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The INIM system: in-service non-intrusive
monitoring for QoS enabled transparent WDM

Carolina Pinart and Gabriel Junyent

Abstract— This paper presents the design and experimental
implementation of an in-service performance monitoring system
that uses a combination of non-intrusive spectral OPM and IP
metrics and is based on a low-complexity, distributed architec-
ture. Apart from guaranteeing QoS in real-time (less than 1
sec) in an IP/WDM dynamic network, the system provides link-
state information for impairment-aware RWA. Another novel
aspect is the nature of the SLAs proposed, which are ‘all-
optical’ (transparent). Performance delays of the system are
evaluated in a real testbed featuring DWDM and transparent
OADMs. Strategies to estimate link-state parameters from real-
time monitoring information are also proposed.

Index Terms— Performance monitoring, optical management,
IP/WDM, physical impairments.

I. I NTRODUCTION

OPTICAL networks evolved from telephony systems de-
signed to transmit digitized voice circuits across a fiber

link. With the growth of bursty, packet-based Internet Protocol
(IP) data traffic, these network architectures are being used
to deliver Internet content. However, the core technologies of
these networks were originally designed for voice and high-
priority data traffic, which makes them difficult to adapt to the
nature of IP-based traffic, the most dominant factor in data
transport. Equipment for Wavelength Division Multiplexing
(WDM), reconfigurable Optical Cross-Connects (OXC) and
Optical Add-Drop Multiplexers (OADM), along with emerg-
ing approaches of optical intelligence (especially the Gen-
eralized Multi-Protocol Label Switching, GMPLS [1]), have
matured sufficiently to build the very high-capacity networks
that will be needed to transport the ever-increasing amount
of information, known as IP/WDM. The combination of these
elements and the removal of opto-electronic conversions in
the core nodes will result in the efficient transportation of
any type of data traffic, regardless of its payload or format.
This gives future IP/WDM the chance to provide new on-
demand network services in a transparent way and with
different quality levels (QoS), but results in a major challenge
for performance monitoring, principally due to the lack of
electrical regeneration in the core of transparent IP/WDM, that
is, in the accumulation of impairments along the lightpaths,
but also because Routing and Wavelength Assignment (RWA)
mechanisms are being enhanced to consider information about
the status of physical resources with a view to integrate QoS in
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the provisioning process. This is known as impairment-aware
RWA (IRWA).

This paper presents an experimental, on-line monitoring
system, named In-service Non-Intrusive Monitoring (INIM),
which combines distributed elements and non-intrusive moni-
toring techniques to guarantee service level agreements (SLA)
that can be verified with optical and IP parameters. The system
can also provide information on a per link basis to perform
IRWA. The INIM system is implemented in a laboratory test-
bed featuring dense WDM and GMPLS enabled transparent
optical nodes, which provides on-demand lambda services
for IP traffic. The remainder of the paper is organized as
follows. Section II outlines the principal monitoring techniques
for transparent WDM. Section III proposes service-intrinsic
performance parameters for an ‘all-optical’ SLA. In Section
IV we describe the modelling and architectural elements of the
INIM system. Section V includes a performance evaluation of
INIM focusing on delays and normal operation to provide link-
state information. Finally, in Section VI we draw conclusions.

II. M ONITORING TECHNIQUES FOR TRANSPARENTWDM

Optical performance monitoring (OPM) is an indispensable
element for the quality assurance of an optical network. OPM
aims at measuring the undesirable effects that an optical
signal may suffer, such as frequency misalignment in the
optical components, gain irregularities, in-band and out-of-
band crosstalk, dispersion or fiber non-linearities. OPM may
include monitoring of different analog or digital parameters of
the transmission system, including the wavelength drift, optical
power, signal integrity, optical signal to noise ratio (OSNR),
bit error rate (BER), Q factor and dispersion.

A transparent network is an optical network in which optical
signals traverse the network elements and links without opto-
electronic conversions but at the ingress and egress of the
network. Contrarily, in opaque networks optical signals are
regenerated electrically, and hence monitoring functions that
use the overhead information carried in optical signals can be
located at the regenerators. This cannot be done in transparent
networks without losing transparency. Moreover, in such net-
works the monitoring system may not have prior information
about the protocol, format, or data rate of the optical signals.
Therefore, non-intrusive OPM schemes that do not decode the
overhead information are to be employed. If we add to this
the fact that in future optical networks signals will be routed,
added/dropped, (de)multiplexed or regenerated independently
of the higher electrical layers and in a reconfigurable way, the
monitoring schemes needed must be insensitive to the signal
origins and its transverse path history.
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Performance monitoring techniques can be intrusive or non-
intrusive. Examples of intrusive techniques are BER calcu-
lations and optical time-domain reflectometer measurements.
Examples of non-intrusive techniques are the spectral analysis
(power, frequency drift, OSNR), Q factor estimation and pilot-
tone methods. Ideally, desirable monitoring techniques in a
transparent network should be non-intrusive, fast, accurate,
with large dynamic range, simple, compact, low-cost, scalable
and comprehensive. The rationale behind this is fourfold:
avoidance of opto-electronic conversions, low capital and op-
erational expenses, rapid location of faults and use in systems
with high number, dense-spaced WDM channels.

