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Abstract

In this technical report, we present DCN@MPLS a prtocol extension to multi-protocol label switching
technology that can dynamically assign time activad future routes to an MPLS enabled routing infrastucture.

We assume that efficient route schedules have beenmputed by a separate optimization algorithm moduwe
linked to the DCN@MPLS route server. In this documat we first present the DCN@MPLS architectural
model. Next, we present the MPLS protocol extensigrto support dynamic circuit networking.

[. Introduction

In this technical report, we present a network iéectural model that implements dynamic circuit
operation DCN at the Multi Protocol Labeling Switogh MPLS domains namefDCN@MPLS In
addition, the MPLS protocol extensions are impleteéry the DCN@MPLS route scheduling tier. These
protocol extensions determine the set of label agesssignaling that enables time-scheduled route
information to be distributed to the MPLS domainon@ particularly, these extensions are relatechéo t
label distribution process handli@pnstraint-Routing Label Distribution Protoc@CR-LDP).

The rest of the paper is organized as follows;igedt provides the architectural of MPLS protocol.
Section Ill describes the client tier along withut® scheduling. Section IV, describes the DCN@MPLS
route scheduling tier. Section V describes the DAWNERS protocol extensions to MPLS CR-LDP.
Finally, section VII concludes the paper.

[l. Architectural Overview

This DCN@MPLS network architectural model is reprasg by the four-tier architecture shown in
Fig.1.

The DCN@MPLS architecture is composed of four tiedge, network, routing and scheduling. The
edge tier represents the architecture’s acquisiiotity to which on-demand data transfers requasts
submitted. The network tier represents the physMBILS network through which data transfers are
streamed. The routing tier handles all on-demand tlansfer requests, where an end-to-end route is
computed and yet scheduled for each request. Tezlating tier represents DCN abstraction layertlier
MPLS network, which performs route schedule dissetidn to the label switch routers of the network
tier.

In addition, DCN@MPLS is a set of protocols extensio the MPLS CR-LDP. These extensions
describe three DCN primitive route operations: inguesponse and schedule dissemination. Furthexe
route dissemination models are described: the fastentralized implementable by classic routing
protocols. On the hand, the other two are distetuitable for intermittent networks.
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In the proceeding discussion, we elaborate eaahitiethe DCN@MPLS network architecture
according to following sequence. The MPLS netwookndin tier, the client tier, the route scheduliiey t
and finally the DCN@MPLS route scheduling tier.
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Fig.1: The DCN@MPLS Network Architecture

[1l. The MPLS Network Domain Tier

In this section we introduce Multiple Protocol L&Bsvitching MPLS and describe the MPLS network
domain tier.
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A. Multiple Label Protocol Switching

Multiple Label Protocol SwitchinglPLS will play a major role in techniques of routing,
switching and forwarding packets through the nexttegation network in order to satisfy the future
demands of Internet applications. [5]

The actual data transmission in MPLS occurs dralel-Switched PatiiLSP), where a LSP is
sequence of labels at each and every node alongathebetween the source and the destination. The
establishment of LSPs is performed either in cditriven or data-driven fashion. In former, LSPs ar
established ahead of the data transmission of tatemission, while in the latter these paths are
established upon the detection of a data flow [3].

In addition, Labels that form the underlying praibspecific identifiers are distributed using
Label Distribution Protocol(LDP). Each data packet encapsulates and carries lieés lduring its
journey from the source to the destination. MPLBela are fixed-length inserted into the packet
header between layer-2 and layer-3 headers, winighles high-speed switching.

An instance of a MPLS network domain is presentetthé Fig.2. It can be noted that this network
domain consists of two types of nodes (routergpel Edge Route(LER) andLabel Switch Router
(LSR.

The first type represents the devices that opaatthe edge of the access network and MPLS
network. LERs forward traffic to the MPLS networkea establishing the LSP. Moreover, these
devices support multiple ports connected to varimtsvorks such as ATM, Frame Relay and Ethernet.
The second type represents the set high-speedsrdatdoyed at the core of the MPLS network that
participates in the LSP establishment using the@pjate protocol. Further, LSRs constitutes an LSP

MPLS supports differentiated services througbrward Equivalence Classg$EC)s. A FEC
represents a group of packets sharing the siméasport requirements; all packets belonging to the
same FEC are given the same treatment en-rouke tdestination. These classes are based on service
requirements for a given set of packets (flow) or &n address prefix. MoreovelFEC packet
assignment is done at the LER. Each LSR buildalzel Information Bas€LIB) to determine how a
packet must be forwarded based on its label it gswdates. In addition, a label identifies the path
packet should traverse, since it is encapsulatediire packet header.

B. The MPLS Network Domain

Generally, a MPLS domain is represented by thecticemulti-graptG = (N, E), whereN = {n,,

n,, ..., N} be the set ofm label switch routers arfd = {e;, &, ..., &} be the set of edges (links), each
edgee I E connects a pair of label switch routemg () I N.

For each switch routas, | N, ¢, denotes its service rate in bits per second (apd); denotes
the available storage buffer in bits. For each eelgb E, bw denotes its bandwidth (bps) ahd
denotes its propagation delay in seconds.

