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Abstract- This paper presents a RWA strategy based on the sto-
chastic estimation of the Effective Number of Available Wave-
lengths (ENAW) along interdomain paths. We propose an ap-
proximate model to roughly estimate the ENAW on the paths
across multiple domains, and then refine this estimation by means
of observations and an adaptive prediction-correction Kalman fil-
tering process. Unlike traditional Kalman filters, which use noisy
measurements as their observations, we use the information con-
tained in the routing updates as noisy measurements of the exis-
tent wavelength occupancy along the paths. Based on these obser-
vations, we estimate the ENAW on the candidate paths, and use
this information to influence the RWA decision when the number
of available wavelengths makes a lightpath request prone to be
blocked. The approximate model we are proposing in this paper is
based on a noisy extension of a simplified model derived for two
domains. Our results validate the usefulness of the model, and
confirm that by estimating the wavelength occupancy prior to the
RWA decision the blocking ratio can be considerably reduced.

I. INTRODUCTION

A key problem in any Routing and Wavelength Assignment
(RWA) strategy for multi-domain wavelength-routed optical
networks is how to assess the wavelength availability on a can-
didate interdomain lightpath. The reason for this is threefold. In
the first place, routing protocols devised for large-scale multi-
domain networks, require the aggregation of network manage-
ment information at domain boundaries so as to keep the pro-
tocol scalable. Second, for confidentiality reasons, each do-
main discloses only the amount of information matching its
own requirements and business policies. And third, keeping
multi-domain networks fully synchronized with perfectly up-
dated information about the RWA aggregates, seems, at least at
present, also unfeasible for scalability reasons [1]. These three
factors contribute to make the wavelength availability informa-
tion on interdomain paths quite “noisy”.

In the current Internet, BGP routers only advertise highly
aggregated reachability information, turning each downstream
domain along an interdomain path into a black-box. This ap-
proach has proven to be highly scalable, but unfortunately it
imposes several strong limitations, especially, in terms of end-
to-end QoS and interdomain Traffic Engineering (TE) [2]. Ac-
cordingly, it is widely accepted now that in addition to reach-
ability information, neighboring domains should become capa-
ble of exchanging some aggregated path state information.

Future on-demand lightpath provisioning networks will
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natively demand TE, QoS, and Quality of Resilience (QoR)
capabilities between different domains. Given that it is quite
unlikely that a domain blindly trust the decisions made by
downstream domains, simply managing reachability informa-
tion is not enough from a network operator standpoint. This has
leveraged the proposals of different network state aggregation
schemes and updating policies at the interdomain level for
wavelength-routed optical networks [1, 3]. Thus, in this work
we consider that neighboring domains are able to exchange
both reachability, and partial path state information consisting
of aggregated wavelength availability and aggregated load in-
formation. This approach is aligned with the main ideas in [1],
but unlike that work, we do not focus on the aggregation
scheme. Our focus is on the RWA algorithm, and how to influ-
ence its decision using forecasted estimates of the wavelength
availability contained in “noisy” information aggregates.

For the information exchange we use the Inter-Domain
Routing Agents (IDRA) that we proposed in [3]. Each domain
or Autonomous System (AS) allocates one or more of these
agents, which are the ones in charge of computing paths, and
exchanging routing updates containing reachability and path
state information. The Fig. 1 depicts the approach. On the one
hand, the Network Reachability Information (NRI) messages
are triggered each time a new route is available or a known one
becomes unavailable. On the other hand, aggregated Path State
Information (PSI) associated with the destinations contained in
the NRI messages is exchanged between the IDRAs. To this
end, we take advantage of the Keepalive messages exchanged
between the IDRAs, and extend them with the purpose of con-
veying PSI. This allows an IDRA to send a non-dummy Keep-
alive message when relevant PSI needs to be updated.