At the following we review the most common non-intrusive
OPM techniques. In spectral analysis techniques, OSNR can
be measured in- or out-of-band. In-band OSNR monitoring
techniques can be classified as noise spectrum analysis [2],
polarization-assisted analysis [3], subcarrier multiplexing [4],
and based on Mach-Zehnder interferometer [5]. The traditional
out-of-band OSNR monitoring technique involves measuring
and interpolating the noise power from adjacent channels.
Some of these concepts can be applied to signal level (power)
and wavelength drift measurements. The Q factor (QBER),
which is calculated by measuring the minimum BER at the op-
timum decision level, is utilized for evaluating the performance
of optically amplified systems. Since it takes an extremely long
time to obtain the BER measurements (e.g. for a channel at
10 Gbps and BER of10−12, recording 10 errors will take104

seconds),QBER is frequently estimated in much less time (a
few seconds) [6]. Finally, the pilot tone technique consists in
superimposing a tone on the optical signal with a transmission
capacity determined by the carrier to noise ratio [7].

If we want to avoid opto-electronic conversions to monitor
the status of active optical signals, non-intrusive monitoring
is preferable in transparent networks. However, non-intrusive
techniques provide a limited subset of performance para-
meters, which leads to the need for estimating ‘electrical’
parameters such as BER, and to use other complementary
measurements, for example at the IP layer (packet metrics).

III. ‘A LL -OPTICAL’ SLA FOR LAMBDA SERVICES

A lambda service is an optical channel dedicated to carry
a given traffic in a lightpath from a source to a destination.
This work considers a transparent wavelength-routed network
that offers WDM lambda services on demand (connections
established by a GMPLS control plane). If we wish to
guarantee lambda-service SLAs real-time monitoring in the
optical network, we should define service classes with limited
complexity. In this context, this work proposes three classes,
namedVoIP-like, IPTV-like and Internet+, which are in-
spired in the requirements of Triple Play services: voice over
IP (VoIP), IP television (IPTV) and Internet data.

Table I lists the service-intrinsic parameters proposed. VoIP-
like is built around VoIP characteristics, but it takes into
account as well some intrinsic features of emergency-related
(very low delay for connection setup, real-time transmission,
almost error-free, stringent availability) and conversational
(high requirements on latency and data loss, low transmission

TABLE I

SERVICE-INTRINSIC PARAMETERS OF AN‘ALL -OPTICAL’ SLA

SLA parameter Lambda service class
(service-intrinsic) VoIP-like IPTV-like Internet+

Setup delay < 1sec < 10sec < 1.5min
Availability (BP) 10−3 10−2 10−1

Throughput Up to maximum laser bit rate
Packet delay/α < 50msec < 500msec < 5sec
Packet loss 1% 0.1% 10%
OSNR OSNRtargetBER + ∆OSNRBERest

error rate, small delay for connection setup, highly available)
services. IPTV-like is built around IP television requirements,
and considers as well streaming features, which have lower
demands on latency and and errors because the end systems
can compensate irregularities, for example by buffering data,
and less stringent requirements about availability and setup
delay (uncritical). Finally, Internet+ combines prioritized non-
realtime traffic transmission with typical best effort. These
classes can be verified in real-time by the INIM system
through non-intrusive monitoring in the optical layer, and
probe packets in the IP layer, as described in Section IV. The
parameters considered are briefly discussed here:

Setup delay and blocking probability(as a means to measure
availability in the establishment process) depend basically
on the behavior of the optical control plane, because this
work considers dynamic circuit-switched connections. The
setup delay values listed in Table I assume that the functions
of a control plane are real-time. IPTV-like and Internet+
classes have setup delays an order of magnitude higher than
the previous class, respectively. VoIP-like adopts an order
of magnitude more than the typical blocking probability for
telephony networks, which is 1%, to cope with emergency-like
traffic. The remaining classes have blocking probabilities of
one order of magnitude less consecutively. Although best effort
has usually no guaranteed availability, Internet+ considers 10%
blocking to deal with prioritized non-real-time traffic. As for
throughput, the service offered by the optical network frame-
work considered in this work is connection-oriented analogue
optical transmission, that is, a WDM channel between two
endpoints, and therefore the bandwidth allocated can range
from the minimum to the maximum bit rates of the laser
source. Therefore, the maximum throughput is this maximum
bit rate, which may be adjusted or not on a per class basis,
and also depending on the user. It can also be adjusted to meet
certain packet delay requirements.

Since the classes listed in Table I are built around the
requirements of VoIP, IPTV (including high-definition) and
Internet data, the metrics ofpacket loss and delayare basically
those derived from these traffic classes. Before discussing
the values given, two comments must be done. The first
one is related to packet delay; the latency added by the
optical network, being circuit-switched and transparent, is only
transmission delay, plus processing time at the edges in order
to perform opto-electronic conversion. Roughly, we can model
this latency (in sec) asD · n/c, where D (in km) is the
length of the lightpath,n is the index of the fiber andc is
the speed of light in vacuum. Moreover, since packet delay
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metrics are end-to-end, we assume that the values in the optical
network are a factorα of the end-to-end metrics, whereα ≤ 1,
which will be determined in the SLA negotiation phase. The
second comment is about packet loss; since the optical network
does not process the packets sent over it, we can model lost
packets from bit errors, which may be caused by transmission
impairments and/or faults in the network. Assuming that a
packet hasN bits, of whichZ are errored, the expected number
of errors per packet isE[Z] = N · BER. Depending on the
location of theseZ errors, a packet is considered as errored
(errors in the payload) or lost (errors in the header). Therefore,
the packet loss rate (PLR) can be expressed as:

PLR = 1− P (IP header correct) = 1− pz(0)|N=IPh
(1)

wherepz is the probability density function forZ andIPh is
the length of the IP header in bits, which in IPv4 is 192.
This expression is useful because a packet loss ratio can
be derived from a target BER, and inversely. For example,
by using Markov or a Neuman-A distribution to model the
time evolvement of correct and erroneous bits [8],pz can be
computed and hence BER can be estimated from the PLR.

