1e), a simple repair function is devel-
oped (Algorithm 2.4). For an input demand d it is checked whether the associated
demand t(d) uses the same DC node as the DC node of demand d in the current
solution X (line 2). If this condition is not fulfilled, a new path for demand t(d))
needs to be selected, but using only candidate paths from set P(t(d)) connected
to the DC node of demand d (lines 3-5). To repair the whole solution, a function
described as Algorithm 2.4 must be executed for all associated demand pairs. In order
to improve the performance of the repair procedure for the whole solution including
all demands, the demands can be analyzed in a particular order, e.g., by decreasing
value of the requested volume (bitrate).

To address the fact that EA requires the objective function to be maximized, the
fitness function is defined as follows

Fitness(X) = M(FM4X — FPEN (X)) (2.2.12)
where FMAX denotes the maximum possible value function FPEN(X) taking into

account all chromosomes X in a given population, while M is a scaling parameter
that conducts additional tuning of the algorithm during the optimization process.
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Algorithm 2.4 RFAD (Repair Function for Anycast Demand)

Require: set of edges E, associated anycast demands d and 7(d), set P(t(d)) including candidate
paths for demands d and t(d), current solution X

Ensure: feasible path selection (routing) for demand 7 (d)

1: procedure RFAD(X, d, P(d), P(t(d)))

if DC_Node(d) # DC_Node(z(d)) then

30 X=X\ {xr@p}

4: g := Find_Best_Path_DC(t(d), DC_Node(d))

50 X=X U{xra)q}

6

7

: end if
: end procedure

It is worth noting that the proposed encoding scheme and fitness function for-
mulation apply the classical crossover and mutation operators. For instance, to
make the one-point crossover of two parent solutions X' = [p}, pi, ey P\ID|]
and X?> = %, p%, ey p‘le], it is necessary to select at random an integer d
between 1 and |D|. In consequence, the following two children are obtained X3 =
[p},p;, . ,pli,pflﬂ, . vP|2m] and X* = %,p%, . ,pfi,pllﬂ, o ,pllDI]. Next, the
repair function defined in Algorithm 2.4 must be applied to both new chromosomes
to ensure the anycast constraint. The mutation operation assumes that for a randomly
selected demand d, the routing path is changed by a random selection of an integer
between 1 and |P(d)|. Again, the repair function is required to fix the potential prob-
lem with the anycast constraint. Additionally, for the described encoding scheme and
fitness function formulation, more complex approaches of crossover and mutation
operators can be used.

Finally, we discuss the issue of the initial solution of EA. More specifically,
in many cases the size of a feasible solution space in the flow allocation problem
is very small compared to the total solution space. Consequently, it is likely that
EA can encounter significant difficulties in finding a feasible solution, even using
mechanisms such as the penalty function and repair function. In such a case, the
performance of EA can be improved by using a feasible solution provided by another
method, e.g., the FD algorithm. Thereafter, using the e/ite member concept (i.e., the
best feasible solution(s) are copied directly to the next generation) [38, 40] ensures
that EA method yields a feasible solution.

Neighborhood Search Methods

There is a wide family of stochastic heuristics based on the concept of neighbor-
hood search, including Local Search (LS), Tabu Search (TS), Simulated Annealing
(SA), and Greedy Randomized Adaptive Search Procedure (GRASP) [4, 39, 40, 42,
55-58]. The neighborhood N (X) of a particular solution X is a subset of the total solu-
tion space including solutions ¥ € N(X) that can be generated from X by a simple
modification of the solution. The most common approach to generating the neighbor-
hood solution for unicast flow allocation problems in connection-oriented networks
is to simply change a routing path for one demand. The number of neighborhood
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solutions can then be estimated as ), p(P(d)| — 1), since for each demand d € D,
the currently selected path can be changed to any of the remaining paths included in
set P(d) [4].

However, to address the additional anycast constraint (2.2.1e) that arises in anycast
flow allocation problems, the default procedure must be modified. More precisely, if
the created neighborhood solution Y € N (X) does not satisfy the anycast constraint,
i.e., a new path selected for demand d uses a different DC node than the DC node
of demand 7 (d), the repair function shown in Algorithm 2.4 must be executed for
demand d.

In addition, the neighborhood solution ¥ € N(X) may be not feasible in terms of
the link capacity constraint (2.2.1d). In such a case, there are two options. First, the
penalty function approach can be used similarly to (2.2.11). As a result, the algorithm
based on the neighborhood search is able to examine unfeasible solutions as well.
Secondly, all solutions that are not feasible cannot be analyzed, i.e., they are excluded
from set N (X).

Using this definition of the neighborhood solution, it is easy to develop range
of neighborhood search methods such as LS, TS, SA and GRASP for the anycast
flow allocation problem. As in the context of EA, the algorithm performance can be
improved by using an initial solution yielded by another algorithm.

2.3 Network Design Problems for Anycast, Multicast
and Unicast Flows

This section focuses on a network design problem with joint optimization of link
capacity assignment and anycast, multicast and unicast flow allocation. Note that
the network design problem is also referred to as the capacity and flow allocation
(CFA) problem. Network design problems are among the most common optimiza-
tion problems in networks. They need to be resolved when a new network is being
designed from scratch or an existing network needs to be updated. The main goal
of the optimization process is to select the capacity of network links and the routing
configuration in order to realize all demands. The most common objective function
that occurs in network design problems is the CAPEX/OPEX cost, although other
network performance metrics (e.g., delay, survivability, throughput) can be applied.
The link capacity constraint which ensures that the total flow on each link cannot
exceed the assigned link capacity appears to be the key element of all network design
problems [4, 49].

The majority of earlier network design problems have focused on the optimization
of unicast flows only. Relatively few papers address joint optimization of two types of
flows, i.e., anycast and unicast or multicast and unicast. The only paper that focuses
on joint optimization of anycast, multicast and unicast flows in connection-oriented
networks is [59], where a static RWA problem with unicast, anycast and multicast
connections is examined and some heuristics are proposed and evaluated. In the case
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of multicast flows, the routing is fixed since only one tree is created using a minimal
spanning tree algorithm, which is then iteratively pruned to remove all unnecessary
leaves.

2.3.1 Formulation

The routing is modeled in a similar way to that presented in Sect.2.2. However, since
anycast, multicast and unicast network flows are to be provisioned in the network,
some modifications are required. In particular, for each demand d € D, the set P(d)
includes candidate structures. When d is a unicast demand, the candidate structure
is simply a path connecting the source and destination nodes of the demand. When
d is an anycast upstream demand, the candidate structure is a path connecting the
client node and one of the DC nodes. In turn, when d is a downstream demand, the
candidate structure is a path connecting one of the DC nodes and the client node.
Finally, when d is a multicast demand, the candidate structure is a tree that includes
a root node and all receivers of the demand.

The link capacity is given in modules, and the capacity assigned to each link is
expressed as a multiple of one of the modules. This assumption follows from the
fact that in most network technologies such as Ethernet, SDH/SONET and WDM
the network uses some predefined values of the potential capacity available on each
link. Constant M denotes the size of the link capacity module given in the same unit
as the demand volume /4, e.g., in bits per seconds. Moreover, constant &, denotes
the cost of using one capacity module on link e. Note that constant &, can rep-
resent various types of costs, such as CAPEX cost, OPEX cost, power consump-
tion, etc. Integer variable y, denotes the number of capacity modules allocated to
link e [4, 49].

CON/AMU/ND/Cost/Link-path

sets
E links
D demands (anycast, multicast, unicast)

DPS  anycast downstream demands

P(d) candidate structures for flows realizing demand d. If d is a unicast demand,
candidate structure is a path connecting end nodes of the demand. If d is an
anycast upstream demand, candidate structure is a path connecting the client
node and the DC node. If d is a downstream demand, candidate structure is a
path connecting the DC node and the client node. If d is a multicast demand,
candidate structure is a tree that includes the root node and all receivers of
the demand
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constants

Sedp =1, if link e belongs to structure p realizing demand d; 0, otherwise
hy volume of demand d

&, unit cost of link e

M size of the link capacity module

7(d) index of a demand associated with demand d. If d is a downstream demand,
then t(d) must be an upstream demand and vice versa

s(p)  origin node of path p

t(p)  destination node of path p

variables

Xqp =1, if structure p is used to realize demand d; 0, otherwise (binary)
vy  capacity of link e as the number of capacity modules (integer)

objective
minimize F = > £y. (2.3.1a)
ecE
constraints
Z xp=1, deD (2.3.1b)
peP(d)
DD Seap¥apha <Mye, e€E (2.3.1¢)
deD peP(d)
D xpsp) = D Xeapt(p), deD. (2.3.1d)
peP(d) peP(z(d))

The objective function (2.3.1a) is to minimize the total network cost defined as the
overall cost of all capacity allocated to network links. Equality (2.3.1b) ensures that
for each demand d € D exactly one routing structure is selected. Condition (2.3.1c¢)
is the link capacity constraint, but since a network design problem is considered,
the right-hand side of (2.3.1c¢) is not fixed and follows from the selection of link
variable y,. Finally, constraint (2.3.1d) imposes the anycast constraint that holds for
anycast demands only.

Model (2.3.1) is a generic formulation which can be modified to address various
additional constraints that can occur in different types of network design problems.
For instance, the network cost given by formula > ,_.&.v. can be incorporated as a
budget constraint that limits the maximum cost to be spent on network deployment,
and another function can be used as the objective, e.g., network delay, proportion of
the realized demand volumes. For more details see [4].
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2.3.2 Algorithms

The network design problem formulated as (2.3.1) is generally comparable to the
flow allocation problem addressed in Sect. 2.2 with a key additional element of link
capacity optimization. Therefore, the general concepts of heuristic algorithms out-
lined in Sect.2.2.2 can be adapted to the new constraints.

