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Abstract—In this paper, we propose a distributed pre- requirements of various traffic types while judiciously
emption strategy, Preemption for Future Requests (PFR) managing the scarce network resources, such as band-
that results in improved QoS for future traffic requests. We  width. This requires efficient bandwidth reservation and
use the notion ofcritical links to select those connections for management mechanisms that account for the bandwidth

preemption that are traversing congested links. Thus, we o irements of every request, keeping in view available
define critical links as those links that are approaching
network resources.

their capacity and are likely to block future requests. : ) . L.
Releasing bandwidth on such links, while making the Bandwidth reservation and management is easier in

preemption decision, improves the chances of accepting@ centralized scenario which has up-to-date information
future requests. We formulate this strategy as an Integer about network state. However, considering the distributed
Linear Programming (ILP) problem, which can also in- nature of current Internet protocols, a centralized man-
corporate other preemption objectives, such as minimizing agement mechanism would require significant changes
the preempted bandwidth and minimizing the number of - g routing and resource reservation mechanisms [1]. In a
preempted connections etc. Our formulation allows the yigirinted scenario, propagating complete network state
network service provider to assign appropriate weights to information creates scalability concerns. Therefore, the

each preemption objective, based on the network manage- hall . Hicientl h K with littl
ment requirements. challenge is to efficiently manage the network with little

We also propose a simple heuristic algorithm that Of NO extensions to current Internet protocols.
illustrates the use of PFR with currently used preemption ~ This problem of bandwidth reservation and manage-
objectives. Our heuristic algorithm has a complexity of ment in a distributed multi-class environment becomes
O(klogk), where k is the number of preemptable con- even more challenging if requests come in @amline
nections. The low complexity makes it suitable for use manner. In online routing, no information about future
in large networks having thousands of connections. We requests is available. This can lead to sub-optimal routing
compare the performance of PFR heuristic algorithm with o ciqions where a decision to admit a request may result

an existing preemption scheme. The simulation results in insufficient available resources for future high priorit
show that the use of PFR heuristic algorithm results in gnp y

approximately 20% less rejected requests compared to requests [2]. It is also undesirable to reject requests, in

the preemption scheme that does not take into account anticipation of future higher priority requestsreemp-
future requests. Moreover, it also decreases the overall tion allows the flexibility to accept a request and to later

preemptions in the network by approximately 5%. retract it, incase a future higher priority request needs
resources. This allows efficient use of network resources
since bandwidth can always be made available through
Emerging multimedia applications have created ngweempting less important connections. Preemption can
requirements of Quality of Service (QoS) provisioninglso be used in case of a network failure to provide
over the Internet. The stringent delay and bandwidtiuick restoration to high priority traffic by preempting
requirements of applications such as VolP and viddess important connections.
streaming are different from those of data traffic. There- Preemption has therefore become an important com-
fore, Internet is evolving from the traditional best efforponent of multi-class QoS provisioning proposals such
service to a multi-class QoS aware environment whi@s DiffServ based Traffic Engineering (DS-TE) [3] [4].
could possibly satisfy the challenges posed by theB&-TE combines the benefits of DiffServ [5] and Multi-
applications. One major challenge is to satisfy the Qd8otocol Label Switching (MPLS) [6], thereby allow-
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ing differentiation of traffic into multiple classes andreemption objectives such as minimizing the preempted
providing bandwidth guaranteed paths based on thandwidth and minimizing the number of preempted
requirements of each traffic class. The provisioning ebnnections etc. Our formulation allows flexibility in
bandwidth guaranteed paths in a multi-class environmexgsigning weights to each preemption objective, based
creates a need to use preemption for efficient netwark the network management requirements.
management. While DS-TE allows preemption strategiesWe also propose a simple heuristic algorithm that
to be incorporated in resource reservation protocols suittbstrates the use of PFR with currently used preemption
as RSVP-TE, it leaves open the choice pgeemption objectives. We use the objective of minimizing the num-
algorithm that should be used [4]. The preemptiober of preempted connections in our heuristic algorithm.
algorithm determines the connection(s) that should I@ur proposed algorithm has a complexity @fklogk),
preempted in order to free up enough resources to acogpere k£ is the number of preemptable connections.
the new request. Therefore, it is suitable for use in large networks having