The values of packet delay and loss in Table I are derived
from the following requirements: in VoIP, round trip latencies
above 300 msec result in users experiencing annoying talk-
over effects, and emergency-like services have much more
stringent requirements, for what we allocate a maximum (one-
way) packet delay of 50 msec for the VoIP-like class, and
approximately two orders of magnitude more for each of
the remaining classes, which complies with the requirements
of streaming, IPTV and Internet data [9]. Note that IPTV
includes buffering, and therefore a 500-msec setup delay will
be perceived as less by final users. Without FEC, VoIP targets a
1% PLR, which can be raised to 5% with correction methods.
If IPTV is not very sensitive to packet delay, because its buffer
can be up to 10 sec, it is to packet loss, because in multicast,
large-extent retransmission is not possible. Therefore, IPTV
targets a PLR of less than 0.5%, and our IPTV-like class
targets 0.1%. Finally, the Internet+ class is very elastic with
respect to packet losses, mainly due to retransmission, which
must be bounded so that the maximum tolerated latency is not
exceeded. Therefore, we target 10%.

Last but not least, the proposed ‘all-optical’ SLA includes
OSNR as an estimation of BER, since there is no opto-
electronic conversion in the optical network but at the edges,
which complicates BER calculations, and we envisage ral-time
monitoring. OSNR measurement as a means to estimate BER
is based on the assumption that the Q factor can be used
as intermediate parameter. Marcuse [10] and Humblet and
Azizog̃lu [11] derived widely-used approximate expressions
for the Q factor as a function of the SNR of the electric current
and as a function of the OSNR, respectively. In both studies,
the authors assume that the receiver consists of a rectangular
optical filter, a square-law photodetector, and an integrate-
and-dump electrical filter. They also assume that the optical
signals have a perfect extinction ratio and that the optical
noise is Gaussian and white prior to the optical filter. Finally,
they assume that the signal is polarized and that the optical

noise is either unpolarized or is completely polarized and is
co-polarized with the signal. While the the Q factor can be
directly converted to an electrical SNR value, the relationship
to the OSNR is unfortunately not so simple. It is defined
only for systems with optical amplifiers, and as a ratio of the
optical signal power to the ASE of the amplifiers. Combining
the results of Humblet and Azizog̃lu [11] and Becker et al.
[12], the relation between the Q factor and the OSNR can be
approximated as follows:

Q =
√

Bo

Be

2OSNR√
4OSNR + 1 + 1

(2)

where Bo is the optical bandwidth andBe is the electrical
bandwidth. For example, DWDM systems may considerBo

values of 70 GHz, and typical values of electrical bandwidth
range from 9 to 25 GHz. The Q factor can be estimated using
the decision-circuit method introduced by Bergano et al. in
[6] (QEY E , estimated from the eye diagram). By considering
the caseQBER ' QEY E (e.g. intensity modulation direct
detection systems with low inter-symbol interference), and
combining the well-known BER expression with equation 2
we obtain:

BER ≈ 1
2
erfc(

√
Bo

2Be

2OSNR√
4OSNR + 1 + 1

) (3)

For example, if we target a BER of10−8, by using equation 3
we obtain an OSNR value of about 6.6 dB for a system with
Bo/Be = 7, and of 8.8 dB for a system withBo/Be = 5.
To this OSNR value (OSNRtargetBER in Table I), we add
a ∆OSNRBERest which is obtained empirically from the
difference between real and estimated BER, and is meant
as a kind of ‘offset’. Real BER is measured in the deploy-
ment phase, and can be measured while in service to keeep
∆OSNRBERest updated. AssumingBo/Be = 7, the VoIP-
like class hasOSNRtargetBER of 8.2 dB (BER of10−10 for
conversational services [9]), IPTV-like between 5 and 6.6 dB
(BER in the range10−6 − 10−8 for streaming and prioritized
elastic traffic) and Internet+ 5 dB, for a target BER of10−6.

A question concerning SLAs that arises in IP/WDM is how
to provide QoS using a single transport technology. In this
work we consider QoS in two ways: setup process and traffic
constraints. In the former, the network offers bounded setup
delays and blocking probabilities depending on the traffic
type (class). In the latter, the lightpaths are chosen by IRWA
depending on the traffic constraints of the class, basically
target BER and maximum latency. However, other types of
QoS can be envisioned: protection schemes, recovery times,
etc.

IV. T HE INIM SYSTEM

This section addresses the major aspects of design and
implementation of the INIM system. This on-line monitoring
system presents the following novelties: use of performance in-
formation obtained exclusively from non-intrusive techniques
combination of physical- and IP-layer performance parameters
and use of performance information from active channels to
infer link-state information for real-time IRWA. The INIM
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system is based on distributed elements, and uses the IP control
channel of the Data Communication network (DCN)to transfer
performance monitoring information.