The MPLS domain tier is elaborated in Fig.1 cossistseven label edge routers {LERER,,...,
LER;} and ten label switch routers { LSRLSR,,..., LSRg} and twenty-four links {g &,..., &4}.
This tier collects node (LSR) and link resourcesndérmation to be forwarded to the DCN@MPLS
tiers. As shown in the figure below link resournéormation is pointed by dashed green arrows, while
node resources information is pointed by blue dastteows. Moreover, each LER node in the domain
obtains the time-scheduled route information frine DCN@MPLS tier. Each LER is responsible of
setting up the time-scheduled route from itselthie egress LER according the LSP time-scheduling
information.

IV. The Client Tier

The Client tier represents the user-groups requestn-demand data flow transmissions via the
underlying the MPLS network domain.
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Clients of this architecture are multi-disciplinaimycluding science, business, engineering, edutatio
medicine, and others. For instance, High DefinitigfD) video teleconferencing used in business
management and distance learning the enablesimealéommunication between parity separated by
continentals. Moreover, telemedicine allows spéstml to collaborate in conducting sophisticated
operations around the world. These applicationsneonly have two features: bandwidth-intensive and on
demand. Bandwidth-intensive applications involvessiely large data transfers in the orders Gigabyte
and yet Terabytes per day. Moreover, the on-denfeatlire implies that dedicated end-to-end circuits
should be established, and network resources loawve &llocated in advance.

Based on these two features, it can be understuaiddata flow transfer requests represents forward
equivalent classes which bundles the data floviierom the ingress to the egress LERs. TherefoF&EC
is further presented by a instartagefined by the tupléu , v, o, dl, 9, whereu is the ingress LERy is the
egress LERo is the task origination time in second,is the task completion time deadline in seconds,
ands is the task size in bits. Given a MPLS domain, dtteébuted description of the tagks described by
Fig. 2.

In addition, client-initiated tasks are grouped ahdn sent to the route scheduling layer, whose
responsibility of computing the timed-schedulestestin the MPLS network domain.

Fig.2: The Taskt Elaboration over a MPLS Domain

V. The Route Scheduling Tier

This tier consists of the route scheduling solvEihe main task of the route scheduling tier is
computing time-scheduled routes in the underlyif@N@®MPLS network domain corresponding to the
client requests.

By referring to the route scheduling tier is ill@ed in Fig.1. The inputs to this tier are frora tiient
and the DCN@MPLS routing tiers. The upper tier fes the set of tasks (requests). The lower tier
provides the network topology information throudjie node and link resource information. Both types o
information further enable the route schedulingreplto construct a conceptual graph to the undeglyi
MPLS domain. The outputs of this tier are the tsslkedule, route schedule and per-hop route sahedul
Each is described throughout this section.

In this section, we first introduce the conceptidmoute scheduling and next describe the functinha
of the route scheduling solver.
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A.

B.

VI.

Route Scheduling

Given a MPLS domain directed multi-gra (N, E) whose model illustrated by Fig.1 L&tdenote
the set oin tasks {;, t,, ..., t;}. Each task | T is represents a data transmission request modeled
Section IV and further illustrated by Fig 4. Leettoute (LSPY; be a solution to task defined as an
ordered set of node hops (switch routers) = {u, n,,..., Bj, ..., R, M}, or ask-1link (edge) hops

L ={e1. €2.., 8§, ..., €1}, Wheree; connecta ;1) andn;;. The attributed description of the route
instancer; by Fig.3 shown below. Note that denotes the label switched path for the LSP task
Further, the saR defines a route schedule as a set of routes, vezete task has a route (is committed
to a task). Find The route schedRe={ ry, ry, ..., ri,..., I}

= {Hi, Li}
H;={uy, niz, Ny, Nig, M5, i} = {LERy, LSRy, LSR,, LSRy, LSRyg, LSRs}
Li={ei1, @2, €3, €4, €5} = {€5 €y, €11, €17, €19}

Fig.3: The attributed description of the route instncer;

The Route Scheduling Solver

This solver aims to find the optimal LSP scheduleximizing the objective function. The inputs to
this solver consists of logical DCN residual gragh Note thaG®”= (N©, E?), whereN® represents
the residual set of nodes representing the NRIB BAd represents the residual set of edges
repr%senting the LRIB. Moreover, the set of daaagmission requests represented by the residlal tas
setT".

The DCN@MPLS Route Scheduling Tier

The DCN@MPLS scheduling is the central tier showrFig.1 implementing the actual DCN
scheduling at the MPLS at the architectural andpteocol levels. We first describe the standard
protocol elements and mechanisms provided by CR-tdd$&tup LSPs. Afterwards, we show the CR-
LDP extensions to support DCN by means enablingtscheduled LSP setup.

This tier introduces three modules: tihode Resource Information Bag¢BIRIB), the Link
Resource Information BageRIB) and the router server. The inputs of this tiégioate from the route
scheduling and the MPLS domain tiers.
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As given by the router scheduling tier, the taskcdibes a flow transfer request described by the
taskt; described by the tuplei(v;, o;, dl,, ), whereu, is the ingress LERj is the egress LERy, is the
transfer origination time (secondsd); is the transfer completion tims,is the size of the flow in (bits).
The corresponding solution tois the route (Label Switched Pathpiven by {{n;1, ni2,..., Nim}, { &1,
€2,-.., €n}t , Where {n;s, Ni,,..., Nim} iS a set ofm node hops ande(y, e,,..., &n} is the set ofn link
hops.