In this framework, we propose a linear stochastic model to
roughly estimate the number of available wavelengths along an
interdomain path between two routing updates, and then tune
this coarse-grained estimation by means of an adaptive and
discrete-time prediction-correction Kalman filter. We use this
estimation to influence the IDRA’s RWA decision when the
number of available wavelengths on all candidate paths makes
a lightpath request prone to be blocked. Our results show that
this estimation considerably improves the performance of the
RWA algorithm in terms of the lightpath blocking ratio. It is
worth highlighting that Kalman filters have been widely used
in different disciplines, like adaptive control, ATM, and re-
cently in IP/MPLS networks, given their optimal estimation-
prediction error characteristics [4-6].
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The rest of the paper is structured as follows. In Section II
we describe the NRI and PSI exchanged between the IDRAs.
In Section III we introduce the stochastic model. In Section
IV we present the Kalman-based predictor-corrector we use
in order to adaptively tune the outcome of the previous model,
and the way in which it is utilized to influence the RWA algo-
rithm. Our simulation results are shown in Section V. Finally,
Section VI concludes the paper.

II. REACHABILITY AND AGGREGATED PATH STATE
INFORMATION EXCHANGE

The IDRAs are the ones responsible for carrying interdo-
main routing information, and deciding within each AS which
path is the best to reach any known destination'. Thus, the
RWA algorithm that we propose in this paper runs in the
IDRAs. In this particular work we assume that the Optical
Cross Connects (OXCs) do not perform wavelength conver-
sion, so each lightpath computed by an IDRA is subject to the
wavelength continuity constraint. The rest of this section de-
scribes the NRI and the aggregated PSI conveyed by the
IDRAs in Fig. 1.

A. Network Reachability Information (NRI) exchange

Let L, F, and (2 denote the number of links, the number of
fibers per-link, and the number of wavelengths (colors) per-
fiber respectively, at each destination OXC within an AS. For
the sake of simplicity we assume that all destination OXCs are
identical, and that each network sinking traffic consists of only
one destination OXC. Thus, LF{2 is an upper bound of the
number of available wavelengths to reach any given destina-
tion. Each AS may select (according to its local TE and routing
policies) the particular subset of wavelengths that can be used
by an upstream domain to reach the local destination networks.
Consequently, the reachability information contained in the
NRI messages consists of destination networks, and a set of
pairs R={(A;, M(Ay)),...,(Ay, M(Ay))}, wherein A; denotes a
particular wavelength (color), and M(A;) denotes the maximum
multiplicity of A,. Clearly, N < £, and M(A;) < LF V i. For
each destination network, a transit AS may filter and advertise
a subset of R to its upstream domains, or simply retransmit the
NRI messages received. When a new destination network be-
comes available, or an already known one becomes unavail-
able, the NRI messages are triggered immediately by an IDRA.
In any other case, the NRI should only change over rather large
timescales compared to the PSI, according to the local optimi-
zations and TE actions performed by the different domains.

B.  Path State Information (PSI) exchange

The PSI is composed by aggregated wavelength availability
and aggregated load information. Each IDRA advertises PSI
messages by aggregating the following three pieces of informa-
tion: 1) the intradomain PSI; ii) the PSI related to the interdo-
main links toward its downstream domains; iii) the already ag-
gregated PSI contained in the interdomain advertisements re-

! Signaling issues are left out of the scope of this paper.

Fig.1. Network Reachability Information (NRI) and Path State Information
(PSI) exchange between the IDRAs. For scalability reasons, the agents are
decoupled from the Optical Cross Connects (OXCs).

ceived from downstream domains. In the sequel we will de-
scribe how this aggregation process is done.

Aggregated Wavelength Availability Information: Let » and
q be a pair of OXCs inside an AS, P(r, g) be a candidate path
between r and ¢, and / be a link within the path P(r, ¢). An
IDRA computes the Effective Number of Available Wave-
lengths (ENAW) of type A; between the OXCs r and ¢ as fol-
lows:

W, (A;)=max{ min [W;(A; 1
a(0)= e i (0, ) m

The rationale in (1) can be easily interpreted by means of the
Fig. 1. For instance, in AS1 the ENAW of type A between the
nodes OXC15 and OXCI2 is Wjs;,(A))=3. This is because
from the two possible paths between these nodes, the path that
goes through OXC13 has a minimum W;s ;,(A;)=1, whereas the
one that goes through OXCI/ has a minimum W;s ;2(A)=3.
Then, the maximum between both of them is 3. The ENAW
given in (1) is especially important between two border OXCs
in a transit domain, since it captures the practical availability of
the wavelength A; within the domain. In addition, (1) offers
highly aggregated network state information, so this is the in-
tradomain portion of the wavelength availability component of
a PSI aggregate.