A. Requirements and system modelling

The first step for designing the INIM system is to ana-
lyze its requirements. The input parameters of the system
are thenetwork topology, nodes, links and users, the SLA
parametersof the offered lambda services and thelink-state
parametersnecessary for IRWA. So, the system needs to be
fed with information about nodes, links, channels, and sources
of performance monitoring events, as well as the service-
intrinsic parameters of the lambda service classes defined in
Section III, and link-state thresholds for IRWA. The main
processes of the INIM system are the filtering, correlation
and aggregation of events, the verification of the SLA of each
connection established, and the monitoring of the status of
optical resources on a link-state basis. The last two processes
correlate data from network topology, events and SLA/link-
state parameters, and decide if any SLA fails, as well as the
status of the optical links. The system provides two outputs; in
normal operation, it logs performance information, including
SLA and link-state validation. If an SLA is violated, INIM
raises an alarm to the service management system, which is
responsible for handling service-level issues. Similarly, if one
or more parameters of an optical link exceed the thresholds
defined as input parameters, the system raises an alarm to
the GMPLS node that is ingress of this link, so that its local
link resource management (LRM) module [13] can be updated.
After this, the GMPLS mechanisms will flood the performance
changes reported by INIM so that this information can be
updated globally [14].

The information modelling of the INIM system is based
on the above requirements and encompasses data and process
modelling. Data modelling is split into four types:elements
and users, QoS characterization, lambda servicesand moni-
toring points. While process modelling handles all the process
requirements having into account the input and the output
parameters and messages described above, the data model
defines how information is stored and retrieved. It is important
to design an open data model that ensures integrity and
simplify the processes; using entity-relationship techniques,
we defined entities based on tables and fields in each table
with different properties (number, char, unique key, etc.), as
well as relationships between the entities. Table II lists and
describes the entities created, which are briefly described at
the following.

NETWORK includes optical nodes and links,NODE in-
cludes active optical elements,LINK lists the interconnection
of nodes, bandwidth available at each link, etc., andUSERS
contains a list of the network users. In order to configure
QoS, SLA, SLA PARAMS and LRM store SLA and link-
state thresholds as input requirements. As for the monitor-
ing points,MONITORScontains the devices that retrieve or
capture performance information,EV ENT FIELDS de-
scribes the fields of events for each monitoring point in the
table MONITORS, and EVENTScontains events related to

performance. Finally, lambda services encompass the enti-
ties LSP CNX ENTRY , which contains lambda services
running in the network,TUNNEL USER, which lists
registered users with active services,TUNNEL NODES,
which includes the nodes involved in each active service, and
TUNNEL LINKS, which includes the links involved in
each active service.

TABLE II

ENTITIES OF THE INIM SYSTEM

Type Entity name Description
Elements NETWORK Nodes, links and topology
and users NODE Network elements

LINK Node adjacencies
USERS Network users

QoS charac- SLA Service Level Agreements
terization SLA PARAMS Parameters for each SLA

LRM Link Resource Management
Monitoring MONITORS Spectral OPM and IP probes
points EV ENT FIELDS Fields of events sent by monitors

EV ENT Events received from monitors
Lambda LSP CNX ENTRY New lambda service (historic)
services TUNNEL USER Users with active services

TUNNEL LINKS Lightpath links of active services
TUNNEL NODES Lightpath nodes (active services)

The process modelling is split in three categories:network
configuration, which involves the data models of elements
and users, as well as QoS configuration,service management,
which mainly uses data from lambda services, andQoS
verification, which contains SLA and link-state verification
processes, and used data of monitoring points type. The
first process is performed when initializing the INIM system,
and populates the system’s database with the required input
parameters. The service management process registers and
unregisters user connections based on setup and teardown
notifications, and extracts the nodes and links traversed by
lightpaths, as well as the SLAs associated to them. The
SLA and LRM Verify processes receive events from the
network, filter and aggregate them. Finally, QoS verification
correlates information from ‘elements and users’ and ‘QoS
characterization’ to check whether SLAs are violated (end-
to-end for each connection), and if link-state information has
been altered. At this stage, we must combine the data and
process models described above to form the architecture of the
INIM system. This architecture is the responsible of system
data flow from the reception of a performance event to the logs
and alarms of SLA violation and link-state information. There-
fore, the system architecture defines the data flow between
processes. We designed an architecture based on three pillars:
the monitoring points, the gatherers, and theevent manager.
A brief description of each of these elements follows. For a
detailed description, the interested reader is referred to [15].

This work considers a dynamic IP/WDM network, in which
optical connections are established on demand with certain
QoS parameters, captured in the SLA (Table I), and where
active optical elements that may fail. However, the approach
is also valid in static environments. Different monitoring points
are needed throughout the network in order to generate events
(alarms and notifications) about the status of optical resources
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Fig. 1. Scenario of transparent lambda services.

and services. The status of resources and services encompass
the ‘health’ of the optical channel carrying a service, which in
this work is obtained through spectral monitoring techniques
(optical channel power, OSNR and frequency drift), and the
status of the information carried in the channel, which is
transparent to the optical network and therefore can only
be retrieved at the edges, where opto-electronic conversions
take place. Moreover, both degradations in optical channels
and failures in optical elements may occur, affecting service
availability. Major component failures may take place in the
control plane (faults in the GMPLS engines), and in the
transport plane (lasers, amplifiers, switches, etc.). Therefore,
these active elements are monitoring points for component
failures. Monitoring points need to be placed conveniently
in the transport plane in order to obtain status information
of optical resources that will be communicate with the INIM
system in a timely and optimized manner [16]. To estimate
the status of data, IP meters are embedded in the nodes to
retrieve packet loss and delays by using probe packets, for
what we assume that the optical network ‘knows’ the traffic
type carried on the wavelength channels.