Several preemption algorithms have been proposgmusands of connections. We compare the performance
that try to optimize different criterions while selectingof PFR heuristic algorithm with an existing preemption
the connections to be preempted [7] [2] [8] [9] [10]scheme. The simulation results show that the use of PFR
Common objectives of these preemption algorithms iheuristic algorithm results in approximate}0% less
clude: minimizing the priority of preempted connectionsgjected requests compared to the preemption scheme
minimizing the preempted bandwidth, and minimizinghat does not take into account future requests. Moreover,
the number of preempted connections. These preemptipalso decreases the overall preemptions in the network
criterions reflect the requirements of networks servit® approximately5%.
providers, giving them the flexibility to select a pre- The rest of the paper is organized as follows: In
emption algorithm that satisfies the network managemegéction 1, we define the preemption problem in a DS-
objectives. This decision depends on several factors sam environment and discuss earlier work related to our
as the cost of rerouting a preempted connection ggecific problem. In Section IlI, we present our proposed
loss in revenue associated with preempting bandwidtirategy, PFR, while simulation experiments comparing
Therefore, in addition to the priority of preempted corthe performance of PFR heuristic algorithm with an ex-
nections, other factors such as the number of preempfeghg preemption algorithm are presented in Section IV.
connections and the preempted bandwidth also becopigally, we give our conclusions in Section V.
important. Another important consideration from a net-
works service provider's perspective is the impact of II. PROBLEM BACKGROUND
preemption on future requests. Most routing architectures _ _ _
for traffic engineering try to maximize the number of In ,th's section, we formally def_lne the genera! pre-
accepted requests and the bandwidth associated vﬁfHF’“O” problem in a DS-TE e_n_v|ronment and discuss
these requests [11] [13]. However, this consideration h%grher work related to our specific problem.
been restricted to routing of connections and has not been o
considered in earlier preemption schemes. A. Problem Definition

In this paper, we propose a preemption strat€yg- We consider a DS-TE aware multi-class network
emption for Future Requests (PER)at results in higher which provides bandwidth guaranteed paths, such as
QoS for future traffic requests. We use the notion @AIP [13]. Requests arrive in an online manner and no
‘critical links’ to select those connections for preemptiomformation about future requests is assumed. A request
that are traversing congested links. Similar approaelrives at its source node, which calculates the constraint
has been adopted in MIRA [11] and shortest widebased route based on the available bandwidth for each
path routing [12] to route the requests such that thejass. To this end, we assume that a bandwidth constraint
avoid ’critical links’. We use this idea in preemptiormodel is used to specify thieandwidth constraint$or
to select those paths for preemption that are likely @ach traffic class. The bandwidth constraint for a given
block future requests. This strategy ensures that mdirgk specifies the maximum unreserved bandwidth (UB)
bandwidth is available on congested links for futurtor each traffic class. After a new bandwidth reservation,
requests, thereby decreasing their blocking probabilithe UB values are updated, according to the bandwidth
We formulate this strategy as an Integer Linear Proenstraint model [14], and are then propagated through-
gramming (ILP) problem which can incorporate othesut the network.



Based on the unreserved bandwidth for each trafervice provider the option of optimizing any of these
class, the source calculates a constraint based shoriterions by minimizing an objective function which is a
est path, from the source to destination, that satisfieeighted sum of these criterions. Therefore, appropriate
the bandwidth requirement. Note that the unreservagights can be assigned, reflecting the choices of the
bandwidth is not the same as amount of residual bantetwork service provider. Note that in a distributed
width available on a given link. Therefore, the actuglreemption mechanism, each node tries to optimize the
node while reserving resources may need to preenmpeemption decision for its outgoing link only, regardless
bandwidth of lower priority classes in order to free upf how this decision would affect other preemptions
adequate resources to accept the new request. Howewethe networks. Therefore, preemption schemes can be
the source while calculating the path is oblivious of thimdependently deployed and need not be the same across
number of preemptions (if any) that would be needed afl routers.
each link. The sources accepts a request if a feasiblerhe above preemption schemes only optimize crite-
path is found, otherwise the request is rejected. THiens keeping in view the current connections in the
accepted path is signalled through resource reservati@work. It is an important objective of a network service
protocols such as RSVP-TE [15]. Each node along thigovider to accommodate maximum number of requests
path has to make bandwidth reservations for its adjaceji the network. This objective has driven many routing
link. If the residual bandwidth on the link is greater thagchemes which try to maximize the overall throughput
the bandwidth request then preemption is not requirest.the network: routing paths in a manner which results
Otherwise a preemption algorithm is used to free up greater amount of traffic and bandwidth to be placed
enough resources so that the residual bandwidth @ the network. Since in online routing, no information
the link becomes greater than the bandwidth requesbout future requests is known, these schemes work on
The preempted connections are retracted and bandwigguristics that give good results under practical scenarios
reservations are made for the new request. The p[ei].
empted connections may or may not be rerouted which, shortest widest path routing [12], the cost of each
depends on the choice of the network service providafn s set to be the inverse of the residual bandwidth on
B. Related Work that link. Therefore, links that have a greater residual

_ o bandwidth have a lower cost and are thus preferred
The above mentioned distributed approach, whefg inclusion in a new path. On the other hand, links

each node has to make preemption decision for {igat are approaching their capacity have a higher link
adjacent node, is more suitable for integration Withyst and are thus less preferred for selection. Similar
distributed protocols such as OSPF-TE [16] and RSVE’Oncept is used in MIRA [11], which calculates the
TE [15]. However, we can also have a centralized sc@raximum flow between each source-destination pair.
nario where a central entity having complete informationks on which the rate of change of maximum flow, as
about the network state makes the preemption decisignyesylt of an additional unit of bandwidth reservation, is
The preemption decision has to account for changggater have a higher cost and are thus less preferred for
in the whole network as a result of preempting anyyting. Therefore, both widest path routing and MIRA
connection. Therefore, the preemption decision must B pased on the idea of avoiding ’critical links’, where