In addition, the per-hop route schedule descrihabe per-link transfer schedule of the taskia
the LSPr;. For each link hop hope; in r; connecting the node-hops paitj( nij:1), t at nj., is
decomposed into a set of segmemxgf Xi;2,..., X,jnt to be streamed via,.

The transfer of data segmeni buffered at;; to be transferred to;j,; viae; is denoted by the
data unit transfedu; . An instance of the data unit transéks; is defined by the tupleséq;x, Sz
PS,k Phjx depjx arrijy). Wheresegq;x is The unit sequence numbsg, is the unit size in bitgs
is the data unit processing start tirpg; is the data unit processing time duration at thasmitting
node hom; , dep;« is the departure time from the node hgp andarr; is the arrival time to the
node hom;,.1. Furthermore, the set of segmernts {, X 2,..., Xijn} t0 be transferred from;; to n;j,;
via g is given by thdink-hop transfer scheduls; = { du1, du>,..., du.}. Therefore, the per-hop
route scheduley; is given by the set of all per-link hope transfatsng the route; given by {s i,
tS.2,..., tS,n}-

A. The Node Resource Information Base NRIB

The NRIB is a database server that stores andskeapk of the resources of each label switch
router in the MPLS domain. Node resources inforomatncludes available service capacity (bps), total
service capacity (bps), total input/output buffeepacity (bytes) and available input/output buffer
capacities (bytes). For each nagehe NRIB holds two tables: one for the input kuéfand other for
the output buffers. The input buffer reservatiabléin-table holds a record for each data unit transfer
incoming ton. On the other handut-tableis the output reservation table that holds a k¢or each
data unit transfer departing n.

An input reservation recorid-rsv is given by the tupleid, tid, nid, rbuf, beg. On the other hand,
the output reservation record out-rdd, (tid, nid, rbuf, beg end. For both record typesd is the
resource reservation ID numbéd is the reserving task ID numbeiid is the node hop IDbuf is the
reserved bufferbegis the reservation beginning (start) time, @mdlis the reservation ending time.
From the resource reservation table, node resdnfeemation can be derived and further pushed to
the route scheduling tier. Note thiatrsv only holds the beginning time. This because whdata unit
transferdy; from the node-hom;; to n;j., via the link hope,;, x;; is first placed in the output buffer
of n;; prior departure and will be further placedri., input buffer. Therefore, the input buffer is
concerned with start of the reservation, whichtie trrival ofx ;. (arriji), since the end of the
reservation will be determined loy., whents;j,; is created.

NRIB acquires link resource information from the MPnetwork domain. However, we assume
this is performed through a data acquisition prokogvhich is described in future. From the link
resource reservation table, the LRIB computes tlalable link capacities at each given instance of
time and further transmits them to the route schegtier.

B. The Link Resource Information Base LRIB

The LRIB is also a database server, which stordskaeps track of the resources of each link in
the MPLS network domain. Link information includesurce LSR, destination LSR, total link capacity
(bps), and propagation delay (seconds). Similah¢oNRIB, a reservation table is stored for each li
in the MPLS domain. This table also holds a redorckach for each data unit transfer.

A link reservation recordirsv is given by the tupleid, tid, lid, src, dst rbw, fow, beg end),
whereid is the resource reservation ID numbét,is the reserving task ID numbdid is the link hop
ID, srcis the link source node hogstis the link destination node hogaw is the reserved capacity,
fow is the available (free) capacitjegis the reservation beginning (start) time, anehd is the
reservation ending time.
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LRIB acquires link resource information from the M network domain. However, we assume
this is performed by a data acquisition protocdijol is described in future. Moreover, from theklin
resource reservation table, the LRIB computes tedlable link capacities at each given instance of
time and further transmits them to the route schegtier.

C. The Route Server

The route server is a special-purpose applicatgyaes responsible of disseminating the per-hop
route schedule; into the LSR belonging to the LSP As described in the architectural overview, the
route server acquires the task scheduleoute schedul®; and the per-hop route schedulg from
the route scheduling tier. For each tripketr(, u;), wheret; in T, r; in Ry andug in Uy, the route server
performs two tasks: resource reservation and LBI-tichedule dissemination. The latter operation
represents the DCN information dissemination to tkserved LSP. To clearly describe the
functionality of the route server, we devise a ls8Bnario shown in the figure below.

The resource reservation task is elaborated thautgthis section. For each data unit transfer
du;«in the sest; (in uy) representing transfer from the node-hap; to nij., via e three records are
created, one link resource reservation and two mesgeurce reservations. The link reservatiem;
corresponding taly;« is given by K, i, nij, Nij:1, S%jk depjx arrijx). The fieldk is the reservation id
number,i is the task id numben;; is the source node-hop,.; is the destination node-hag;, is the
size of the segmenki(,), dep;« is the start of the reservation aad;; is the end of the reservation.
Note that the departure of the segment denotesténeof reservation, while its arrival denotes ¢inel
of that reservation. Next, the recdsby; is inserted into LRIB, specifically into the regation table
of the linke;. The link resource reservation task is illustrétegig.7.