This is achieved by considering that the edge elements are
responsible for aggregating traffic flows of a given type or
class so that a given tributary of an edge element corresponds
to a traffic type. Given this, the optical network allocates sets
of channels to each tributary, and QoS is based on wavelength
allocation. Figure 1 illustrates this scenario; we may observe
that the ingress edge router (source nodes as seen by the
transparent optical network) aggregates traffic flowsa and
b so that the optical network can allocate up toN WDM
channels in the range [λa1 , λaN ] to the traffic flow a and
up to M channels in the range [λb1 , λbM ] to the traffic flow
b. The lambda services are accessed through an interface
located at the ingress point in the optical network (OADM or
OXC), where the end points of the transparent lightpath are
accessible. Then, the provisioning process is based on setting
up and tearing down optical connections (lightpaths) taking
into account QoS: wavelength from a set according to the
traffic type (service class) and path with bounded accumulation
of impairments. The traffic type is indicated as framing in
order to reserve resources taking into account the capabilities
of the tributary ports, and QoS is directly related to tributaries
and wavelength allocation.

The gatherers are entities that collect performance data
from the monitoring points across the optical network. They
are responsible as well for performing a first filtering of
the information, and aggregating it prior to sending it to
the event manager, in order to unify the data format from

Fig. 2. Architecture of the performance monitoring system.

monitoring points. This allows the event manager to receive
events in a unified manner. The gatherers are depicted in the
center of Figure 2. The input messages of the gatherers are
received or polled fromV monitoring points distributed in the
optical network, such as power meters embedded in the optical
nodes, spectral monitors or IP meters, inT protocols and/or
languages. The gatherers receive information about spectral
(optical) and IP performance events, as well as notifications of
setup and teardown of optical connections (lambda services).

The event manager(illustrated on the right of Figure 2)
receives and processes the events related to performance of the
optical services and resources. It is composed of a repository
and a real-time information processor. This processor evaluates
and updates changes in the status of resources, handles alarms
(previously, it classifies events in notifications and alarms) and
verifies SLAs and link-state information. If an SLA is violated
or if a link exceeds its predefined thresholds for IRWA,
the event manager raises the appropriate alarms. Functions
related to performance management, security and policy, as
well as billing and accounting are out of the scope of this
work. The event manager is the core of the INIM system
and supports three types of processing: lambda service setup,
lambda service teardown, and monitoring event, which triggers
checking of SLAs and link-state information, and updates
network status information in its database. To do so, it requires
all input parameters defined above, uses the processes of
service management and QoS verification.

B. Processes and data flow

Starting from the system architecture described in the pre-
vious section, we developed a prototype of the INIM system,
which is composed of six software processes that are based on
several programming languages depending of the component
criticism and self evolution while in development phase.
Basically, critical time processes were developed in java,
medium critical processes in Java/FESI and non time critical
in Shell Script (ksh), as illustrated in Figure 3. Thegatherer
(trapreceiver) process receives events from monitoring points.
It stores all events (for logging purposes) and forwards them to
the verification and alarm handling processes described below.
This process can receive two kinds of events; SNMP traps
from the OPM monitors, and SNMP traps from the IP Meter.
The OPM traps are related to events (EventTypeMask), links
where events occur (LinkIndex) and lambda services affected
by events (ChannelIndex). The IP Meter traps are proprietary
and have the following objects and values:

- DestinationNodecontains the IP address of the node that
was ‘pinged’. For example, IP metrics from node 1 to node 8
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of the ADRENALINE testbed would have a value of 10.0.50.8
in this OID.
- SourceNodecontains the IP address of the node that per-
formed the ‘ping’. Continuing with the previous example, the
value of this object would be 10.0.50.1.
- MetricTypeMask, with types 1 (Round Trip Time, RTT) or
2 (PLR) and the numeric value of the IP metric type.

The network characterizationprocess is part of the event
manager, and its purpose is to configure the initial values of
the monitoring system according to the topology, resources
and policies of the optical network. To configure the network,
it uses all the entities of elements and users (Table II). To
configure the monitoring points, it uses the entitiesMONI-
TORSand EVENTFIELDS of Table II. The entities of QoS
characterization (Table II) are used by this process to configure
the SLA values (SLA and SLAPARAMS) lik-state thresholds
(LRM). This process is launched when the INIM system is
launched, and the values of the entities involved are entered
manually.