Firstly, we show how to use the FD method proposed in [15] for the network
design problem with anycast, multicast and unicast flows. Algorithm 2.5 presents
the FD/AMU/ND method. The key assumption behind this heuristic is that the algo-
rithm directly decides on the routing variables x,,, while the values of link capacity
variables y, are calculated indirectly according to a particular flow allocation. More
specifically, having selected a routing structure for each demand d € D (represented
in solution X that includes all variables x4, equal to 1) the flow on each link f, can
be calculated as described in Sect.2.2.1 and formulated in (2.2.1b). Next, the link
capacity variable y, for each link e € E is simply selected as the minimum value
that satisfies constraint My, > f,. In order to evaluate the quality of the routing
assignment given in solution X, the network cost is calculated as >",_.&.y. using the
obtained values of y,. The main advantage of this concept is that any flow allocation
algorithm such as FD/A/FA shown in Algorithm 2.2 can be applied in this context
almost directly.

The FD/AMU/ND algorithm starts with a calculation of an initial solution using
any flow allocation algorithm (line 2). A flag test used in the stopping condition of
the algorithm is initialized next (line 3). The main loop of the algorithm (lines 4-30)
is repeated until the new solution improves the network cost function. First, metric /,
is calculated for each link e € E according to the routing solution given in the current
solution X; (line 5); using this metric, the shortest structure for each demand d € D
is calculated. In the case of an anycast demand, the anycast constraint is satisfied in
this function. Next, all demands are examined according to a predefined order (lines
8-23). In particular, each demand attempts to be rerouted to the shortest structure
included in set SR(X;). In the case of anycast demands, both associated demands must
be processed jointly (lines 9-11), while multicast and unicast demands are processed
individually (line 13). The new solution K is evaluated against the previous solution
H, i.e., the link capacity cost is calculated accordingly to the flow allocation (lines
15-17). If the obtained solution is the same as the solution from the previous iteration
after processing all demands, the algorithm stops.

A Lagrangian relaxation method is also used in solving the network design prob-
lem with anycast, multicast and unicast flows (2.3.1). A general framework of solving
network design problems using this method is described in [30]. As in the case of
the flow allocation problem, the key issue is the formulation of a dual problem of the
original optimization problem by relaxing constraints in order to obtain a simpler
subproblem. For more details see [30].

Regarding the EA method described in Sect. 2.2.2, the following modifications are
necessary to solve the network design problem with anycast, multicast and unicast
flows. First, since various types of flows are considered, the chromosome must be
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Algorithm 2.5 FD/AMU/ND (Flow Deviation for Network Design with Anycast,

Multicast and Unicast Flows)

Require: set of edges E, set of anycast, multicast and unicast demands D, sets P(d) including
candidate structures for each demand d € D, capacity module size M, link cost

Ensure: routing structure selection (routing) for each demand d € D included in set X;, value of
objective function

1: procedure FD/AMU /ND(D, P(d))

2: Xy := Find_Intial_Solution(D, P(d)),i:=1

3: test :==0

4: repeat

5: foree Edol, :=& min{y, : My, > f.(X;)}

6

7

8

SR(X;) := Find_Shortest_Structure(D, P(d), X;, L)

H:=X;
for d € D do
9: if Type(d) = ANYCAST then
10: K := (H — {xgp}) U {x44}, where x4, € H and x44 € SR(X;)
11: K = (K — {x;@p D) U {xca)q' ), where xp gy € H and x;(gyy € SR(X;)
12: else
13: K = (H — {xgp}) U {x44}, where x4, € H and x4y € SR(X;)
14: end if

15: F(H) = Find_Objective(H)
16: F(K) = Find_Objective(K)
17: if F(K) < F(H) then H := K
18: if Type(d) = ANYCAST then

19: D:=D\{d, t(d)}
20: else

21: D := D\ {d}

22: end if

23:  end for

24: if X; # H then
25: i=i+1

26: Xi:=H
27:  else

28: test ;=1
29:  end if

30: until zest < 1
31: end procedure

divided into three parts, with each part encoding a selection of routing structures for
a particular type of flow. This approach involves a straightforward implementation of
the crossover operator, which selects the crossover point(s) independently for each
part (demand type) of the chromosome. In consequence, the obtained child solution
is feasible in terms of constraint (2.3.1b). Note that after the crossover operation, the
repair function reported in Algorithm 2.4 is applied only for the chromosome part
that refers to anycast demands. In turn, the mutation operator does not require any
changes. The second adjustment of the EA algorithm refers to chromosome evalu-
ation. More specifically, since the goal of the optimization is to minimize network
cost in terms of capacity cost, to evaluate a particular solution X, link flow f, for each
e € E is first calculated according to (2.2.1b). Next, the link capacity variable y,
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is calculated for each link e € E as the minimum value that satisfies constraint
My, > f, and the network cost is obtained. Note that because link capacities are
determined according to the flow allocation encoded in the chromosome, the link
capacity constraint (2.3.1c) is always satisfied and thus there is no need to use the
penalty function mechanism. This approach means that link capacity variables y, are
not directly encoded in the chromosome, but they are selected indirectly according
to the formulation of the optimization problem.

Concerning the metaheuristics based on the neighborhood search, e.g., LS, TS,
SA, and GRASP, the approach to tackling the network design problem is similar to
the EA method. In particular, the solution encodes the routing decision variable x4,
only. The link capacity variables y, are selected according to the flow allocated
on each link, which yields a value of the objective function (network cost) that is
used to evaluate a particular solution. Consequently, it is not necessary to use the
penalty function associated with the link capacity constraint. Again, in the case of
anycast demands, the repair function shown in Algorithm 2.4 is required to cope
with the anycast constraint. Note that another approach to encoding the solution in
the context of neighborhood search methods is proposed in [60] where the authors
use two vectors with variables x4, and y, to represent the solution. To control the
feasibility of the solution, a penalty function is used.

2.4 Location Problems for Anycast and Unicast Flows

In this section, we address optimization problems related to the location of DC nodes
for a network realizing anycast and unicast flows. Two types of location problems are
formulated in this section. Firstly, it is assumed that each installed DC provides the
same content/service and in consequence each DC can serve every anycast demand.
The goal is to decide on the location of DC nodes, link capacity and routing in order
to minimize the cost related to both DC and link capacity resources. In the second
problem, DCs offer various types of content divided into content groups (CGs).
The optimization process involves locating particular content groups and selecting
routing paths.

2.4.1 Data Center Location and Network Design

Location problems are presented in depth in earlier studies, mainly in the context
of CDNs including web proxy placement, cache location, replica location, e.g., [49,
61-73]. However, the majority of papers on location problems with anycast flows do
not tackle the routing problem, i.e., it is assumed that each client is simply assigned
to the closest DC node using the shortest path. This assumption considerably reduces
the complexity of the optimization problem, since link capacity is not required in
the model. Therefore, the location and network design (NDL) optimization problem
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presented below, involving joint optimization of location, link capacity and flow
allocation, results in significantly more detailed modeling and optimization of real
networks.

The NDL problem for anycast and unicast flows is formulated for both link-path
and node-link notations. In order to write the models, some new notation must be
introduced. First, let R denote a set of network nodes that can host a data center. The
decision variable that determines the location of DC nodes in the network is defined
as u,, which equals 1 if node v hosts a DC node and 0 otherwise. The cost of locating
aDC at node v € R is given by constant 7,.

Link-Path Formulation

To recall, in the link-path notation of anycast flows, the DC node is selected for
a demand directly by choosing the routing path. To ensure that the path selected
to realize an anycast demand a proper (installed) DC as a DC node, constant 7,4,
denotes whether node v € R is a DC node for path p realizing anycast demand d.

CON/AU/NDL/Cost/Link-path

sets

E links

R candidate nodes for data center location
D demands (anycast, unicast)

DAY anycast demands

DPS  anycast downstream demands

P(d) candidate paths for flows realizing demand d. If d is a unicast demand, the
candidate path connects end nodes of the demand. If d is an anycast upstream
demand, the candidate path connects the client node and a node included in
set R (DC candidate node). If d is a downstream demand, the candidate path
connects a node from set R (DC candidate node) and the client node

constants

8.qp =1, if link e belongs to path p realizing demand d; 0, otherwise

. =1, if node v € R is a DC node for path p realizing anycast demand d; 0,
otherwise

hy volume of demand d

& unit cost of link e

M size of the link capacity module

7(d) index of a demand associated with demand d. If d is a downstream demand,
then 7 (d) must be an upstream demand and vice versa
s(p)  origin node of path p
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t(p)  destination node of path p

r number of data centers to be located in network
0y cost of location of a data center at node v, if opened
variables
Xqp =1, if path p is used to realize demand d; 0, otherwise (binary)
vy  capacity of link e as the number of capacity modules (integer)
u, =1, if node v is selected to host a data center; 0, otherwise (binary)
objective
minimize F = deye + Z’Wv (2.4.1a)
ecE VER
constraints
Z xp=1, deD (2.4.1b)
peP(d)
Z Z SeapXapha < My., e € E (2.4.1¢)
deD peP(d)
D xpsp) =D Xeapt(p), deD (2.4.1d)
peP(d) peP(t(d))
> Tuapxay <y, deD™,veR (2.4.1e)
peP(d)
Suy=r. (2.4.17)
VER

The goal of optimization (2.4.1a) is to minimize the sum of link capacity cost and
data center location cost. Equality (2.4.1b) ensures that exactly one routing path is
selected to realize demand d. Condition (2.4.1c) defines the link capacity constraint
to meet the requirement that the flow of each link cannot exceed the allocated link
capacity. Equality (2.4.1d) denotes the anycast constraint. Condition (2.4.1e) ensures
that an anycast demand can be assigned to a routing path p that includes a DC node
installed in the network. More precisely, if a data center is not located at node v (i.e.,
u, = 0), then the right-hand side of (2.4.1e) must be zero, which guarantees that
path p selected to realize demand d cannot use node v as the DC node. The final
constraint (2.4.1f) is in the model to ensure that exactly r data centers are located in
the network.
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Note that heuristic algorithms described in Sects.2.2.2 and 2.3.2 can be adapted
to solve the CON/AU/NDL problem defined as (2.4.1a)—(2.4.1f). To achieve this, the
problem must be divided to two separate subproblems: a DC location problem (with-
out capacity and flow allocation) and a network design problem. The first subproblem
can be solved using methods developed in the context of cache/replica location prob-
lems; see [61-64, 68, 69, 71-73]. When the DCs are located in the network, the pure
network design problem with anycast and unicast flows can be solved.