DCN@MPLS Scheduling Tier

Link Resource Information Base
(LRIB)
Route Server

Insert (I-rsvi;)

(k, i, Ny, Nijsa, SZijh dePijk, arry)

(k, SZijk PSijrs Plijn: d€P;j s AMTijx)

\ MPLS Network Domain Tier

i Nijsq Mijaq s veny Mimeg Ny,

Ingress Egress
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Fig.4: The Link Resource Reservation

In addition for the same data unit transfier;, , two reservation records are created one for the
output buffer of the node,; and another for the input buffey.,. The output reservation recooait-
rsvijx is given by the tuplek(i, nij, Sz (PS«*+Pt,x), dep;x). Moreover, the input record This record
is denoted byn-rsvij.1  is given by the tuplek(i,nij.1,S%;«arrijx). Afterwards bottout-rsy; andin-
rsvij1x are inserted in their corresponding reservatiorletabn the NRIB. The node resource
reservation is illustrated in Fig.8

The task of disseminating the LSP time schedulelires three operations: acquiring the set of
labels mapping&a;, extracting the timing information from the roweheduleu; and distributing the
timing information to each LSR in. For better understanding of these operationsutilize the
following LSP scenario shown in the Fig.9.

The reference scenario consists of two architeceleanents the route server and a LSP given
{{LER ;, LER,, LSR;, LSRy, LSR;, LSRs, LSRyo, LERs}, {€1, €, &, €10, €3, €3 &g} It has to be
noted that the route server belongs to the DCN@M#Iu®e scheduling tier, while the LSP belongs to
the MPLS network domain tier.

The taskt; represents an instance of FEC (data flow transomsgquest) from the ingress LER
to the egress LERstarting from the time = 1 and ending at = 40 and the size of data to be
transmitted is 1.5 MB. The LSR committed ta; is {{LER;, LER,, LSR;, LSR;, LSR;, LSRs, LSRy,

LERS}! {e 1s e4! 831 e.l.O: el3! el& el9}}
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Fig.5: The Node Resource Reservation

Acquiring the label mapping information involvesetinvocation of the label/request mapping
signaling of CR-LDP illustrated in Fig.10. The oomee of this step is the sk denotes the set of
input/output label pairs at each node mppin r; given as {{ii1, 101), (liiz 10i2),..., @ik 10ig),...,(iim,
loim)}. Note thatlijy is thek™ input label ando;y is the output label of the FECpassing traversing
through the LSRY;.

The route schedule time information is denoted ey éstimated data flow starting and ending
times pair ért;, end,) at each node hopyin r;. The startingsrtx time means the arrival of the first
data segment to the node hap mapped to th&™ label input/output label paili{x, l0ix) given by
arrix 1, while the ending timend, means the departure of the Iasth data segment for that node hop
given bydepxm
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Fig.6: The LSP reference scenario
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Fig.7: LSP Label Acquisition

The label timing pair determines its lifetime insithe FIB, hence the input/output label p&ig(
loj) is only valid during the time periodtt;, end,]. The outcome of this operation is the set=

{(STt,, €ndy) ,....(sTt;, €nd))...., (STm endm)}

The task of distributing the set; to corresponding the LSRs inillustrated in Fig. 11 involves
three signaling operations: label inquiry, labedpense and label timing that elaborated later i th
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VII.

section. For this operation we describe two sigigalmodels: centralized and distributed. Both
methods are elaborated in the protocol CR-LDP paitextensions section.

Fig.8: Label Timing Dissemination
MPLS CR-LDP Extensions for Route Scheduling

The DCN@MPLS tier presents the physical DCN abstradier for MPLS network domains. It
is shown that the route server is the core modul@dementing the DCN functionality at the MPLS
protocol layer. Furthermore, it was established tha DCN@MPLS realization the per-hop route
schedule produced by the route scheduling tiecheduled label timings. In addition, it was alseegi
that the route server is mainly responsible ofatisisating route schedules to corresponding LSRs in
the MPLS domain.

According to the MPLS architectural specificatidCN@MPLS is considered a realization of
constrained routing paradigm, where routes (LSPs)canstrained by the data flow QoS demands.
Based on the architectural model presented, rqu®Bs) computed by the route scheduling tier are
assumed to satisfy the on-demand data request @o&ntls. In other words, for tagkepresenting a
FEC assigned to a LSR, thed|; attribute determines the completion of the trassion and the value
(s / (dl; —0)) represents the demanded bandwidth.

As a result, route schedule distribution mechdlyictollows the operation of the CR-LDP
described below. As mentioned earlier, this modeaised on the standard MPLS CR-LDP, where no
protocol extensions are required. Never the ldss,rbute server should additionally define a data
structure and signaling procedure.

CR-LDP protocol enables explicit LSP setup throitgHabel distribution mechanisms. As given
in architectural definition of MPLS network domatier, an LSP is explicit sequence of LSRs
connecting ingress LER to an egress LER. Form thkitactural perspective, the operation of CR-
LDP is only concerned with the organization of lalvé#ched paths. On the other hand, CR-LDP label
distribution involves two operations: label requast label mapping.

In this section, we present the route scheduliribution task performed the route sever. We
describe two types of route schedule distributiavdets: centralized and distributed. The centralized
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model is based on the standard label distributiimipves supported by MPLS CR-LDP. On the other
hand, the distributed extends the MPLS CR-LDP wlittee protocol signaling procedures to enable
route schedule distribution.

A. Centralized DCN@MPLS Route Schedule Distribution

The centralized route scheduling distribution perfed by the route server leverages the pre-
excising label distribution mechanisms supportedOR+LDP. This model first determines the
architectural specifications of the route served #bel switch routers in the MPLS network
domain. Afterward it describes the CR-LDP protagighaling procedures involved.