The service management(EM UserCnx) process, also
part of the event manager, receives notifications of setup
and teardown of optical services. Setup notifications contain
all the connection-related parameters [17], from which this
process captures the source and destination nodes, the path
of the connection (which results in a relation of intermediate
nodes and links), the unique connection identifier (cnx ID),
the wavelength channel/s that carry the lambda service,
and theclass of the lambda service, which will be used to
verify the SLA. The outputs of this process are the files
lsp cnx entry, which stores the parameters of the lambda
service [17], tunnel links, which stores the links traversed
by the connection, andtunnelnodes, which stores the IP
addresses of the nodes traversed by the connection. The
QoS verificationprocess is split in three parallel processes,
illustrated in Figure 3 asEM SLAVerify, EM LinkUpdateand
EM LRMVerify. All QoS verification processes receive filtered
and aggregated events from the gatherers, and correlate them
to update verify SLAs, update link status and validate
link-state thresholds, respectively. To this end, the processes
correlate information from ‘elements and users’ and ‘QoS
characterization’ in Table II to check whether SLAs are
violated (end-to-end for each connection), and if link-state
information has been altered. To verify SLAs, this process
is given the associatedcnx ID of each connection, from
which it derives the SLA parameters and thresholds to verify,
based on theclass associated to thecnx ID (retrieved by
the service managementprocess). An example of threshold
verification (for the BER) follows:

Get OSNRdest for cnx ID
Get Bo andBe

ComputeOSNR value for targetBER (from eq. 3)
if OSNR ≤ OSNRtargetBER + ∆OSNRBERest

return (BER verified)
else return (Raise alarm SLA violation for cnx ID)

Note that the BER is estimated from the OSNR value at
the destination of the connection, as described in Section

III. Both EM SLAVerifyandEM LRMVerifyneed information
from EM LinkUpdate, which retrieves OMS- and OCh-layer
information from the OWM and the IP Meters. Note that
the QoS verification processes need prior categorization of
events from monitoring points, which is illustrated in Figure
3 as EM OWM and EM IPMeter. Finally, AlarmHandling
is a high-level process that evaluates the events received
from the gatherers and, if necessary, triggers alarms. In other
words, this process classifies events into notifications and
alarms. Processes dealing with security and policy, scheduling
services, billing/accounting are not taken into account in this
work. There is, however, a common process for the above-
listed ones that performs correlation between performance
information of the different OSI layers (1 to 3, in this work)
because troubleshooting is difficult between the layers.

The data flow of the INIM system is illustrated in Figure
3. StepA is the reception of an SNMP trap by thegatherer
process. This event can be a notification of a connection
setup/teardown or a performance monitoring event. Therefore,
it is filtered accordingly (stepB in Figure 3). StepC is the
reception and categorization of unified information by the
event manager (EM OWM andEM IPMeter processes). If the
event received is a notification of a service setup or teardown,
step D takes place (EM UserCnxprocess). Otherwise, steps
E to G, running in parallel, update the status of resources,
and check potential SLA violation and/or link-state variation
beyond the predefined thresholds. StepE receives events
relevant to services, issues an alarm if the SLA is violated,
and logs the SLA verification information. Inputs to SLA
verification are events and SLA information:

FILE: data/events
20050411.092030.037:add:04SF:4:7

FILE: data/sla
# A+SLA_ID:[ALARM1:ALARM2:..:ALARMn]
A0:01SD:02SD:03SD:04SD:05SD

The result of the SLA verification is a log and a possible
alarm. The basic function (stepG) of the link-state validation
is to update information about resources to the GMPLS control
plane, when an alarm is received:

FILE: data/events
20050202.123454.232:add:04SF:4:7
20050202.123454.232:del:04SF:4:7

FILE: data/lrm
# L+LINK_ID:[ALARM1:ALARM2:..:ALARMn]
L47:01SF:02SF:03SF:04SF:05SF

This update is done by raising an alarm that is processed by
the management controllers hosted in each GMPLS node, and
forwarded to the LRM module. A more advanced function
of link-state validation is to aggregate information on a per
link basis and as a function of the parameters considered by
the IRWA performed by the GMPLS control plane. To this
end, the INIM system integrates link models in its link-state
validation function (Section V).
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Fig. 3. Data flow of the INIM system processes.

V. EVALUATION OF THE INIM SYSTEM

In this section we evaluate the INIM system through outlin-
ing different time-related performance aspects. These aspects
serve for obtaining the periodicity of verification. Moreover,
an example of link-state information aggregation for IRWA
is provided. The experimental implementation and evaluation
of the INIM system is done in the ADRENALINE testbed
[18], which is a hybrid platform, developed at the Centre
Tecnol̀ogic de Telecomunicacions de Catalunya labs, which
combines both real and emulated transparent nodes and links
based on a distributed GMPLS-based control plane and a
distributed management plane that integrates the INIM system.
Nine Linux-based routers which emulate the GMPLS-based
control plane, and three 1.5 GHz PCs emulate the INIM
system. ADRENALINE is equipped with three 35-km fiber
links (up to eight DWDM channels of 1-2.5 Gbps) and three
spectral monitors that measure channel power, wavelength
drift and OSNR, as well as aggregate power and OSNR.
Monitors are SNMP enabled. Moreover, a router tester is
employed to generate IP traffic and measure packet statistics.
ADRENALINE is an intensity modulation direct detection
system. The testbed has the peculiarity of combining both real
(fiber) and emulated links, allowing the dynamic configuration
of network topology; in this work, a ring configuration is used.