For the interdomain portion, each IDRA knows which wave-
lengths are actually being used on its interdomain links, and it
also knows which wavelengths are effectively available down-
stream through the PSI advertisements received from neighbor-
ing IDRAs. Let W;,,4(A;) denote the number of available wave-
lengths of type A; in the interdomain link between the local
border node /b, and a remote border node rb. For instance, in
Fig. 1 the IDRAI in ASI is aware that W, 3,(A;)=5. Similarly,
let W“dvrb,d(A,-) denote the ENAW of type A; between the re-
mote border node rb and the destination node d, advertised by
the downstream IDRA in rb’s domain. Using these two inter-
domain components and (1), an IDRA advertises upstream that
the ENAW between a local border node /b and a distant desti-
nation node d is:
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W;Z,d; (A;)= min{ Wi (M), W (A ), W,‘Z[; (A )} (2)

For instance, in Fig. 1 the IDRA1 advertises to the IDRA2
that the ENAW of type A, to reach OXC32 is W%, (A,)=

min{Wm,lz (A1) W31 (M) 7515 (A)) }: min{2,5,4}=2.

Aggregated Load Information: This comprises two sets of
state information, namely, aggregated costs and aggregated
blocking ratios. On the one hand, an additive cost is associated
with each candidate (path, wavelength) pair. This cost reflects
the current load in the availability of wavelengths in a path, al-
lowing an IDRA to tiebreak when two or more candidate paths
offer almost the same ENAW. The cost associated with a can-
didate path P(s, d) between a local node s and a distant node d
for wavelength type A; is computed by an IDRA as follows:

1

H +
min[ 17, 4 (A ), M(A)]
adv
Cps,ay(A;) = 1 Crirpay(Ai) 3)
- d
mm[Wlb',rb (Ai)’M(Ai)] H

oo if W (A)=0 or Wy, (A;)=0

Wherein, H is the number of hops from s to d considering each
intradomain sub-path as just one hop. Similarly, H“" is the
number of hops between the remote border node 7b and the
destination node d, advertised by the downstream IDRA in rb’s
domain. The term Cadvp(yb,d) (A;) denotes the cost from rb to d
advertised by the downstream IDRA. The o in (3) reflects the
lack of resources to handle a connection between the nodes s
and d for a particular wavelength A,. If this is the case, an
IDRA will remove from the NRI field of its advertisements all
the destinations that were reachable through the path P(s, d) for
A,

The rationale in (3) is that the cost increases when the
ENAW along an interdomain path decreases. Likewise, the
cost increases when the length of an interdomain path in-
creases, so an IDRA will “generally” choose the (P(s, d), A))
pair with the lowest cost.” It is worth highlighting that different
candidate paths offering the same ENAW will frequently have
different costs (loads). For instance, in Fig. 1 OXC14 can reach
OXC33 both through AS1 and through AS2. The ENAW of
type A; through AS1 is W;,33(A1)=2, and this is also the case
for A, through AS2, i.e., W;,33(A2)=2. From (3), it can be eas-
ily shown that from these two paths, the IDRA1 prefers the one
through OXC21 given that A, is less loaded (notice that H=3
for both candidate paths).

The second type of load information contained in a PSI mes-
sage is an ordered sequence of aggregated Blocking Ratios
(BRs) coming from downstream domains. Our approach is that

% The term “generally” reflects the fact that when the ENAW is low, the path selection will
be driven by the Kalman estimation process rather than by cost.

each domain j appends in the BR sequence its BR;(d), which
corresponds to the ratio of path requests toward a destination d
that have been blocked due to the lack of resources inside do-
main j. Each domain computes and updates its local BRs on a
reasonable time-basis (in the order of several minutes, hourly,
daily, etc), so that (1 - BR;(d)) approximately represents the
probability of traversing domain j while trying to reach destina-
tion d.* In realistic settings it is expected that each BR in the
path sequence remains low and its variations shouldn’t be sig-
nificant. We anticipate that the BR sequence will aid in devel-
opment of the model in Section III.