Node-Link Formulation

New notation is required to write the node-link formulation. Let x,; denote whether
the routing path selected for demand d uses link e. For anycast demands, variable z,4
denotes whether node v is selected as a DC for demand d.

CON/AU/NDL/Cost/Node-link
sets (additional)

Vv nodes

8t (v) links leaving node v

67 (v) links entering node v

DYN  unicast demands

DYS  anycast upstream demands

constants (additional)

sg source node of demand d
t; destination node of demand d

variables

Xe.q =1, if demand d uses link e; 0, otherwise (binary)

y.  capacity of link e as the number of capacity modules (integer)

U, =1, if node v is selected to host a data center; 0, otherwise (binary)

zva =1,1f DC node v is selected as a DC for demand d; 0, otherwise (binary)
objective

minimize F = > &ye+ > noity (2.4.2a)

ecE veR
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constraints
+1 if v=sy
D Xea— D Xea=1{-1 if v=15, veV.deD™ (2.4.2b)
ecst(v) ecs—(v) 0 otherwise
+z,0 if veR
D Xea— D Xa={ -1 if v=1, veV,deD” (2420
ecst(v) ecs—(v) 0 otherwise
+1 if v=ysy
D Xea— D Xea=1-z2a if vER veV,deD” = (2424
ecst(v) ecs=(v) 0 otherwise
> haxea <Mye, ecE (2.4.2¢)
deD
Zvd = Zoey, d €D veR (2.4.2f)
Szu=1 deD™ (2.4.2g)
vER
Zwa <uy, deDW vevV (2.4.2h)
Sy =r. (2.4.21)
VER

The objective function (2.4.2a) is formulated in the same way as in model (2.4.1).
Condition (2.4.2b) is anode-link formulation of unicast demands. Equalities (2.4.2c)—
(2.4.2d) define the flow conservation constraints for downstream and upstream any-
cast demands, respectively. More specifically, if node v is included in set R (i.e.,
node v can be selected as a DC node), the left-hand side of (2.4.2c) must be z,4.
Note that if v is not selected as the DC node of downstream demand d (z,; = 0), the
left-hand side of (2.4.2¢) is 0 and v is a transit node. In turn, if node v is selected as the
DC node of demand d (z,; = 1), the left-hand side of (2.4.2¢) is 1 and v is the source
node of the demand. If the considered node v is the destination (client) node (v = )
of downstream demand d, the left-hand side of (2.4.2c) is —1. Finally, in all other
cases, v is a transit node and the left-hand side of (2.4.2¢) is 0. Constraint (2.4.2d)
defines the flow conservation for upstream demands. Inequality (2.4.2¢) denotes the
link capacity constraint. Equality (2.4.2f) ensures that two associated demands d and
7(d) use the same DC node. Constraint (2.4.2¢) is in the model to guarantee that
every anycast demand uses exactly one DC node. Constraint (2.4.2h) imposes the
requirement that an anycast demand can be assigned to node v that hosts a DC. The
last inequality (2.4.2i) limits the number of DCs to be installed in the network.
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2.4.2 Content Location and Flow Allocation

This section presents the problem of content location and flow allocation in a net-
work with anycast and unicast flows. The content location problem is similar to other
location problems, reviewed in depth in literature, such as the data placement prob-
lem [74, 75] and object placement problem [61, 62, 76—81]. However, the majority
of previous research in this area considers location problems assuming that the opti-
mization of routing (flow allocation) is not included in the model, which significantly
simplifies the formulation and the optimization process.

The optimization model addressed in this section uses a concept of a content group,
which follows directly from the observation that online content can be divided into
groups according to popularity [61, 76, 77, 82—-87]. More specifically, set B includes
content groups and constant v, denotes the size of data related to content group b
given in GB. Due to the fact that popularity of a particular content group can depend
on the geographical location of users and on the population of users located at node v,
constant h,;, defines the volume (bit-rate) of content group b requested by a client
located at node v. This means that network flow associated with a particular content
group b can vary for different network nodes. Content groups are located at DCs node
that are already placed in the network. Binary variable u,;, determines whether the
DC located at node v stores content group b. However, DCs have a limited storage
capacity, therefore the whole content cannot be placed in every DC node. To make
the problem more realistic, it is assumed that some background unicast traffic is
transmitted in the network and #,,, denotes the volume (bit-rate) of unicast traffic
from node v to node w.

Since anycast demands are defined for each node, route modeling is a little differ-
ent than in the previous models. In particular, set P(v, w) includes candidate paths
for flows realizing demand from node v to node w. The assignment of clients to
a DC providing the requested content is controlled by a binary variable z,,,; that
denotes whether node v downloads content group b from a DC located at node w.
Due to traffic asymmetry, the upstream traffic from clients to DCs is not included
directly in the model. However, the bit-rate associated with the upstream traffic is
built-in unicast flows between particular nodes (constant #4,,,,). To reduce the number
of connections to be established in the network, traffic grooming is assumed. More
specifically, the whole traffic between a particular pair of nodes (both anycast traf-
fic serving downloads of content groups and unicast traffic) is provisioned using a
single connection. Without this assumption, due to a potential large number of con-
tent groups, the number of connections serving individual requests to single content
groups may be high. In consequence, binary variable x,,,, denotes whether path p is
used to realize the demand from node v to node w. Similarly, variable f,,,, represents
the volume of flow from node v to node w allocated to path p.
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CON/AU/FAL/Content Groups/Cost

sets

E
\%4
R

links
nodes (clients) that request content
nodes with a data center

P(v,w) candidate paths for flows realizing demand from node v to node w

B content groups
constants
Sewp =1, if link e belongs to path p realizing demand between from node v to
node w; 0, otherwise
Ny volume (bit-rate) of unicast traffic from node v to node w
8vb volume (bit-rate) of content group b requested by node v
Sy storage capacity of a DC located at node v (GBytes)
[/ size of data related to content group b (GBytes)
Ce capacity of link e
e unit routing cost on link e
M large number
variables
Xwyp =1, if path p is used to realize demand from node v to node w; 0, otherwise
(binary)
Zwwp =1, if node v downloads content group b from a DC located at node w; 0,
otherwise (binary)
fowp  volume of flow from node v to node w allocated to path p (continuous non-
negative)
Uyp =1, if DC located at node v stores content group b; 0, otherwise (binary)
objective
minimize F = Z Z Z SevupCefup (2.4.3a)
ecE v,weV peP(v,w)
constraints
D xwp=1 vweV (2.4.3b)
peP(v,w)
fva =< Mwipv vwweV,pe Py, w) (2.4.3¢c)
Z fva = hvw + szwhgwha v,weV (243d)

peP(v,w) beB
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Z Z (Sevafva =C €€ E (2436)
v,weV peP(d)

Zowh < Uy, VER,weV,beB. (2.4.3f)
> Unu < s, veER (2.43g)
beB

>up=1 beB. (2.4.3h)
veR

The goal of optimization (2.4.3a) is to minimize the routing cost of network flows
required to transmit content from DCs and the background unicast traffic. Equality
(2.4.3b) imposes a single path routing. Constraint (2.4.3c) binds variables x,,,, and
Jowp to ensure that flow on path p € P(v, w) is zero if path p is not selected to realize
traffic from node v to node w. Condition (2.4.3d) implements traffic grooming, i.e.,
the volume allocated to a path selected for node pair v and w must be enough to serve
both unicast traffic (h,,) and content traffic (Z:bE sZwb8wh)- Inequality (2.4.3e) is
the link capacity constraint. Condition (2.4.3f) ensures that anycast client at node w
can download a content group b from DC located at node v, only if DC v stores
content group b. The next inequality (2.4.3g) controls the storage capacity limit of
each DC. Finally, constraint (2.4.3h) ensures that every content group is allocated to
at least one DC node. Note that to introduce additional survivability constraints, the
right-hand side of constraint (2.4.3h) could be changed to 2 or a larger number to
enable content replication.

The most straightforward way of solving the above problem using heuristic algo-
rithms is to consider two separate subproblems. The decision on content group place-
ment needs to be determined first, which makes the problem a pure flow allocation
problem and methods proposed in Sect.2.2.2 can be applied.

2.5 Survivable Allocation of Anycast and Unicast Flows

This section focuses on the flow allocation problem with additional survivability
constraints. Two types of network flows are addressed: anycast and unicast. We start
with a short discussion on survivability of connection-oriented networks.

The key idea of providing survivability in a connection-oriented network is to
establish two failure-disjoint paths for each demand, i.e., working path used in a
normal, failure-free state of the network and backup path used when the working
path is not available due to a network failure. Two popular protection methods based
on this approach and considered in the context of connection-oriented networks are
Dedicated Path Protection (DPP) and Shared Backup Path Protection (SBPP). The
key difference between DPP and SBPP is the fact that SBPP makes it possible to share
capacity between backup paths belonging to different demands under the condition
that these resources can be used by a single demand in a given failure scenario. In



68 2 Connection-Oriented Networks

working working DC

upstream

connection backup DC

. working
downstream

connection backup

downstream
connection

upstream
connection

""' ~i
client Seg __ -

-
trsmm=="

Fig. 2.1 An example of a survivable anycast connection with different working and backup DCs

contrast, backup paths in DPP have their own dedicated capacity. This means that
SBPP brings capacity savings compared to DPP.

Additionaly, there are two categories of DPP schemes: 141 and 1:1. In the former,
traffic is permanently duplicated on both the working path and the backup path. The
receiving node selects the signal with the best quality. The 1 + 1 approach is very
efficient in terms of recovery time, since the reaction to a network failure is almost
immediate. However, the 1 + 1 method is relatively costly in terms of capacity usage.
On the other hand, the 1:1 method assumes that in failure-free conditions traffic is
transmitted over the working path, which means extra traffic can be transported along
the backup path in failure-free conditions. When a failure occurs along the working
path, the extra traffic must be prevented from entering the backup path to enable
switching the traffic affected by the failure to the backup path. Consequently, in
comparison with 1 + 1, the 1:1 approach requires higher recovery times [5].