A. Experimental characterization of INIM delays

The primary application of the INIM system is the certifi-
cation of SLAs between network operators and their clients.
The study of the verification periodicity of the INIM system
is crucial to ensure the certification of SLAs in a periodic
manner (TSLA). This study can be also applied to informing
the control plane about any significant degradation in the
optical links to be used in path computation for future service
requests. Starting from the monitoring points, which inform of
significant variations in the status of resources and services, we
analyze the processing delays of all the elements of the system,
until alarms are raised to the service management system or
to a node’s LRM module. Figure 3 illustrates the delays of

TABLE III

EXAMPLES OF VALUES FORDevent

Parameter Devent

Power 15 msec (sampling and SNMP Trap)
OSNR 110 msec (sampling and SNMP Trap)
Packet delay 5 msec (ping, RTT of 8-link path and SNMP Trap)

the INIM system. For any change or sample of the status
of a lambda service or optical resource, the gatherers receive
an event message after a delay namedDevent (stepA). The
processing in the gatherers (filtering and aggregation) will take
Dnot time (stepB). Devent depends on the monitoring point
(sampling rate, interworking with the gatherers, etc.), whereas
Dnot may vary for each type of performance parameter only in
what concerns the sensor process in the gatherer. Once in the
event manager,Dverify can be either for SLA (depending on
number of users, stepE) or link/channel values (stepG). In the
latter, an alarm may be raised to the LRM of the/an affected
node (Dal). In the control plane, information will be updated
globally through computing a suitable algorithm (DLRM ) and
flooding the aggregated information (Dfl). Then, the delay for
verifying an SLA can be expressed as:

DSLA = Devent + Dnot + DverSLA (4)

where DverSLA = Dverify|action=SLA verification, and the
delay for informing the control plane about significant impair-
ments on a channel/link is:

Dl−s = Devent +Dnot+DverLRM
+Dal +DLRM +Dfl (5)

whereDverLRM = Dverify|action=link−state validation. Note
that Devent is the time elapsed between the occurrence of
an event and the alarm generated by the monitoring point
that detected the event. An event can be a failure, or just
the periodic obtention of measurements by a monitoring
point. Failures are asynchronous if the alarms sent by the
monitors are autonomous. Many monitors obtain samples of
performance data at a given rate, which makes events (both
notifications of resources’ status and alarms) synchronous.
Table III illustrates some values ofDevent depending on
the performance parameters, which have been obtained from
the implementation performed in the ADRENALINE testbed.
For channel power and OSNR,Devent is worst-case, that
is, a change occurs right after sampling, which results in
Devent = Tsampling + DSNMPtrap .

After this, we analyze the impact of the different processes
in the event manager inDverify. Basically, Dverify does
SLA and link-state verification in parallel. Link-state infor-
mation verification is straightforward because the monitoring
information basically comes from optical channel (OCh) and
multiplex (OMS) levels at each link of the network. As for
the SLA verification, IP metrics are end-to-end, and therefore
also straightforward to correlate with SLA tables (see Table
I). Finally, we analyze the delays of raising alarms of SLAs
and link-state information. In both cases, the event manager
takesDal to notify the interested parties. In the latter, once
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Fig. 4. Sample delays for SLA verification.

Fig. 5. Sample delays forlink-state information update (OCh).

the alarm reaches an LRM, local tables are updated (DLRM )
and the updated information is flooded to the remaining nodes
(Dfl). Sample values of these delays are given in Figure 4;
SLA verification delays and range from 235 msec for verifying
spectral and IP parameters (one service) to 730 msec for
100 services. Note thatDverify for SLA is a function of
the number of optical connections (approximately20 + 5S
msec, whereS is the number of active lambda services). Link
validation delays, including flooding, are around 400 msec for
OPM, and around 300 msec for IP metrics (Figure 5).

Note that the temporal resolution of monitoring delays is 2
msec (accuracy of the event manager’s OS), and that end-to-
end delays are heavily influenced byDevent and the sequential
validation of SLAs. This can be improved by choosing faster
OPM monitors (commercially available equipment have scan
times of 0.1 msec), implementing the event manager in real-
time technologies and OS, and verifying SLAs in parallel
(robust database). This way the INIM system would be rapid
enough to be used for fault management, and also scalable for
high numbers of active services.

B. Strategies to estimate link-state parameters from real-time
monitoring information provided by INIM

Recently, IRWA is gaining interest because it allows to
set up connection taking into account the status of physical
resources that will be used for establishing the lightpah, hence
helping assure QoS. There are two main alternatives to obtain

information about physical impairments; modelling and real-
time monitoring. In the literature we may find models for
some performance parameters that aim at capturing the most
dominant impairments in high-speed networks, such as the
polarization-mode dispersion (PMD) and OSNR constraint
models proposed by Huanget al. [19], which require a
centralized database with detailed performance monitoring
information and iterative computation in the IRWA algorithm.
Throughout this paper we have seen that recent advances
in optical monitoring techniques make it possible to obtain
spectral parameters in milliseconds and in a non-intrusive way,
i.e. by extracting a portion of WDM signals by tapping optical
fibers. The novelty of the INIM approach is the use of up-to-
date performance monitoring information to build a link-state
parameter that is used by IRWA in a distributed way and with
no iterative computation.

This approach is interesting because the constraint models
found in the literature, such as [19], make use of a centralized
entity that has detailed information on the physical infrastruc-
ture, so that it can compute OSNR, PMD penalty, Q factor or
BER from the ingress to the egress. Of course, this approach
is the most exact, and also the most complex to implement in
on-line IRWA decisions, especially in distributed IRWA: cost-
efficient monitoring is incompatible with dynamic physical-
layer parameter databases that contain information about all
components and all wavelengths. The amount of monitoring
points needed to update the values of the parameters needed
by these models results in increased expenses. In fact, almost
each network element along the path should report on its per-
formance status. For this reason, in the literature performance
parameters for IRWA are assumed to be static. Moreover,
such a database would prevent distributed IRWA, which needs
information update and forwarding, from being scalable. Of
course, INIM may also provide channel-state information to
IRWA (Figure 5).