In sum, the path state information received by an IDRA is
composed as follows:

PSI(d)= |:{Wr‘117‘,121)' a(czgflfb,deadv)}A; {BRj(d)}} “4)

In Section V we show that when the RWA algorithm ex-
ploits the highly aggregated load information in (3), it is possi-
ble to obtain significant benefits in terms of the number of
blocked interdomain calls. However, when the ENAW along
all candidate paths is low, cost-based RWA algorithms yield
blockings which can be considerably improved. The reason for
this is that the load information given in (3) does not take into
account the traffic demands. This is precisely what we address
in the next two sections.

III. STOCHASTIC ESTIMATION OF THE WAVELENGTH
AVAILABILITY ALONG INTERDOMAIN PATHS

In state dependent circuit-switched networks the occupancy
and the traffic arrival rates are typically coupled to each other,
since the occupancy determines the traffic carried by the net-
work and the carried traffic determines in turn the occupancy
[7]. As a consequence, models developed to obtain explicit
forms of the occupancy are highly complex, and typically in-
volve multidimensional Markov processes leading to a set of
coupled non-linear equations [8]. Unfortunately, the occupancy
does not have a close-form expression, so numerical evalua-
tions and complex iterations are needed in order to find either
the blocking probabilities or the occupancy along the paths.

In this paper we propose a quite different approach. We aim
at relaxing the model complexity by deriving a noisy linear
model to roughly estimate the availability of wavelengths
along the paths, and rely on a Kalman-based predictor-
corrector to refine the previous estimation. Our model is based
on a noisy extension of the estimation obtained for the two
domains in Fig. 2, so we will first focus on this case.

The Fig. 2 shows a source domain AS1 and a directly con-
nected destination domain AS2 consisting of a single OXC
OXC?2. The interdomain calls from AS1 to AS2 for wavelength
A,; are assumed to be Poisson with exponentially distributed ar-
rival rate A. The duration of these calls are also assumed to be
exponentially distributed with departure rate g For the sce-

3 We consider that both network operators and customers can benefit from this approach,
which is aligned with some of the main ideas proposed in [1].
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Fig.2. Estimation of the number of available wavelengths between two
directly connected ASes, where the destination AS consists of only one OXC.

nario in Fig. 2 we assume the same arrival and departure rates
V A,. It is worth highlighting that in extended scenarios this
might not always be the case. In Section II we explained the
flexibility that an AS has while composing its NRI advertise-
ments. Such flexibility can cause that a given destination is
reachable for some wavelengths but unreachable for some oth-
ers, so the traffic demands may differ for different wave-
lengths.

Let x;(t) denote the ENAW of type A; at time 7 in the inter-
domain link in Fig. 2. Our goal is to estimate x/(¢) according to
the preceding traffic demands. Let p,(¢) be the probability that
the ENAW of type A; at time 7 is &, that is, py(f)=Prob{x;(¥)=k}.
The process x;(f) evolves in ¢ € [(n-1)T, nT] according to the
birth and death model in Fig. 3, where T denotes the observa-
tion time interval. This latter is the average time interval be-
tween two routing updates, taking into account the updates
coming from NRI messages, the ones coming from PSI mes-
sages, and also the ones coming from the allocations performed
by the local IDRA.

The birth and death process in Fig. 3 has (M(A;)+1) states,
where the state “0” indicates that no wavelengths of type A; are
available in the interdomain link. Then, the state transitions can
be described by the following set of differential equations for
the probabilities py(?):

P @=[MA) k1] 0-LkA+ M A=kl pe ) (s
HEHDA P (0

With boundary conditions:

Po(O)==M (A po(D)+ A py () ©

Paray) D =M Pya)1O)=MADA Py a0

Then, we use the expected value of x;(¢) as its estimator. Us-
ing (5) and (6), the expected value can be derived as follows:

M(A;)

Elxy(0]== Y hoe =
k=0

M(A)

kpy = uM(A)—(A+w)Elx, 0] (7)
k=0

Integrating (7) in the observation time interval yields (8):
El; (n)]= Elx; (i)l +407 {%][1_@%#”] ®)
+ U

Equation (8) allows to recurrently estimate x;(¢). If the state
is known at the beginning of the observation interval, (8)
solves the estimation problem for the interdomain scenario in
Fig. 2 until the next observation interval. As mentioned before
extending this model for multiple domains and multiple traffic
demands is not a trivial task. In the sequel we propose a
straightforward way to roughly estimate x;(f) in such cases, and
rely on the capabilities of a Kalman filter to refine this estima-
tion.