In the context of anycast flows, path protection methods such as DPP and SBPP can
be used differently to the protection of unicast flows. More specifically, anycasting
assumes that the same content/service can be provisioned by several DCs located in
the network. In consequence, working and backup paths of the same demand can use
different DC nodes. For ease of reference, the DC node used by the working path is
denoted as working DC and the DC node used by the backup path is referred to as
backup DC. There are two main reason for this relocation approach using different DC
nodes for working and backup paths. Firstly, this concept protects the network against
a failure of a single DC node, improving network survivability. Secondly, in some
cases a backup path connected to another DC node can provide better performance
according to the considered metric compared to a backup path that uses the same DC
node as the working path. It should be noted that both associated anycast demands
(upstream and downstream) must use the same DC node for working paths and backup
paths, respectively [88]. The relocation approach is presented in [70, 89-99].
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To illustrate the concept of a backup DC, a simple example is shown in Fig.2.1. An
anycast client is located at node 1 and three DCs are placed in the network at nodes
¢,f and g. The anycast client uses node ¢ as the working DC and node f as the backup
DC. Both downstream and upstream connections are shown. Note that if the backup
DC is located in the same node as the working DC (node c), the shortest backup
paths will include at least 4 links (for instance path (a, d, e, b, ¢)), when the backup
DC located at node f is used, the backup path is shorter and includes only 3 links

(path (a, d, e, f)).

2.5.1 Formulations

In this section, two optimization models using DPP and SBPP approaches to provide
network survivability are formulated and discussed. Both models use the node-link
formulation of anycast and unicast flows with some enhancements for addressing
additional survivability requirements. The network is protected against a single link
failure. The following models can be easily adapted to tackle other types of failures,
such as a single node failure or a region failure [70, 98, 99].

Dedicated Path Protection

In DPP, two types of flow variables are used for each demand: x,; denoting whether
working path of demand d uses link e, and b,; denoting whether the working path of
demand d uses link e. In anycast demands, two types of DC node selection variables
are also required, i.e., 7,4 defining whether DC node v is selected as a working DC
for demand d and w,,; defining whether DC node v is selected as a backup DC for
demand d.

CON/AU/FA/DPP/Cost
sets

%4 nodes

R data center nodes
E links

D anycast demands

8t (v) links leaving node v

8~ (v) links entering node v

D demands (anycast and unicast)
unicast demands

DAY anycast demands

DPS anycast downstream demands
DYS anycast upstream demands
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constants

hy volume of demand d

Ce capacity of link e

e unit routing cost on link e

Sq source node of demand d

ty destination node of demand d

t(d) index of a demand associated with demand d. If d is a downstream demand,
then t(d) must be an upstream demand and vice versa

variables
X.q =1, if demand d uses link e on working path; 0, otherwise (binary)
b.qs =1, if demand d uses link e on backup path; 0, otherwise (binary)
zva =1, if DC node v is selected as a working DC for demand d; 0, otherwise
(binary)
wye =1,if DC node v is selected as a backup DC node for demand d; 0, otherwise
(binary)
objective
minimize F = > > Chg(Xea + bea) (2.5.1a)
ecE deD
constraints
+1 if v=yy
D Y= D Xa=1{-1 if v=15, veV,deD™ (2.5.1b)
eest(v) e€s=(v) 0 otherwise
+1 if v=sy
D b= D by=1-1 if v=t5, veV.deD™ (2.5.1¢)
eest(v) €€~ (v) 0 otherwise

eest(v) e€8=(v) 0 otherwise

4w,y if veR
—1 if v=t; veV,deD™ (2.5.1e)
0 otherwise

2 b= D ba=
eedt(v) eed(v)
+1 if v=usy
—zq if veR veV,deD% (2.5.1f)
0 otherwise

PRI TS
eedt(v) e€s=(v)
+1 if v=uyy
—ww if veR veV,deD" (2.5.1g)
0 otherwise

zbed_ Zbed:

ecst(v) eed™(v)

+z,0 if veR
erd— erdz -1 if v=t;, veV,deD" (2.5.1d)
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Zvd = ey, d €D, veR (2.5.1h)
Wid = Wir@y, d €D veR (2.5.1i)
Dza=1, deD™ (2.5.1j)
vER
D> wa=1 deD™ (2.5.1k)
veER
Xed +bea <1, ecE,deD (2.5.11)
D hi(Xeq + bea) < ¢ € €E. (2.5.1m)
deD

The objective (2.5.1a) is to find the routing of both working and backup paths for
all anycast and unicast demands using the DPP approach and minimizing routing
cost. Equations (2.5.1b) and (2.5.1c) define the unicast flow conservation constraints
for working and backup paths, respectively. Equations (2.5.1d)—(2.5.1g) define the
corresponding flow conservation constraints for working and backup paths of down-
stream and upstream anycast demands. Constraints (2.5.1h) and (2.5.1i) are in the
model to ensure that working paths of two associated anycast demands d and 7 (d) use
the same working and backup DC node, respectively. Equations (2.5.1j) and (2.5.1k)
ensure that each anycast demand is assigned to exactly one working and backup DC
node, respectively. Constraint (2.5.11) expresses the DPP, i.e., it ensures that working
and backup path are link disjoint for each demand. Finally, the inequality (2.5.1m)
ensures the link capacity constraint taking into account flows of both working and
backup paths.

The model (2.5.1a)—(2.5.1m) does not include a coupling between the working
and backup DC nodes. Two cases are possible for each anycast demand: (i) working
and backup DCs are located in different network nodes and (ii) working and backup
DC nodes are located in the same network node. For ease of reference, the above
model is referred to as the ADN (Any DC node) model. Some additional constraints
on the selection of working and backup DC nodes are introduced and discussed
below.

The disjoint DC node (DDN) scenario assumes that the working and backup DC
nodes are disjoint for each anycast demand:

> @a+wa) <1, deD™. (2.5.1n)

VveR

DDN model given by (2.5.1a)—(2.5.1n) provides protection against a single DC
node failure, since it protects each anycast demand against any single DC node failure
including the working DC node.

Let k,4 denote a binary constant which is 1 if v is the nearest DC for anycast
demand d and 0 otherwise. To find the value of k4, the shortest paths between the
client node of anycast demand d and each DC node v € R are calculated and the
DC node with the lowest value is selected. The next model, known as the nearest
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DC node (NDN), ensures that both working and backup DC nodes are located in the
same network node, which is the closest to the client node of a particular anycast
demand:

Zod = Wyg = kvg, d € DP5 v eR. (2.5.10)

The main advantage of the NDN model given by (2.5.1a)—~(2.5.1m) and (2.5.10) is
the fact that in many anycasting systems the client is assigned to the nearest DC node
by default. A more comprehensive treatment of DPP of anycast flows and various
working and backup DC node scenarios is given in [70, 98].

Shared Backup Path Protection

The next model assumes the SBPP approach applied to protect the network against a
single link failure [99]. Since the SBPP model is similar to the DPP model formulated
as (2.5.1), we only present additional elements here. To control the sharing of capacity
among backup paths three new variables are introduced. First, let binary variable y g,
denote whether link e is used for a backup path of demand d in the event of link g
failure. Using variable yg4,,, we are able to provide sharing of the backup capacity
among demands for which working paths are failure disjoint. Next, variable y,,
defines the spare capacity on link e required in the event of link g failure. Finally,
variable y, denotes the maximum amount of spare capacity on link e required in the
event of a single link failure, and is calculated simply as the maximum value y,,
considering all single link failures one by one.

CON/AU/FA/SBPP/Cost

variables (additional)

Yaeg =1, 1f in the event of link g failure link e is used as a backup path of demand d;
0, otherwise

Yeg  Spare capacity on link e required in the event of a link g failure (integer)

Ve maximum spare capacity on link e required in the event of a single link failure
(integer)

objective

minimize F = Z Z{ehdxed + Z{eye (2.5.2a)

ecE deD ecE
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constraints (2.5.1a)—(2.5.1k) and

Xed +bgg <1+ Y4y, €,g€E:e#g,decD (2.5.2b)
2Vdeg < Xed +bga, e,8€E:e#g,deD (2.5.2¢)
Yeg = D haYaeg, €.§€E:e#g (2.5.2d)
deD
Yeg <Ye, €. 8§€E:e#g (2.5.2¢)
Ye+ D haxeq < ce. e€E. (2.5.2f)
deD

The objective function (2.5.2a) aims to minimize the network similarly to func-
tion (2.5.1a); however, the cost related to working paths is included directly in the
objective function (first term), while the cost related to backup paths is limited to
the cost of spare capacity (second term). When compared with the DPP, the SBPP
model (2.5.2) includes the same constraints regarding the definition of flows and sur-
vivability requirements, and thus these constraints are not repeated in the formulation.
There are five new constraints following from the SBPP approach. Constraint (2.5.2b)
and (2.5.2c) are used to define variable y,.,. Constraint (2.5.2b) ensures that if both
variables of the left-hand side are 1 (i.e., demand d is affected by the failure of link g
and link e is used by the backup path of demand d), variable y4,, must be 1. In turn,
constraint (2.5.2b) guarantees that if at least one of the variables x.; and b, is 0, then
Ydeg must also be set to 0. Equality (2.5.2d) directly defines variable y,, that denotes
the spare capacity required for on link e when link g is broken. Constraint (2.5.2¢) is
used to find value of y, defined as the maximum amount of spare capacity on link e
taking into account all failure scenarios. Finally, inequality (2.5.2f) imposes the link
capacity constraint, i.e., for each link e € E the flow allocated to working paths and
the capacity left for backup paths cannot exceed the link capacity.