Architectural Specifications of Route Server

The route server located in the DCN@MPLS tier iy @oncerned with two inputs from the route
scheduling tier: The route schedi®e and the task schedullg. The route server defines a data
structure calledjlobal route scheduldescribed as a table. For each pgir;j in T, andRy, This
table stores a record, which determines the ifatiatime for the LSP represented by A route
schedule record is defined by the tupled(i, H;), where i is the record ID numbeg, is the
origination time oft; and H; = {u;, ni2, ..., Nim1, Vi} is the set of node-hops of. The global
schedule data structure is elaborated in the fighosvn below.

Fig.9: The Route Server Global Route Schedule

Architectural Specifications of Label Switch Router
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Each LSR in the MPLS network domain consists of:timéormation basestabel Information
Base (LIB) and Forward Information BasgFIB). The overall organization of the LSR is
illustrated in Fig. 10. The LIB is modeled accoglio per-interface where each network interface
is allocated a label space range. For instancé, ERS could consider 256 labels equally divided
over its interfaces. When an FEC mapping requestdsived, the interface number is passed to
LIB, where a label value is selected from its cep@nding range. Besides the LIB, the FIB is
table that holds the next hop forward mapping ofirmoming label. For each FEC, the FIB
maintains a forward record given the tupleSPID, FEC, IN-IF, IN-LBL, OUT-IF, OUT-LBL,
NEXT). The attributes are described as folloWSPID is local LSP id numbef-EC is forward
equivalence class equal to the IPv4 address pieéfiig-, is the input id numbefN-LBL is input
label value OUT-IF is the output interfac&UT-LBL is the output label valueNEXTis the next
hop IPv4 address.

Fig.10: The Label Switch Router Data Organization

Centralized Route Scheduling Protocol Signaling

Periodically, the route serve scans the globale@ghedule and initiates each route LSP
according to its initiation time. It is assumedtthi@e route server timer is given by for route
scheduling recordec, when = o — the route server initiates the CR-LDP distribution
signaling. Note that denotes the LSP label distribution and LSP sesitgnty in seconds. The
CR-LDP label distribution is performed by two protb signaling operations: label request and
labels mapping. For each operation, CR-LDP defan&me Length Value TLV message and also
describes signaling steps performed throughoubplezation.

CR-LDP defines two label distribution messagedatat by the ingress LER: label request
and label mapping messages. Both messages TLV iseadedescribed in [4]. In this section we
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describe both operations starting with the labguest signaling. We utilize the LSP reference
scenario given by Fig.6.

Fig.11: The label request messaging

Note that the route server initiates the operafiom the ingress LER. The label request is
forwarded in a hop-by hop fashion until it arriteshe egress LER.

Fig.11 shown above illustrates the label requaisiaied by the ingress LER (LER Note

that LER has already been aware of the entire path to ghesse LER (LER). Hence, LER
creates the CR-LDP-REQ message shown in Fig.15renthe explicit route consists of ordered
hops LER (highlighted in yellow), LER LSR;, LSR;, LSRs, LSRs, LSR;p and LER.
In step-1, the ingress (LER1) builds the requesssage, pops its hop information from the
explicit route TLV and passes it to the next hopRLEIn step-2, LER2 receives the message,
pops itself from the explicit route TLV. Similar tstep-2, steps 3 to 7 perform the same
operations. In step-8, the egress LER5 receivesntbssage and initiates the label mapping
process described in the proceeding discussion.

Once the egress LER receives the label requestagesg initiates the label mapping
process performed in a hop-by-hop fashion. Labgipimy involves three steps at each hop in the
LSP starting at the egress and ending at the iadrERs. First, the LIB is inquired an available
label value to be mapped to FEC enclosed in theesigmessage. Second, the label value
obtained from the LIB is mapped to the FEC and & matry is inserted inside the FIB,
determining the output label value. Third, the lafbapping message LDP-LABEL-MAP-MSG-
TLV is sent to the next hop towards the ingress LBRr the label request scenario described
above, we elaborate the label mapping process &(ng.

In step-1, LER generates 127 as label value for the incomindi¢crakhose LSPID is 10. LER
inserts a new entry in the FIB corresponding td treffic. As shown the input label is 127 and
the output label is N/A because LER the egress. Next, LER5S generates label mappegsage
containing 127 as the input label value and passkeSR .

In step-2, LSK, receives the label mapping message from 4 BRJ generates label value for
that traffic equal to 189. LSR10 inserts a new\emirits local FIB, whose input label is 189 and
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output label is 127. After entry is inserted, LigRasses its input label value to LstRrough a
label mapping message.

Fig.12: The Label Messaging

In step-3, LSR receives the label mapping message from ,3Rd generates label value for that
traffic equal to 0. LSRinserts a new entry in its local FIB, whose infaliel is 0 and output label is
189. After entry is inserted, LSR8 passes its injpbel value to LSR5 through a label mapping
message.

In step-4, LSR receives the label mapping message from 8RRl generates label value for that
traffic equal to 189. LSRinserts a new entry in its local FIB, whose infalitel is 189 and output label
is 0. After entry is inserted, LSRoasses its input label value to LSR4 through @llabapping
message.