Since lightpath computation is usually done on a per hop
(link) basis, it is important to aggregate physical impairments
in one or more link-state parameters. IRWA assumes that the
quality of an optical signal traversingH hops can be estimated
as a function (maximum, minimum, addition, etc.) of the
impairments introduced by the optical elements along the path.
A description of the estimation functions of the INIM system
follows for OSNR and delay constraint models that are to
be embedded in the GMPLS nodes follows. Note that PMD
influences system performance in high-speed transmissions,
i.e. 10 Gbps and above, and therefore it is not an issue in the
ADRENALINE testbed.

To illustrate these estimation functions, we assume the setup
depicted in Figure 6, which is a generic scenario with several
services and changes in an extended ADRENALINE network.
Four lambda services are established; the channelsλ30, λ31 are
allocated to VoIP-like services,λ32 to IPTV-like, andλ33 to
Internet+. An 8-port spectral monitor taps the input and output
DWDM fibers of nodes 1 to 4, to monitor links 1-2, 2-3, 3-4
and 4-5. Moreover, IP meters located in nodes 1 to 4 measure
packet loss and delays for each service (for example, the VoIP-
like service carried onλ30 has an IP meter instance associated
that pings node 5 from node 1 to get the above-mentioned



JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS 9

Fig. 6. Setting of the INIM system.

IP metrics). The delay constraint model is straightforward,
because the INIM system can estimate the delay in any link of
the network by combining the packet delays measured by IP
meters and the knowledge of the lambda services’ paths. For
example, in the setup depicted in Figure 6, the INIM system
obtains RTTs of 1 hop (λ31 andλ32), 2 hops (λ33) and 4 hops
(λ30). Therefore, it has four samples to estimate the delay in a
link. This procedure can be also applied if links have different
lengths.

The OSNR constraint model is more complex. A dominant
impairment at any bit rate is noise (basically from amplified
spontaneous emission, ASE). So, the OSNR level at the
destination of a lightpath (Figure 7) can be expressed as:

OSNRdmonitored
(λ) ' Psig,dmonitored

(λ)
PASE,d

(6)

However, IRWA serves for estimating the QoS of future
lambda services, which may be established over a lightpath
that does not exist in the present, and distributed IRWA needs
link-state information for scalability reasons. Therefore, the
INIM system must provide a value of OSNR-related value for
each link of the network, so that the IRWA algortihm can use
a suitable expression to estimate OSNR from a given signal
level at the source (Psig,s), passing through the link spans of a
target route, and verify whether the OSNR estimated is within
the acceptable range for the class of the lambda service to be
set up, according to Table I.

In this work, the approach taken is an aggregate link para-
meter, which shall integrate the status of a link in a reduced set
of status values. In the literature we may find some examples
of this parameter, which are based on the maximum distance
(Dmax). For example, RFC 4054 [20] proposes a translation of
Dmax into a transparent domain, in which the link parameter
is the equivalent length of linkk, which equals the distance
sum of all fiber spans on the link and the equivalent length of
fiber for the network element/s on the link. This proposal is
only viable if non-OSNR constraints (PMD, ASE, etc.) are not
binding factors as long as the maximum distance constraint is
met, if appropriate network design is done and if no update
on link status is envisaged.

In the case of OSNR, and assuming the link model depicted
in Figure 7 and that the noise level is caused by ASE, on
each link the INIM system collects channel power and OSNR
values of active services and infers a single parameter for
the link, with a limited set of values related to the minimum
OSNR supported at OMS layer. For example, if the measured

Fig. 7. Optical link model.

signal level ofλ30 in the receiving end of node 5 (Figure
6) is -11 dBm, and the OSNR is 10 dB, by applying the
appropriate OSNR threshold of Table I we obtain the minimum
OSNR level supported by the channel. If we do the same
with the rest of active channels on the link, we obtain a set
of minimum thresholds for OSNR, which we may aggregate
with control and analysis techniques such as fuzzy logic.
Then, a route ofH hops computed for a service classm
accomplishes the OSNR constraint imposed by IRWA if it
verifies min(OSNRagg1 , ..., OSNRagg1) ≥ OSNRth[m],
where OSNRagg is the link-level value of OSNR obtained
from active channels andOSNRth = OSNRtargetBER +
∆OSNRBERest.

VI. CONCLUSIONS AND FURTHER WORK

We have presented an in-service non-intrusive performance
monitoring system that is capable of certifying ‘all-optical’
SLAs and to infer on-demand performance information on a
per link basis, which can be used for IRWA. The system is dis-
tributed, modular and low-complexity, and performs validation
procedures in milliseconds. For example, it can validate 100
SLAs in less than 800 msec, and link-state information in less
than 400 msec. The system monitors layer 1 (spectral) and 3
(IP) metrics in a non-intrusive way with respect to optical
signals in a dynamic environment. Future work will focus
on the computing and provision of updated link parameters
for impairment-ware RWA. Key issues to be considered are
the avoidance of unnecessary flooding of impairment-related
information, for which thresholds for notifying the control
plane of significant changes in the resources are crucial; and
the aggregation of link-state information (currently on a per
wavelength basis) to preserve scalability.
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