2.5.2 Numerical Results

This section presents and discusses results of numerical experiments reported in [99].
The main goal of the experiments was to compare the SBPP approach assuming shar-
ing of the backup capacity against the DPP approach, where the backup capacity is not
shared in the context of two working and backup DC node scenarios, namely, ADN
and NDN. Numerical experiments were performed with the CPLEX solver [100]
using optimization models (2.5.1) and (2.5.2) formulated in the previous section.
All simulations were run on the NSF network (Fig. A.4, Table A.3). All links
were assigned a capacity equal to 40 Gb/s. Several scenarios referring to 2 and
3 DC nodes available in the network were evaluated. DCs were located at nodes
with a relatively high value of the average node degree. To examine the influence
of anycast traffic on the analyzed protection mechanisms, we define the anycast
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ratio (AR) parameter. Let 24" and hY" denote the overall volume of all anycast and
unicast demands, respectively. Next, let #4! = #4" 4 hU" be the overall demand
in the network. The AR parameter is defined as the volume (capacity) of all anycast
demands divided by the volume of all demands in the network, i.e., AR = b4 /hA!,
Eight scenarios of network load were examined in terms of the AR parameter, namely,
0, 10, 20, ..., 80 %. In each case, three sets of demands were generated at random,
giving 24 different demand sets in total. The number of unicast demands in each set
was selected in the range 7-44, while the corresponding number of anycast demands
was in the range 8-28. The demand volume was selected from the range 1-9 Gb/s
in order to obtain the particular anycast proportion parameter value. For each set of
demands, experiments considered two scenarios (2 and 3 DC nodes) and four models
(SBPP-ADN, SBPP-NDN, DPP-ADN, DPP-NDN). This yields the overall number
of 192 distinct experiments.

To report the results showing the comparison between the SBPP and DPP
approaches, we use a ratio calculated as FS8PP /FPPP where FSBP and FPPP denote
the value of a given performance metric obtained for SBPP and DPP models, respec-
tively. It should be noted that if the value of this ratio is lower than 1, then SBPP
provides a lower value of a particular performance metric compared with DPP.

Figure2.2 shows the costSB” /costPP? ratio as a function of the anycast ratio
parameter. In turn, Table 2.1, presents the average values of the ratio between SBPP
and DPP (averaged over all cases of the analyzed anycast traffic proportion) for the
following performance metrics: cost (objective function of both models), capacity
utilization (ratio of network capacity allocated to demands), working and backup
path length in km, and hop count for both unicast and anycast demands.

The average value of the cost>®"" /costP"P ratio (taking into account all exper-
iments) is 0.64, which means that SBPP outperforms DPP by 36 %. The detailed
analysis of the results presented in Fig.2.2 indicates that the ratio between both
models becomes less evident with the increase of the anycast ratio. This can be
explained by the fact that anycast demands must have one of the end nodes located
at the DC node. Let us recall that the capacity sharing used in the SBPP approach
assumes that the backup capacity can be shared by demands that have failure-disjoint
working paths. However, the majority of anycast traffic concentrates on links adja-
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Fig. 2.2 Average cost ratio between SBPP and DPP models as a function of the anycast ratio



2.5 Survivable Allocation of Anycast and Unicast Flows 75

Table 2.1 Average ratio between SBPP and DPP approaches for various performance metrics

Number of DC nodes 2 3 2 3
DC node scenarios ADN ADN NDN NDN
Cost 0.65 0.67 0.62 0.62
Capacity utilization 0.60 0.61 0.56 0.57
Unicast working path length 1.01 1.01 1.01 1.05
Unicast backup path length 1.71 1.68 1.78 1.86
Unicast working path hops 1.01 1.01 0.99 1.03
Unicast backup path hops 1.49 1.43 1.53 1.55
Anycast working path length | 1.01 1.06 1.01 1.03
Anycast backup path length 2.00 2.09 1.79 1.91
Anycast working path hops 1.00 0.98 1.01 1.02
Anycast backup path hops 1.54 1.60 1.43 1.56

cent to DC nodes. Accordingly, there are fewer opportunities to share the backup
capacity in the event of a failure of a link adjacent to a DC node.

Moreover—as shown in Fig.2.2—the increase of the number of DC nodes (here
from 2 to 3) also reduces the gap between SBPP and DPP. As DC nodes are spread
over the network, anycast demands use shorter backup paths than unicast demands
in terms of the hop count. Accordingly, when the number of DC nodes increases,
the average path hop count decreases, which means that once again there are fewer
possibilities to share the backup capacity.

As shown in Table 2.1, the DC node location scenario (ADN vs. NDN) does not
have a significant impact on the SBPP/DPP ratio. Nevertheless, the ADN approach
provides lower values of the cost percentage difference (equivalent to higher val-
ues of the SBPP/DPP ratio) compared to the NDN scenario. This is because the
ADN scenario is flexible and benefits more from switching anycast demands to
another DC node after a network failure. However, in the NDN approach, both
working and backup paths of anycast demands are assigned to the same, closest DC
node. Therefore, in this case anycast traffic performs similarly to unicast traffic; in
consequence—as explained above in the context of cost values (see Fig.2.2)—the
difference between the SBPP and DPP approaches increases.

Another interesting observation is that the capacity utilization metric returns a
performance similar to the cost objective, i.e., as the anycast ratio parameter and the
number of DC nodes increase, the difference between SBPP and DPP decreases. Note
that on average, the SBPP model requires 42 % less capacity than DPP. Moreover, the
results show that the SBPP model yields significantly longer backup paths compared
to the DPP model. This is because the objective function (2.5.2a) includes the cost of
the shared backup capacity, not the cost of every backup path as in the DPP model.
Hence, in the SBPP model backup paths are selected in order to share the backup
capacity, even if they become relatively long. More information on SBPP protection
of anycast and unicast flows and additional results can be found in [99].
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2.6 Protection Design with Anycast and Unicast Flows

This section continues the discussion on the protection of connection-oriented net-
works with anycast flows and presents a network design problem. In contrast to the
previous section where the node-link notation was used to model network flows, here
we use the link-path approach. Moreover, a general concept of failure state (situ-
ation) is applied to model network failures [4]. Simply put, a failure state models
any failure that can occur in the network and it is specified by the availability status
of the network elements (links and nodes). The DPP approach is as the protection
method; the optimization and heuristic can be modified easily to also address the
SBPP approach.

2.6.1 Formulation

The optimization model involves the joint optimization of anycast and unicast flows
protected by the DPP method [101-103]. The objective is to minimize the cost of
the network essential to fully protect all flows (unicast and anycast). As in [4], the
notion of failure states is used. Let set S contain all failure states considered in the
network including the special state sy denoting the normal state of the network when
all network elements are available. Each failure state s € S is defined by a vector of
binary link availability coefficients oy = (i, s, - . ., @|E|s), 1.€., I a given failure
state a particular link e is either fully available (s = 1) or it is completely broken
(ates = 0). This approach, makes it easy to model various failure scenarios. For
instance, if a single link failure scenario is studied, then set S includes |E| 4 1 failure
states, 5o denotes the normal state with all links available (c,, = 1 for each e € E)
and s, denotes the situation when link e is broken (a.,, = 0).

To provide path protection for each demand d € D, set P(d) including candidate
pairs of the failure situation disjoint paths is given. Each pair of paths is denoted
as (Wgp, bgp), where wy, refers to the working path and by, refers to the backup path.
Constant 8,4, defines working path wg, and is 1 if link e belongs to wg,. In turn,
constant B4, describes the backup path by, and is 1 if link e belongs to b,,. The
working path wy, (used in the normal, failure-free network state) is protected by
the dedicated backup path bg4,, which is failure-situation disjoint with the working
path wg,. This approach ensures that when a particular working path is broken, its
backup path must be available for each failure state s € S. The binary availability
coefficient 6, indicates whether the working path wy, is affected by a failure s. In
particular, ,,; = Heewd,, a, since if at least one link e of path wg, is broken in state
s (ctes = 0), then path wy, is not available (6,,; = 0) and must be restored using
backup path bg,.

Because associated anycast connections d and 7(d) must be connected to the
same DC, there are two possible cases when a failure affects demand d and/or 7 (d).
Firstly, in failure state s only one demand of the pair (d, t(d)) is broken. Let d denote
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the broken connection, i.e., working path wg, selected for demand d containing a
link broken in state s. Thus, backup path b4, must use the same DC node as the DC
included in working path w; 4), of demand 7 (). In the second case, both associated
anycast demands (d, t(d)) fail due to failure s (i.e., both working paths wy, and
Wz (4)q are broken in situation s). Then, to restore demands d and 7 (d), backup paths
bgp and b (4, can use a different DC to the node included in corresponding working
paths wg, and w; (4),, respectively. This approach following directly from the anycast
paradigm should make it possible to reduce network cost, and it is analogous to the
backup DC concept described in Sect.2.5.

CON/AU/ND/DPP/Cost/Link-path

sets
E links
D demands (anycast, unicast)

DP5  anycast downstream demands

P(d) pairs of failure disjoint candidate paths for flows realizing demand d. If d is
a unicast demand, the candidate path connects end nodes of the demand. If d
is an anycast upstream demand, the candidate path connects client node and
DC node. If d is a downstream demand, the candidate path connects the DC
node and the client node

S failure states (situations)

constants

8eqp =1, if link e belongs to working path wg, realizing demand d; 0, otherwise
Beap =1, if link e belongs to backup path b, realizing demand d; 0, otherwise
hy volume of demand d

&, unit cost of link e

M size of the link capacity module

7(d) index of a demand associated with demand d. If d is a downstream demand,
then t(d) must be an upstream demand and vice versa

O4ps  binary availability coefficient of working path wy, in state s

o(p) origin node of working path p

t(p)  destination node of working path p

o(p) origin node of backup path p

t(p)  destination node of backup path p

variables

Xgp =1, if pair of paths (wg,, bgy) is used to realize demand d; 0, otherwise (binary)
ye  capacity of link e as the number of capacity modules (integer)
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objective
minimize F = Zéeye (2.6.1a)
ecE
constraints
> xp=1, deD (2.6.1b)
peP(d)
S xiphaGeapBups + Beay(1 = 04p)) < My, ecE.s€S  (26.10)
deD peP(d)
Z Xgpo(p) = z Xe@pt(p), deDPS (2.6.1d)
peP(d) peP(t(d))
D xpo(P) = D Xewpl(p), deD. (2.6.1¢)
peP(d) peP(t(d))

The objective (2.6.1a) is to minimize the cost of network capacity required for
working flows and for protection against all failure scenarios included in set S. Con-
dition (2.6.1b) is in the model to guarantee that a single pair of paths (working
and backup) is selected to realize demand d. Inequality (2.6.1c) controls the link
capacity constraint. More precisely, for each link e € E and each possible failure
state s € S, the allocated link capacity (right-hand side of (2.6.1c)) must exceed the
flow on the link (left-hand side of (2.6.1c)). Note that if working path wg, is not
available (i.e., at least one link belonging to wg, is broken is state s and 64,; = 0),
then backup path by, is activated. Therefore, the left-hand side of the link capacity
constraint (2.6.1c), includes both working flows transmitted in the event of failure
s (term > deb ZPE P d)xd,,hdﬁedpéd,,s) and backup flows activated after failure s (term
> deD ZPE P d)xd,,hd Beap(1 —04p5)). Constraint (2.6.1c) assumes the stub-release sce-
nario, i.e., the flow of the broken working path is released in the network and this
free capacity can be used for restoration [4]. Constraints (2.6.1d) and (2.6.1e) ensure
that working and backup paths of two associated anycast demands connect the same
pair of nodes, respectively.