In step-5, LSR4 receives the label mapping meséage LSR; and generates label value for that
traffic equal to 0. LSR8 inserts a new entry inldtsal FIB, whose input label is 0 and output laisel
189. After entry is inserted, LQRpasses its input label value to LSR1 through allabapping
message.

In step-6, LSR1 receives the label mapping meséage LSR, and generates label value for that
traffic equal to 153. LSRinserts a new entry in its local FIB, whose infaltel is 153 and output label
is 0. After entry is inserted, LSRpasses its input label value to LERirough a label mapping
message.

In step-7, LER2 receives the label mapping mes$age LSR, and generates label value for that
traffic equal to 85. LERinserts a new entry in its local FIB, whose infalitel is 85 and output label is
153. After entry is inserted, LBERpasses its input label value to LEBRwrough a label mapping
message.
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In step-8, LER1 receives the label mapping mes$ame LER2 and generates label value for that
traffic equal to 0. LER2 inserts a new entry inld@sal FIB, whose input label is 0 and output laisel
185.

B. Distributed DCN@MPLS Route Schedule Distribution

The distributed model of route scheduling distribmitis based on disseminating the label timingsptor
each LSR in the LSP. In this model, the route setees not define or utilize any special data $tmec
On the other hand, this model augments the LSR daiwnformation base (FIB) data structure and
further defines three protocol signaling operations

In this section, we first describe the augmentead deganization of the FIB. Second we present tRe C
LDP protocol extensions corresponding to threeadigg operations. This is due to the fact that QRPL
does not enable time-scheduled label distributiaver the less, CR-LDP allows protocol extensions
through optional messaging that allows experimenp&ration. In this section, we describe three sypfe
protocol extensions: data structure, signaling agss, and signaling operations

i. The Architectural Specifications of Label Switch Rater

This model defines an additional table associatitial tive original forward information base. This
table holds the label timing pair for each inputput label-pair in the FIB, namelyabel Timing Table
(LTT) illustrated in Fig. 13. Each record in the LTTdisfined by the tupldgpid, start-time end-time,
wherelspid is the LSP id numbestart-timeis the beginning time of FEC reception denotedhey
Ispid, andend-timeis the ending time of that FEC reception.
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Fig.13: The FIB Architectural Specification

When a label is received by an LSR, the local Elierrogated to determine appropriate actioreto b
taken such as label swap, push or pop. The FIBdudetermines the validity of the input/outputdib
pair corresponding to label received. If the |adtak at the LSR is between [start-time, end-tiniegn a
label action is taken, and dropped otherwise. Mexpresent the CR-LDP protocol extensions.

The Extended CR-LDP Label Distribution Signaling Massages

The signaling messages proposed are experimensslages allocated by the CR-LDP. We present
three experimental signaling messages to enatderisate time-scheduled LSP information to be
disseminated to the MPLS domain.

First, the label inquiry message defined as CR-IED#R-LABL-INQ. This message is initiated by
the ingress LER to obtain the sequence of labetglmished, swapped and popped a specific LSP. The
type length value specification of CR-LDP-EXP-LABNQ is given by Fig.14. It can be noted that
TLV above is based id depicted from the explicitteoTLV described in [4]. This message consists of
the following field: id, FEC TLV, LSPID TLV and ERLV.

Second, the label response message defined as CREXP-LABL-RESP initiated by the egress
LER as response the inquiry message. This mességavard from the egress to the ingress LER in a
hop-by-hop fashion. Third, the purpose of the tignnessage is to distribute the FH&bel timing
information to the node hops along the LSP.

Fig.14 CR-LDP-EXP-LABL-INQ TLV

Each node in the LSP appends (pushes) the corrmdisigoinput and output labels for that given
FEC.
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Fig.15: CR-LDP-EXP-LABL-RESP TLV

At completion of the label inquiry/response operasi described earlier, the ingress
precisely estimate the flow (the tagkarrival and departure times at each hop (LSRsL&RIS)
along the LSP (the solutio). Therefore, the ingress incorporates the lataglkswith the route
scheduleu, to determine. arrival and departure pair for each hop.

In addition, the label timing pairs are distributedheir corresponding hops using the
experimental message CR-LDP-EXP-TIMING.

Fig.16: CR-LDP-EXP-TIMING TLV

iii. The Extended CR-LDP Label Distribution Signaling Operations

The overall process of distributing time-schedul&P information to the MPLS domain
is performed by five operations: label requestelabapping, label inquiry, label response and label
timing.

We consider a tasls is as a data flow representing RFE@m an ingress LERu() to an
egress LER\() and the solutiom, (LSP) as solution td,. Moreover, consideu is the per-hop
schedule of; via r, specifying the arrival and departure of each segr(gacket) int. at each hop
alongr.. According to the context of MPL$,. has to be disseminated to all node hops (LERs and
LSRs) along. in order to determine the life time of the labalues generated for FEGtored at
each node hop. In this section we describe thel ledogiiry, label response and label timing
signaling operations as protocol extensions to CR-llabel distribution.

First, the purpose of the label inquiry operationobtains the sequence of input/output
label at each hop along the LSP. This procesdustriated in Fig.17. It is shown that the label
inquiry operation initiated by the ingress LER (LfERThe ingress creates the label inquiry
message, where the explicit route consists of edidrops LER (highlighted in yellow), LER
LSR;, LSR,, LSR;, LSRs, LSRyp and LER.