Let /;p denote a particular interdomain link of the AS for
which we want to derive the estimation. We define D ; as the
set of all possible destinations that are reachable through /;p us-
ing wavelength A;. We assume that the interdomain calls re-
questing a route through /;p to a destination d € D; arrive as
independent Poisson processes with exponentially distributed
arrival rate A, The duration of these calls are also assumed to
be exponentially distributed with the same departure rate x,
and they are assumed to be independent of previous arrivals
and holding times. Based on these assumptions, we propose to
extend the estimation in (8) as follows:

Elx;(nT))= Elxy (n-DT)]e 7 + [—”M (Af)][l e ()
—1

7i,n
Hadv
V= 2 2 l1-8R; @]+ u (10)
deDy,  j=1

t=(n-1)T

The rationale in (9)-(10) is three-fold. First, the model cap-
tures the essential characteristics of state-dependent circuit
switched networks. Second, the model is simple and easy to
compute since it uses aggregated state information that is lo-
cally available. And third, the inherent coupling between the
arrival rates and the occupancy is straightforwardly relaxed by
means of the BR advertisements.

From (9) we define the following constants:

O

M(Au

(M(A)- (M(A)K+ )

P

ion Increases —'

(M(A)- )N

(M(A)K

Fig.3. Birth and death process modeling the availability of wavelengths of type A; for the two directly connected ASes.
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Ai,n—l = e_}’,;,HT
A _ (11)
B, = {—’LM(AI )][1 —e %‘”"TJ
’ 7i,n—l

In order to simplify the notation we define E[x;,(nT)]=x;,.
Then, from the approximation in (9):

in = Ain- i,n— +Bin— +Win-

{xl,n i,n—1%i,n—1 -1 T Win (12)

w~(0,0)

where w represents the process noise, which is assumed to be
white, with zero mean and variance Q [4].

The linear stochastic difference equation in (12) is the main
result of this section, and it is precisely the input for the dis-
crete-time Kalman filter.

IV. KALMAN FILTER AND THE RWA ALGORITHM

Kalman filters are powerful tools since they offer a computa-
tionally efficient way to optimally estimate the state of a con-
trolled process. The estimation is optimal in the sense that
Kalman filters minimize the covariance of the estimation error
[4]. The basic principle of Kalman filters is that they alternate
between two steps, namely, a prediction step and a correction
step. The idea is to predict the next state of a process based on
the partial knowledge of the current state, and then adjust this
prediction with the new information coming from the observa-
tions. The adjusted state is then considered as the new predic-
tion and so on. In the sequel we introduce the prediction-
correction steps for our particular problem. We start by defin-
ing the following set of variables in Table I.

TABLE I
NOTATION FOR THE KALMAN FILTER

Symbol Description

- A priori estimate of the ENAW A, on path P (pre-
Ln dicted state)

+ A posteriori estimate of the ENAW A; on path P
Ln (corrected state)

Estimation error
Estimation error covariance

Kalman filters set their gain K , so as to minimize

Kin the estimation error covariance
z;  + is the observation. Denotes the ENAW A,; on
a path P observed from the routing updates.

Zi,n = xi,n + Vin

V; , - is the observation noise, which is assumed to

be white, with zero mean and variance R [4].

Using (12), the usual prediction-correction Kalman steps
yield [4]:
Prediction Step: Xin = Aip1Xipoy + By

(13)

- _ 42 +
6‘i,n - Ai,n—lgi,n—l +Q

Correction Step: (14)

£
Ki,n _ - in
Ent+R

+

Xin =Xin +Ki,n Zin ~Xin ]

+ _
gi,n - [I_Ki,n ]gi,n

An important feature of Kalman filters is that its conver-
gence is not biased by the initial state [4]. For the RWA algo-
rithm we define a configurable threshold 7}, that triggers the
utilization of the filter in the RWA decision. When the effec-
tive number of all available wavelengths along the candidate
paths is below or equal to 7, the RWA is driven by the Kal-
man filter. If this is not the case the RWA is performed by
choosing the (P(s, d), A;) pair with the lowest cost.