Note that in the problem (2.6.1a)—(2.6.1e) the DC node of an anycast demand
can be changed due to the restoration process (backup DC concept). To remove this
option, the following constraint must be added to the model:

Z Xgpo(p) = Z Xe@po(p), d € DS, (2.6.1f)

peP(d) peP(z(d))

More discussion on joint optimization of anycast and unicast flows with additional
survivability constraints can be found in [101-103].
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2.6.2 Cut Inequalities

Cut inequalities are used to facilitate the optimization process. More specifically,
cut inequalities enable the branching phase of the branch-and-cut algorithm to use
additional information included in the cuts in calculations of more effective bounds. A
cut-and-branch variant of the branch-and-cut algorithm assumes that cut inequalities
are added in the root node of the solution tree only. In consequence, all generated
cuts are valid throughout the whole solution tree [104]. The main advantage of this
approach is that the cut inequalities are calculated once only, and more time can be
spent generating relatively tight bounds compared to the classical scenario, when
cuts are generated in each node of the solution tree. For more general information on
applications of branch-and-cut algorithms with cut inequalities to various network
optimization problems see [4, 104-115].

The first cut inequality proposed for problem (2.6.1) is a version of a partition
inequality obtained by separating network nodes into two subsets and analyzing
the flow and capacity of links included in the cut between these two sets [108].
The key modifications of the below approach—compared to the classical partition
inequality—follow from two specific features of the problem (2.6.1), i.e., anycasting
and survivability.

Set V contains all nodes in the considered network. Let R denote the set embracing
all nodes that host a data center and let C = V\R denote the set of all other network
nodes. For ease of notation, let o(e) and t(e) be the origin node and destination
node of link e, respectively. Analogously, let o(d) and #(d) denote the origin node
and destination node of demand d, respectively. Let us recall that in the context of
anycast demands, the origin (destination) node of upstream (downstream) connection
is the client node. The destination (origin) nodes of upstream (downstream) demand
are selected from DC nodes included in set R.

Let n(W) denote a graph cut induced by W C V, i.e., n(W) includes all links
with the origin node in set W and the destination node in its complement set (V\W).
Note that links are directed, i.e., in the case of n(W) links originate in W. Moreover,
h(W, W’) is the overall flow related to all demands that have the origin node included
in W and the destination node included in W':

W, W') = > hy. (2.6.2)
d:o(d)eW ,((d)eW’

For instance, h(R, C) defines the overall flow from client nodes to DC nodes
taking into account both unicast and anycast demands. To formulate the DC partition
inequality, the following inequalities are defined:

> My. > h(R, ) (2.6.3a)
ecn(R)
> My, = h(C,R). (2.6.3b)

een(C)
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Inequality (2.6.3a) is explained as follows. The left-hand side of (2.6.3a) is the
overall link capacity necessary to be installed on links included in n(R) to satisfy
traffic coming from nodes included in R to nodes included in C (right-hand side), i.e.,
cut n(R) must carry the whole anycast downstream traffic as well as unicast traffic
related to demands that originate in nodes from R. Similarly, inequality (2.6.3b) is
formulated for traffic in the opposite direction. Using the mixed-integer rounding
(MIR) approach [108, 111], it is possible to make (2.6.3a) and (2.6.3b) stronger as
follows:

D e fh(ILC)W (2.6.42)
een(R)
h(C,R)
D vez ==, (2.6.4b)
een(C)

Finally, network survivability can be taken into account to provide more effective
cut inequalities. In a nutshell, assuming a single link failure scenario and using a
single backup path to protect the network in 100 %, the left-hand side of (2.6.4a) and
(2.6.4b) can be modified by removing from a particular cut one by one a single link.
At the same time, all other remaining links must provide enough capacity to carry
the whole traffic between sets R and C in both directions:

h(R, C
> vexT (M ), ¢ enmw (2.6.52)
een(R)\e'
hC,R) .
> ve=1 (M )1, ¢ eno). (2.6.5b)
een(O)\e’

Constraints (2.6.5a) and (2.6.5b) are the final versions of the partition inequality.

To formulate the next inequality, the following notation is introduced. First recall
that 8% (v) is defined as a set of links that originate at node v and 8~ (v) is a set
of all links that terminate in node v. Moreover, let h*(v) = >, ;—/a and let
h=(v) = 2 4u)=ha denote the overall demand flow leaving and entering node v,
respectively. This cut inequality is again based on the concept of partition inequality
and the MIR approach. In fact, the outgoing and incoming demands are analyzed for
each node v € V. Since a single backup path protection method is used, similarly
to (2.6.5a) and (2.6.5b), the capacity of links in the outgoing (incoming) node v
excluding any single link must be sufficient to satisfy the outgoing (incoming) overall
demand flow of node v. Therefore, the node partition inequality can be formulated
as follows:

.
> vz fhjv([v)w, vev, e estw) (2.6.62)

eest(v)\e
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h=(v) ;e
D vzl veV.des o). (2.6.6b)
eed~(v)\e

Finally, a rather obvious cut inequality involves using a solution of problem (2.6.1)
provided by the heuristic algorithm as an upper bound of the objective function
(2.6.1a).

Results showing the effectiveness of cut inequalities proposed above are presented
and discussed in [102]. In turn, heuristic algorithms solving problem (2.6.1) can be
found in [102, 103].

2.7 p-Cycle Protection of Anycast Flows

Sections 2.5 and 2.6 focused on path protection methods. Further interesting concepts
that can be used to provide network survivability are methods based on ring topology,
e.g., bidirectional line switched rings (BLSRs) or unidirectional path-switched rings
(UPSRs). The main advantage of ring-based survivability is the fact that rings use
a simple switching mechanism which permits very fast restoration. However, the
key disadvantage of ring-based methods is the high consumption of spare capacity
required to provide survivability. i.e., a redundancy of at least 100 % is needed.
Moreover, in recent years there has been a trend to shift from ring-based to mesh-
based networks, therefore the use of protection rings is on the decline [5, 6, 116,
117].

An interesting survivability approach that combines the relatively short restora-
tion time offered in ring-based protection with efficient usage of network capacity
provided in mesh protection is the concept of p-cycles proposed in the late 1990s. In
particular, a p-cycle can be defined as a preconfigured ring created in a mesh network.
The main advantage of the p-cycle concept is that as well as providing protection for
all on-cycle links (as in traditional ring-based protection), a p-cycle can also protect
straddling links that are not on the p-cycle but both their end nodes are included in
the p-cycle. This additional protection improves the capacity efficiency of p-cycles
over traditional ring-based schemes [6, 117, 118].

The majority of earlier research into p-cycles focused on unicast flows, e.g., [6,
118-129]. Moreover, some papers also considered p-cycle protection of multicast
flows, e.g., [130—141]. This section presents a novel p-cycle known as the Anycast-
Protecting p-Cycle (APpC) proposed to protect anycast flows in connection-oriented
networks [142-145].

The APpC approach is used to protect anycast flows related to streaming services
provided in backbone networks. More precisely, a set of streaming servers (data
centers) is located in some nodes of the network and each server provides the same
signal with the same rate, e.g., IPTV service. End users requesting the streaming
service are connected to backbone network nodes by access networks. However, we
focus on backbone network optimization only, therefore all users connected to the
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same backbone network are aggregated and represented as a single anycast client
that must receive the streaming service. In other words, if at least one user connected
to a particular backbone network node requests the streaming service, this node must
be provided with a connection to a streaming server. Transmission in a failure-state
of the network is provided by anycast connections, while protection against single
link failures is provided by p-cycles. We start by describing the concept of Anycast-
Protecting p-Cycles, followed by formulating and discussing the optimization model
and presenting and analyzing numerical results.

2.7.1 Anycast-Protecting p-Cycles

The concept of Anycast-Protecting p-Cycles (APpC) was first proposed in [142] and
applied to various optimization problems with anycast flows [143—-146].

A classical p-cycle supports the protection of physical links that are on-cycle links
or straddling links. Therefore, if all network links are to be protected, the p-cycles
must be configured such that each network link is an on-cycle link or a straddling link
of atleast one p-cycle established in the network [6]. An illustrative example is shown
in Fig.2.3. The network consists of 10 nodes. There are two streaming servers 7| and
r, located in nodes a and c, respectively. The anycast client c; is placed at node j. A
working path (a, e, h, j) (solid bold line) is established to provide a streaming service
for client ¢;, which means that client c; uses server r;. To provide 100 % protection
of the working path p; = (a, e, h, j), two classical p-cycles are established (dotted
lines): g, = (a,d,e,b,a) and q» = (e,f,1,j, h, g, e). More precisely, link (a, e)
is a straddling link of p-cycle g, link (e, k) is a straddling link of p-cycle ¢, and
link (%, j) is an on-cycle link of p-cycle g».