In step-1, the ingress (LERbuilds the request message, pops its hop infaom&iom the explicit
route TLV and passes it to the next hop LHR step-2, LER2 receives the message, pops itself
from the explicit route TLV. Similar to step-2, p&e3 to 7 perform the same operations. In step-8,
the egress LERS receives the message and initiegdabel mapping process described in the
proceeding discussion.

Second, the label repose takes a place once tresmthe label request message. The purpose of
this operation is to forward the list of each lalmglut/output pair in a each hop along a given LSP.
The label response message is initiated by theseged is propagated towards the ingress in hop-
by-hop manner.
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The label response of the label inquiry scenargzdbed previously is elaborated in
Fig.18. Label response involves three steps at kaphn the LSP starting at the egress and
ending at the ingress LERs. The LSR locks up ttBeféi the corresponding input and output
labels for the inquired FEC. Label values obtaifrech the FIB are appended to the label
response message. Note that egress LSR createedisage and rest of the hops along LSP
appends the FIB label values until it reaches ¢dnigress LSR. The label response message is
forwarded to the next hop.

Fig.17: The Label Inquiry Messaging Operation

In step-1, LER locks up the input/output pair <127, -1> from litgal FIB and creates a label
repose message. Due to the fact is the egressthedthere is no output label value; hence -1 is
given as null value. Next, LERpushes the pair into the label stack of the respanessage and
forward it to LSR,. In step-2, LSR, receives the response message, locks up the oot
<189, 127> pair from its local FIB. It pushes thairgnto the message label stack. Afterwards,
LSRRy forwards the response message to .SR step-3, LSRreceives the response message
from LSRy, locks up the input/output <0, 189> pair fromldsal FIB. It pushes the pair into the
message label stack. Afterwards, lS&wards the response message to4.SR

In step-4, LSRreceives the response message fromgl.®iRks up the input/output <189, 0> pair
from its local FIB. It pushes the pair into the sege label stack. Afterwards, LS®rwards the
response message to LSk step-5, LSRreceives the response message fromgl®Rks up the
input/output <0, 189> pair from its local FIB. lughes the pair into the message label stack.
Afterwards, LSR forwards the response message to LBRstep-6, LSRreceives the response
message from LSRIocks up the input/output <153, 0> pair fromldsal FIB. It pushes the pair
into the message label stack. Afterwards, L&Rwards the response message to L.ERstep-7,
LER, receives the response message from | #iRks up the input/output <85,153> pair from its
local FIB. It pushes the pair into the messagellstaek. Afterwards, LERforwards the response
message to LERnNn step-8, LER receives the response message from J.H&cks up the
input/output <0, 85> pair from its local FIB. It ghes the pair into the message label stack. Once
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the stack of all labels is obtained the ingressendsl capable of distributing the temporal
information to each node hop along the LSP.

Fig.18: The Label Response Messaging Operation

Third, the label timing takes a place once thee@atrver receives the label sequergeThe

route server builds the label timing schedulewhich holds the label starting and ending time
pairs the for a data transfer request represeatirgC.

By referring back to the label inquiry/responsensec®s, the ingress LER incorporates the label
stack with the route schedulg. computed for the. via r.. Assume thaty. schedule from the
ingress to the egress nodes is given as follows 2&1 <5, 6>, <9, 10>, <14, 15>, <20, 21>, <25,
26>, <31, 32>, <35, 36>}.

The label timing update process scenario is eldbdra Fig.15. Note that we only elaborate label
stack field. At each hop starting from the ingrehs, local FIB is updated with the task arrival and
departure field. Next, the label timing messagéorsvarded to the next hop towards the egress
node after two entries are extracted. The firsthis hop from the ER field and second is the
corresponding timing entries from the label stack.

In step-1, the ingress node builds the label tinmggsage containing the label stack and the ER
field containing the complete path from LE® LER;. LER; extracts its corresponding hop from
the ER hop and extracts the pair <1, 2> from thellatack. The corresponding entry to (LSPID =
10) in the FIB is updated with <ARR-TIME = 1, DERME = 2>. Next, LER forwards the label
timing message to LER

In step-2, the LERreceives the timing message from LE&hd extracts its corresponding hop
from the ER hop and extracts the pair <5, 6> frbwm label stack. The corresponding entry to
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(LSPID = 10) in the FIB is updated with <ARR-TIME 5, DEP-TIME = 6>. Next, LER
forwards the label timing message to LSR

In step-3, the LSRreceives the timing message from LE&d extracts its corresponding hop
from the ER hop and extracts the pair <9, 10> ftbmlabel stack. The corresponding entry to
(LSPID = 10) in the FIB is updated with <ARR-TIME &, DEP-TIME = 10>. Next, LSR
forwards the label timing message to LSR

Fig.19: The Label Timing Messaging

In step-4, the LSRreceives the timing message from LS&d extracts its corresponding hop
from the ER hop and extracts the pair <14, 15> fthenlabel stack. The corresponding entry to
(LSPID = 10) in the FIB is updated with <ARR-TIME ¥, DEP-TIME = 15>. Next, LSR
forwards the label timing message to SR

In step-5, the LSRreceives the timing message from LS&d extracts its corresponding hop
from the ER hop and extracts the pair <20, 21> fthenlabel stack. The corresponding entry to
(LSPID = 10) in the FIB is updated with <ARR-TIME 20, DEP-TIME = 21>. Next, LSR
forwards the label timing message to LLSR