V. SIMULATION RESULTS

In order to evaluate the Kalman-based estimation proposed
in this paper, we have contrasted its performance against two
different interdomain RWA algorithms, namely, OBGP+ and
Cost. The former is the result of a set of enhancements that we
introduced to Optical BGP (OBGP) [9], and which we call
OBGP+. Similarly as BGP, OBGP is a shortest AS-path rout-
ing algorithm that exchanges reachability information, but it
does not handle path state information. Our OBGP+ handles
the wavelength availability information introduced in Section
II. In this sense, OBGP+ learns and advertises the ENAW
along the candidate paths. The RWA algorithm of OBGP+ is
essentially a shortest AS-path least loaded routing algorithm.
On the other hand, the Cost RWA algorithm is based on the
additive cost introduced in Section II. This RWA handles both,
wavelength availability information and load information.
Thus, it is expected that it performs better than OBGP+ since it
handles more path state information. Our results in Fig. 4 (a)
confirm this fact. The Kalman-based estimation is basically a
module aiding the Cost RWA. In the extreme case that the
threshold 7), = 0, the Kalman RWA algorithm is off all the
time, and the RWA algorithm is identical to the Cost algo-
rithm.

As a first step toward the validation of our proposals, we
have conducted a series of simulations in a multi-domain to-
pology consisting of five domains with multiple connections
between them. The topology is the same that we used in [10].
Each domain has several nodes inside it, and there are at least
two disjoint paths between any given pair of nodes in each do-
main. We have used 5 fibers per-link, and 24 wavelengths per-
fiber. The threshold for all the trials was set to 7}, = 2. During
the trials we have used different observation time intervals 7,
and this is shown in Fig. 4 for the cases 7=1, 7=3, and 7=8
units of time. Our simulations were conducted using cross
Poisson traffic between different domains, and as shown in Fig.
4, the trials were performed for different traffic loads.
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Fig. 4 (a) Percentage of blocked requests with OBGP+, Cost, and Cost+Kalman. (b) Percentage of RWA decisions that were taken using Kalman.

As a performance indicator of the different RWA algorithms,
we have used the percentage of blocked requests, which is
shown in Fig. 4 (a), for different traffic loads and for different
observation time intervals. Clearly, the Kalman-based estima-
tion outperforms OBGP+, and it supplies significant improve-
ments when contrasted with the Cost RWA algorithm. As ex-
pected, these improvements are especially noticeable as traffic
load in the network increases. In this case, the wavelength
availability decreases and the Kalman estimation aids the Cost
RWA algorithm. Conversely, when the traffic load is low the
Kalman filter is barely used and hence the performance of the
Cost and Kalman RWA algorithms are practically the same.
Figure 4 (b) shows the percentage of RWA decisions that were
taken using Kalman for the different traffic loads. The next ta-
ble summarizes the relative percentage of improvement in the
blocked requests for the highest simulated traffic load in the
network, i.e. 133 Erlangs.

TABLE II
RELATIVE PERCENTAGE OF IMPROVEMENT IN THE BLOCKED REQUESTS
FOR THE HIGHEST SIMULATED TRAFFIC LOAD (133 ERLANGS)

Observation time % of improvement % of improvement
interval vs. OBGP+ vs. Cost
=1 67 % 67 %
T=3 23% 23%
=8 37% 21%

VI. DISCUSSION AND FUTURE WORK

In this paper we have demonstrated the usefulness of devel-
oping simple models to roughly estimate the occupancy in
multi-domain wavelength-routed optical networks, and then re-

fine this estimation by predictive techniques. Our main results
and conclusions apply to a rather small multi-domain optical
network, so further research is needed to analyze the feasibility
of this kind of approach in a large-scale environment. We con-
sider that estimation techniques like the one proposed in this
paper offer a promising line of work to address the trade-off
between obtaining a low blocking ratio, and keeping the path
state information as limited as possible.
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