The authors of [124] propose a new idea of flow p-cycles. The key innovation
is that protection is provided on the level of flow paths instead of physical links as
in the case of classical p-cycles. Accordingly, instead of a single physical link, a

Fig. 2.3 Example of
classical p-cycles

client ¢;
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Fig. 2.4 Example of an
anycast-protection p-cycles

client ¢,

path segment can be considered to straddle the cycle, i.e., two end nodes of the path
segment are included in the cycle to enable protection of the whole path segment. This
results in a more efficient allocation of spare capacity and leads to a decrease in the
capacity usage, while still providing 100 % protection. Moreover, [147] introduces
an extension of flow p-cycles known as Failure-Independent Path-Protection (FIPP)
p-cycles. The main assumption behind FIPP p-cycles is that failure-independent paths
are grouped and only one p-cycle is needed to protect each group. This approach
results in an even more efficient allocation of spare capacity in comparison to flow
p-cycles.

The anycast-protecting p-cycle approach proposed in this section combines the
concept of classical and flow p-cycles with additional anycasting properties. We use
the fact that each data center (streaming server) provides the same signal. Therefore,
if a particular p-cycle includes one streaming server, it can protect a working path
of a client connected to another server. This is described using a simple example
shown in Fig.2.4. The general assumptions are the same as in Fig. 2.3. To protect the
working path established for client c;, only one anycast-protecting p-cycle is required
qs = (b, c,i,j, h, f, b). It should be stressed that p-cycle g3 includes streaming server
r; located at node c. Note that only link (4, j) is protected in a classical way, i.e., as an
on-cycle link of p-cycle g3. Two other links of the working path pi, (a, ¢) and (e, h),
are protected due to the fact that p-cycle g3 includes server r, and thus if any of these
links fail (meaning that client ¢, is disconnected form server r; located at node a),
client c; can still can receive the streaming signal using p-cycle g3 and server r;.

2.7.2 Formulation

Since only streaming servers provide transmission to anycast clients, only down-
stream anycast demands are considered. Moreover, because all streaming servers
provide the same signal with the same bit-rate, each demand has the same volume
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equal to 1 normalized capacity unit. To model anycast flows in a failure-free state
of the network, link-path modeling is applied, and for each anycast demand d there
is a set of candidate paths P(d) connecting one of the streaming servers and client
node of demand d. Moreover, set Q including candidate p-cycles is given. Each
p-cycle g € Q is described with a set of constants. Firstly, let binary constant .,
denote whether link e belongs to (creates) p-cycle g. Next, binary constant y,, defines
whether link e is protected in a classical way (as an on-cycle link or a straddling link)
by a p-cycle ¢. Finally, constant w,y, describes the anycast-protection properties
of p-cycles. More specifically, w.4qp is 1 only if link e belongs to path p realizing
demand d and is protected by a p-cycle g in the anycast-protection mode. It should be
stressed that constant w,q, 18 activated (set to 1) only if additional protection result-
ing from anycast-protection p-cycles is used. Consequently, w,,q, does not duplicate
the protection provided in a classical way and represented by constant y,,.

The routing of working paths is controlled by the binary variable x4,. Link capacity
expressed in normalized units is denoted by the integer variable y,. The selection of
p-cycles required to fully protect the network is described by four types of variables.
Firstly, binary variable z.44, denotes whether p-cycle g is used to protect path p
realizing demand d in the event of link e failure. Secondly, the binary variable z.4q
indicates whether p-cycle g is applied to protect demand d in the event of link e failure.
Thirdly, the integer variable z,, represents the number of required copies of p-cycle
q in the event of link e failure. Finally, the integer variable z, is the maximum value
over z,, for each network failure, and thus it denotes the total number of required
copies of p-cycle g.

CON/A/ND/PCycle/Cost

sets

E links

D anycast demands (downstream)

P(d) candidate paths for flows realizing demand d, the candidate path originates
at the DC node and terminates at the client node
0 candidate p-cycles

constants

Sedp =1, if link e belongs to path p realizing demand d; 0, otherwise

Beg =1, if link e belongs to p-cycle g; 0, otherwise

Veq =1, if link e is protected in a classical way (as an on-cycle link or a straddling

link) by a p-cycle g; 0, otherwise

Weqdp =1, if link e belongs to path p realizing demand d and it is protected by
p-cycle g in the anycast-protection mode, but link e is not protected in the
classical mode by p-cycle g (., = 0); 0, otherwise

& unit cost of link e
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variables

Xdp =1, if path p is used to realize demand d; 0, otherwise (binary)

Ve capacity of link e as the number of normalized units M (integer)

Zeqdp =1, if p-cycle q is used to protect path p realizing demand d in the event of
link e failure; 0, otherwise (binary)

Zeqa =1, if p-cycle g is used to protect of demand d in the event of link e failure;

0, otherwise (binary)
Zeg number of required copies of p-cycle ¢ in the event of link e failure (integer)

Zq total number of required copies of p-cycle ¢ (integer)
objective
minimize F = Z&ye (2.7.1a)
ecE
constraints
> xp=1, deD (2.7.1b)
peP(d)
> YVeq + eqap)2eqip = SeapXap. d €D, p € P(d), e € E (2.7.1¢c)
q€Q
Zegd = Zegdps d €D,peP(d),qge Q,ecE (2.7.1d)
Zeg = ZZ‘—"I"’ qgeQ,ecE (2.7.1e)
deD
g > Zeq, 9E€Q,e€E (2.7.1f)
Z Z SedpXap + Z,Bequ <y., ec€kE. (2.7.1g)
deD peP(d) qeQ

The goal of the optimization described in (2.7.1a) is to minimize the cost of the
capacity required in the network to establish working paths for every anycast demand
and to provide 100 % protection using of p-cycles. Equation (2.7.1b) ensures that
there is exactly one routing path chosen for each demand. Constraint (2.7.1c) states
that if link e is used to realize demand d (8.4, = 1 and x4, = 1), then there must
be protection against link e failure by at least one p-cycle ¢, either in a classical
way (Yeq = 1) or in the anycast-protecting mode (w.qqp = 1). Conditions (2.7.1d)
and (2.7.1e) define variables z.,q and z.,, respectively. Inequality (2.7.1f) states that
variable z, is the maximum of z,, variables taking into consideration every single
link failure. The last inequality (2.7.1g) is the link capacity constraint. Note that the
first term on the left-hand side of (2.7.1g) denotes the working capacity required
on link e to realize all anycast demands, while the second term represents the spare
capacity needed for p-cycles.
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Model (2.7.1) can be modified so that only classical p-cycles are used by removing
constant w,,g, from the left-hand side of constraint (2.7.1c). Furthermore, if routing
of anycast demands (working paths) is fixed and values of variables x4, are given in
advance as constants, model (2.7.1) can be applied to optimize spare capacity usage
only. For more details see [142—-146].

Moreover, note that an idea similar to anycast-protection of p-cycles can be applied
to protect multicast flows as shown in [132, 133, 146]. Let us recall, that in anycast-
protection of p-cycles, alternative data (signal) sources were accessible by using
another DC included in a particular p-cycle. Considering multicast flows, alternative
signal sources are found within the current multicast tree used for streaming. More
specifically, if a p-cycle includes any network node connected to the tree and not
affected by the network failure (i.e., a node not disconnected from the root node),
such a node can provide the signal to nodes of the multicast tree affected by the
failure and disconnected from the root node.

2.7.3 Numerical Results

To obtain optimal results for the CON/A/ND/PCycle/Cost problem (2.7.1), the
Gurobi solver [148] was applied. In [142—146] two heuristic methods of solving sev-
eral optimization problems with anycast-protecting p-cycles were proposed and ana-
lyzed: a greedy algorithm Feedback Functional Efficiency Ratio Algorithm (F?ERH)
and the Simulated Annealing (SA) approach. However, since the Gurobi solver pro-
vided optimal results in a relatively short execution time, here we focus only on the
optimal results. The main goal of the numerical result experiments was to compare
the performance of anycast-protecting p-cycles and classical p-cycles.

The following four network topologies included in the SNDIib library [149] were
tested: cost266 (37 nodes and 114 links), germany50 (50 nodes and 176 links), giul39
(39 nodes and 172 links), and pioro40 (40 nodes and 178 links). Test scenarios
(problem instances) were created at random according to several unique parameters:
number and location of streaming servers (data centers), number and location of
anycast clients, candidate p-cycles. For working flows three candidate paths using
the k-shortest path algorithm were generated. We chose this number of candidate
paths to find a good trade-off between the overall problem size resulting directly
from the number of candidate paths and precision of the model in terms of routing
diversity.

In order to generate candidate p-cycles, two algorithms (p-cycle generators) were
used: Straddling Link Algorithm (SLA) known as the Straddling Span Algorithm
(SSA) [6, 150] and Expand [151]. We used values 5, 10, 15, 20 and 25 of the
p-cycle maximum hop limit to generate candidate p-cycles. The reason for limiting
the maximum hop limit for p-cycles is as follows. The length of a p-cycle estimates
the transmission delay experienced in a particular p-cycle used to protect the working
flows. Minimizing the transmission delay is an important Quality of Service (QoS)
requirement expected in networks, especially when multimedia or real-time data
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is transmitted. Instead of adding an extra constraint to the optimization model, the
p-cycle length (number of hops)—and in consequence—transmission delay can be
addressed during the phase of generating candidate p-cycles. This approach facili-
tates solving the optimization model using branch-and-bound algorithms. Moreover,
without limiting the p-cycle hop count, some generators yield very high numbers of
candidate p-cycles, significantly increasing the time needed to solve the model in an
optimal way.

Table 2.2 shows the average percentage gain in the network cost of using anycast-
protecting p-cycles (APpC) instead of classical p-cycles (CpC). The results are pre-
sented for all tested networks and two cases: spare capacity optimization and joint
working and backup capacity optimization. The results are averaged over 75 differ-
ent tests assuming 20 clients, 4 DCs and the Expand generator with 10 hops limit. It
is clear that using classical p-cycles is between 15.2 and 19.3 % more expensive on
average than using anycast-protecting p-cycles.