In step-6, the LSRreceives the timing message from LsS&d extracts its corresponding hop
from the ER hop and extracts the pair <25, 26> fthenlabel stack. The corresponding entry to
(LSPID = 10) in the FIB is updated with <ARR-TIME 25, DEP-TIME = 26>. Next, LSR
forwards the label timing message to LR

In step-7, LSK, receives the timing message from LSRid extracts its corresponding hop from
the ER hop and extracts the pair <31, 32> fromahel stack. The corresponding entry to (LSPID
= 10) in the FIB is updated with <ARR-TIME = 31, BHIME = 32>. Next, LSk forwards the
label timing message to LER
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In step-8, LER (egress) receives the timing message fromk3Rd extracts its corresponding
hop from the ER hop and extracts the pair <35, f86m the label stack. The corresponding entry
to (LSPID = 10) in the FIB is updated with <ARR-TEV= 35, DEP-TIME = 36>. By the
completion of this process, the LSP between L&l LER become time-scheduled.

C. Alternate Distributed DCN@MPLS Route Schedule Distibution

This model is depicted from the previous route dcitee distribution model described in the
previous section. However, this mode differs frota predecessor only by the architectural
specifications of the LSRs.

Each LSR in the MPLS network domain tier has armaéd FIB with two additional fields with
the START-TIME and END-TIME. The field START-TIMEethotes the staring time of a specific
label corresponding to an input/output label-paithe FIB. Moreover, the END-TIME determines
the expiration time of that input/output label pair

As a result, when a label is received by an LSR,RIB is interrogated, and based on the LSR
local time an action will be taken. If the timevisthin [STAR-TIME, END-TIME] an appropriate
action is taken such as label push, pop or swadperetse dropped. Finally, the architectural
specification of LSRs under this model is illustichin Fig.20.

Fig.20: LSR FIB Organization
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VIIl. Conclusion and Future Work

The Internet2 networking model will be the futureetetminant of network backbone
infrastructures, services and applications trendshe next Internet era. Next generation Internet
backbones infrastructures will be high-performapeeving network capacities beyond the limits of
imagination reaching Terabits per second. Giveir ttegpabilities, Internet applications will become
bandwidth-intensive demanding massive data trarssoms/olumes in the orders of Terabytes per day.
Moreover, on-demand time-scheduled services wiob® the trend of high-performance Internet
services.

Based on the near future trends, it is stronglycgated that thedynamic Circuit Networking
(DCN) is the key networking model of the next generatisternet infrastructures. The DCN is further
envisioned to be the model of the future high-pentance commercial Internet services. As a result,
emerging switching-routing protocols like MPLS wdul enable on-demand
DC-based services transparently at the networkramdportation levels.

On-demand network arbitration forms an interestithgllenge to DCN architecture and protocol
design. This is because of its two sub-problems. fohmer is algorithmic, which is task of findinggt
optimal dynamic circuit between the source anddb&tination nodes. The latter is protocol-mechanic,
which is the problem if collecting and dissemingtioute schedule information from and to the DCN
domain.

In this technical report, we presented a netwadhitectural model that implements dynamic
circuit operation DCN at the Multi Protocol Labejiswitching MPLS domains nameBCN@MPLS
In addition, the MPLS protocol extensions are impdated by the DCN@MPLS route scheduling tier.
These protocol extensions determine the set of lalessage signaling that enables time-scheduled
route information to be distributed to the MPLS @am More particularly, these extensions are rélate
to the label distribution process handli@gnstraint-Routing Label Distribution Protoc(CR-LDP).

On the bases of the achieved contributions desttitm®ughout this work, we have arrived to the
following conclusions. First, DCN is strongly arngiated to the be networking model of the Terabit
Internet era and on-demand routing paradigm willso@redominant aspect. Second, on-demand
routing in DCN environments is an instance of scitiad problem, whose heuristic solution aims to
optimize the objective function through incorpongtifour key operations: task scheduling, optimal
routing, per-hop schedule computation and resoalioeation. Third, the expandability of the MPLS
architecture and the CR-LDP protocol seamlesshblesaDCN operation at MPLS. Therefore, the
DCN@MPLS architecture has achieved the advantageetdhe unprecedented commercial DCN
model of tomorrow’s high-performance Internet seegi

The future works aim to extend the research goelisesed in this work and yet propose new
DCN-based networks model. In the future researabjepts we will focus on achieving two
contributions. Simulating the DCN@MPLS architecture will examine two types of heuristics: task
selection H1) and optimal route computation (H2). We will contla number of commercial DCN-
based scenarios using the DCN@MPLS simulator tduete the performance of H1 and H2
heuristics. Beyond the scheduling-based DCN@MPLS8ing, we further identify a new challenge
related to role of resource limitedness on the @V€oS and its influence of scalability. We rembale
sharable scheduling-based routing scheme that iengishe DCN as an instance Diisruption
Tolerant Network(DTN), namely Disruption Tolerant-DCN(DT-DCN). According to the DTN
context, link intermittency is logical due to thesource sharable aspect, which limits the link
availability time periods. Never the less, sucleiintittency is predictable and hence a settofe-and-
forward based per-hop route scheduling algorithms areet@roposed. Finally, after achieving the
latter research contributions, we look forward told a physical testbed of DCN@MPLS over the
PlanetLab [5] planetary network domain.
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