Tables 2.3 and 2.4 show more detailed results using the cost266 network for spare
capacity and joint working and spare capacity optimization problems, respectively.
Anycast-protecting p-cycles and classical p-cycles are compared in terms of the
following performance metrics: average network cost (columns 3-5), average p-cycle
length (in hops) selected in the optimization (columns 6-7) and average number of
selected p-cycles (columns 8-9). The results are presented separately for seven cases
regarding p-cycle generator scenarios (rows): the SLA generator with hop limit 5

Table 2.2 Anycast-protecting p-cycles versus classical p-cycles—average percentage gap of the
network cost for 20 clients, 4 DCs and expand generator with 10 hops path limit

Network Spare capacity (%) Joint capacity (%)
cost266 18.1 18.0
germany50 18.7 17.1
giul39 16.8 15.2
pioro40 19.3 18.6

Table 2.3 Anycast-protecting p-cycles versus classical p-cycles for spare capacity optimization—
various parameters obtained for cost266 network

p-cycles Av. network cost Av. p-cycle length | Av. number of p-cycles
Generator | Hop CpC APpC | Gap (%) | CpC APpC | CpC APpC
limit

SLA 5 606 573 7.4 34 34 232 21.7

SLA 10 492 450 10.8 7.3 7.5 13.7 12.5

Expand 5 591 559 7.9 39 4.0 22.7 21.2

Expand |10 536 473 14.8 8.4 8.6 11.6 10.1

Expand |15 501 446 13.2 12.4 12.5 9.5 8.5

Expand |20 493 438 13.5 17.9 18.0 9.0 8.1

Expand |25 493 442 11.8 20.3 20.6 8.9 8.1
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Table 2.4 Anycast-protecting p-cycles versus classical p-cycles for joint working and spare capac-
ity optimization—different parameters obtained for cost266 network

p-cycles Av. network cost Av. p-cycle length |Av. number of p-cycles
Generator | Hop CpC APpC Gap (%) | CpC APpC CpC APpC
limit

SLA 5 761 689 11.7 3.7 34 18.0 22.5

SLA 10 641 576 12.1 8.0 7.5 10.0 12.6
Expand 5 748 674 12.2 4.0 3.7 17.3 21.9
Expand |10 663 585 13.4 9.0 8.7 8.0 10.1
Expand |15 630 565 11.6 13.0 12.9 6.9 8.2
Expand |20 631 568 11.1 18.6 18.4 6.7 7.7
Expand |25 558 505 10.6 21.7 21.5 6.0 6.7

and 10, and the Expand generator with hop limit 5, 10, 15, 20 and 25. Since the
SLA algorithm generates relatively short p-cycles, the maximum considered hop
count was limited to 10. The results are averaged over 4875 distinct cases different
in terms of the anycast client number (2-26), anycast client location, DC number
(2-8) and DC location.

The first observation is that these results confirm that using anycast-protecting p-
cycles reduces the network cost related to spare and working capacity when compared
to classical p-cycles. Tables 2.3 and 2.4 show that the gain of using anycast-protecting
p-cycles is lower than that in the results shown in Table 2.2. This is due to the number
of anycast client assumed in both cases, i.e., the results in Tables2.3 and 2.4 are
averaged over various number of anycast clients (2-26), while Table2.2 presents
results yielded for 20 anycast clients. Comprehensive analysis of the results clearly
reveals that as anycast clients increase, the gap between both types of p-cycles grows.
For more details on this issue see [144—146].

The second interesting observation refers to the examination of the p-cycle type
and hop limit influence on the results. It is clear that, in general, increasing the hop
count limit of p-cycles reduces the network cost for both anycast-protecting p-cycles
and classical p-cycles. This is because longer p-cycles protect a large number of
working flows. Moreover, for a higher hop count limit, a lower number of p-cycles
is required to provide protection for all working flows, making management of the
network simpler. However, as mentioned above, longer p-cycles can significantly
increase the transmission delay experienced in the event of a network failure.

The average execution time required to solve optimization models using the
Gurobi solver was counted in tens of seconds. The key difficulty in solving the mod-
els was the memory requirement resulting from the high number of variables and
constraints. Accordingly, for larger problem instances the Gurobi solver returned fre-
quently the ‘out of memory’ error and was unable to provide a feasible solution of the
problem. For more results and discussions on the application of anycast-protection
p-cycles, see [142-146].
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2.8 Multi-layer Optimization

All optimization problems presented so far in this book are related to single-layer
networks. The concept of multi-layer network modeling has been gaining a lot of
attention in recent years due to growing demands to provide more precise models
that enable efficient optimization and in consequence cost savings in design and
operation of computer and communication networks. Many issues related to multi-
layer modeling have been addressed in numerous books and papers, e.g., [4, 6, 152—
163]. However, multi-layer optimization with anycast flows has only been considered
in [49, 164].

It should be stressed that the multi-layer network approach makes it possible
to optimize the whole network much more efficiently compared to the single-layer
method where each layer is optimized separately, which cannot guarantee the global
optimality of the solution. Nevertheless, optimization of multi-layer networks brings
additional challenges. In particular, because more network layers are considered, the
optimization problem increases; in consequence this triggers the need to develop new
heuristic algorithms, since exact solutions given by branch-and-bound and branch-
and-cut methods can be obtained for relatively small networks only. A more com-
prehensive treatment of modeling and optimization of multi-layer networks is given
in [4].

2.8.1 Formulation

In this section, we present a two-layer network design problem with simultaneous
unicast, multicast and anycast flows realized in the upper layer [49, 164]. The network
consists of two layers; upper layer links are denoted by set E and lower layer links
are represented as set G. Anycast, multicast and unicast traffic demands included in
set D are defined in the upper layer, since it is assumed that DCs are accessed by
protocols or technologies implemented in the upper layer of the network. For each
demand d € D, a set of candidate structures P(d) is given. Each candidate structure
p € P(d) is defined as a set of upper layer links. The concept of two-layer network
modeling assumes that each link e € E of the upper layer can be realized using
paths g € Q(e) established in the lower layer, i.e., each path g € Q(e) is defined as
a set of lower layer links. In consequence, links e € E of the upper layer create a
virtual topology used to realize traffic demands. Going down the network hierarchy,
upper layer links included in set E represent the demand pattern of the lower layer.
Note that to formulate a multi-layer model, this approach is repeated going down the
network hierarchy for each subsequent layer.

The connection-oriented approach is applied in both layers, i.e., a single path
routing is ensured. The link capacity of both layers is allocated in modules; the upper
layer capacity uses modules of size M, while the lower layer capacity is allocated
with modules of size N. Integer variables y, and u, denote the capacity (in modules)
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assigned to upper and lower layers, respectively. Binary variable x4, denotes the
routing structure selected to realize demand d, while integer variable z,, indicates
how many copies of path g are used to realize upper layer link e using lower layer
resources. Variable z., is a non-binary integer, in order to allow capacity y, assigned
to link e to be greater than the size of one capacity module M.

To illustrate this idea, the following example of MPLS over a WDM network
is presented. The upper layer uses the MPLS protocol, and upper layer demands
included in set D and the upper layer capacity are expressed in Mb/s. In turn, the
lower layer is based on the WDM technology with 40 Gb/s per one wavelength.
Therefore, the upper layer capacity module is M = 40 Gb/s. Continuing the example,
the lower layer links g € G are represented as fibers and it is assumed that the lower
layer capacity module is N = 80, which means that each fiber can support at most
80 wavelengths [4, 49, 164].

CON/AMU/MLN/Cost

sets

E links of upper layer

D demands (anycast, multicast, unicast)

DP5  anycast downstream demands

P(d) candidate structures for flows realizing demand d. If d is a unicast demand,
the candidate structure is a path connecting end nodes of the demand. If d is
an anycast upstream demand, the candidate structure is a path connecting the
client node and DC node. If d is a downstream demand, candidate structure
is a path connecting the DC node and the client node. If d is a multicast
demand, the candidate structure is a tree that includes the root node and all
receivers of the demand

Q(e) candidate paths in the lower layer for flows realizing the upper layer link e

G links of lower layer

constants

8.qp =1, if link e belongs to structure p realizing demand d; 0, otherwise

hy volume of demand d

Yeeq =1, if link g of lower layer belongs to path ¢ realizing link e of upper layer;
0, otherwise

& unit cost of link e

Kg unit cost of link g

M size of the upper layer link capacity module

N size of the lower layer link capacity module

t(d) index of a demand associated with demand d. If d is a downstream demand,
then t(d) must be an upstream demand and vice versa

s(p)  origin node of path p

t(p)  destination node of path p
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variables

Xqp =1, if structure p is used to realize demand d; 0, otherwise (binary)

y.  capacity of upper layer link e as the number of capacity modules (integer)
Zeq number of path g instances used to realize the capacity of link e (integer)
ug  capacity of lower layer link g as the number of capacity modules (integer)

objective
minimize F = &y + D Kqltg (2.8.1a)
ecE geG
constraints
> xp=1, deD (2.8.1b)
peP(d)
DD Seap¥apha <Mye, e€E (2.8.1¢)
deD peP(d)
> xps@) = D xeapt(p), deD (2.8.1d)
peP(d) peP(t(d))
D g =Y €€E (2.8.1¢)
qeQ(e)
DD Veegtegha < Nug, g€ G. (2.8.1f)
ecE geQ(e)

The objective function (2.8.1a) aims to minimize the cost of capacity assigned
in both network layers. Constraints (2.8.1b)—(2.8.1d) are the same as in the single
layer network design problem formulated in Sect.2.3.1. Equality (2.8.1e) ensures
that each upper layer link is realized by a set of lower layer paths. Condition (2.8.1f)
states that flow in each lower layer link cannot exceed its capacity.

Due to the complexity of multi-layer models, heuristic algorithms are required
to solve larger problem instances. One approach is to tackle the optimization in all
network layers jointly. However, since routing and capacity decision variables of both
layers are bound to each other, this strategy may not be efficient. Another approach
is to optimize each network layer in a separate phase, i.e., the problem in the upper
layer is solved first, and the lower layer is optimized next. Algorithms developed for
single layer problems can be used, i.e., methods proposed in Sects.2.2.2 and 2.3.2.
If the algorithms used to optimize each layer are relatively fast, the procedure can be
repeated many times and in each subsequent iteration, information obtained in the
previous iteration can be used to improve the performance of the overall optimization
process.
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