based on a global view of the whole network. Thige gefinition of critical links is different in each case.
makes optimization of objectives, such as minimizing

the preempted bandwidth or minimizing the number

of preempted connections, an NP-complete problem inlll. PFR: PREEMPTION FORFUTURE REQUESTS

a centralized scenario [2]. Considering the distributed

nature of Internet protocols, a distributed preemption In this section, we propose a new strategy for preemp-
approach is preferred, and has therefore been the subijist, PFR, that results in higher QoS for future demands.
of several recent studies [7] [2] [8] [9]. These distribute@e initially present the basic idea of PFR, its advantages
preemption algorithms try to achieve various objectivesd some important considerations regarding the use of
such as: minimizing the preempted bandwidth, minimi2FR. This is followed by an Integer Linear Programming
ing the number of preempted connections, minimizingLP) formulation of PFR and finally, we present a
the priority of preempted connections or a combinatidreuristic algorithm for PFR which also minimizes the
of the above. Oliveira et. al [7] provides the networkumber of preempted connections.



A. Basic ldea, Advantages, and Considerations bandwidth on a given link does give an indication of the
_ o L ~amount of preemption that may be required on that link.
We use the idea of ‘critical links” in our preemptionpER, by preempting connections from heavily congested
strategy. We base our strategy on the objective Ofjiks, increases the residual bandwidth on such links and
the network by accepting greater number of connectionpq objective of freeing bandwidth from congested
requests. Earlier work, such as [11] and [12], has shoyRys if formulated as an optimization problem, would
that clever decisions of avoiding critical links while,ag it in preempting much more bandwidth and con-
routing a path can help achieve this objective. HOWeVefaciions than the actual requirement. It is undesirable
without a priori information about future requests sucly nreempt connections unnecessarily since this reduces
strat_eg|es can_not guarantee optimal results. Preemptipi\ork utilization. Therefore, the use of PFR must be
provides us with a powerful tool to select those CONNeLymplemented with objectives such as minimizing the
tions for preemption that are likely to interfere more with, , mper of preempted connections or minimizing the
future requests. Therefore, we propose PFR that selegta, it of preempted connections. This ensures that the
those connections for preemption that are using criticgbiective of accepting greater number of future requests
links. We define critical links as those links which ares 1ot achieved at the cost of preempting more connec-
approaching their capacity. Therefore, the cost of agyns for preemption. We therefore formulate PFR in a

link is taken to be the residual bandwidth of the linkyanner which allows other objectives to be incorporated
the total cost associated with preempting a connectigiie objective function.

is the sum of all link costs along the connection’s

pat_h. Minimizing the cost ensures that those connect!og_s Integer Linear Programming (ILP) Formulation

which have a lower cost are selected for preemption. _ o

Consequently the bandwidth that would be released as dVe formulate PFR as an integer optimization prob-

result of preempting such connections is likely to benefgm. We consider a request for a new connection with

future requests. bandwidth b and classc. We assume that the route
PFR also results in less preemptions in the netwop@s been calculated and is signalled through RSVP-TE.

since links which are approaching capacity, theretg/o"‘_’ each node along the path has to make preemption
requiring preemption, are able to free up bandwidtH€CISIONs fqr its a(jJacent link All previous con_nectlons
The impact of PFR on preemption is twofold: on currerffversing link? with class lower tharc are included
request as well as on future requests. Since preemptiBnth® Preemptable set of connectionswhich has a
decisions are made in a distributed scenario, each n&@sdinality of k. The residual bandwidth on any link
reserves the required bandwidth and this may requfrdS defined asdy, [, thus the bandwidth required for
preempting connections. The downstream nodes get fi§€mMption on link is: ¢ = b — Apyl. Total links
reservation request after the preemption and reservatiBrin€ nétwork aren and a vectorR with cardinality
decisions earlier made by the upstream nodes. TherefdtefePresents the residual bandwidth on each link in
the selection of connections for preemption made by PRRE network.? The path of any connection, is also

also reduces the preemption chances at the downstrd§R{€Sented in a vectar with cardinalityn. This vector
nodes for the given request. comprises binary values wherg[l/] = 1 implying that
tpe connection passes through linkvhile a zero value

In addition to reducing preemptions for the curren resents otherwise. The bandwidth of anv requdst
request, PFR also reduces the chances of preemp{i%Pu esents otherwise. 1he banc ot any reqyies
lven by B; where the cardinality of3 is again equal

for future requests. As discussed earlier, the routi
decision takes into account the unreserved bandwi . . :
for the given class and not the residual bandwidth We now -deflne a preemption cost function for any
on a given link. Thus, it is possible that the residu&®nnectiony as:
bandwidth on a given link is zero while there is enough

unreserved bandwidth for a certain class to accept the

new request. This is possible in Russian Dol bandWidtthithout loss of generality, we assume that bandwidth is available
constraint mOdeI [14] \_Nhere lower classes _Can OCCLIFI)'ybandWidth modules and thus variables likandt are integers.

the bandwidth proportion allocated for a higher classzths information is propagated in the network through OSPF-TE
traffic but that bandwidth is preemptable. So the residyaé).

Cj:= P;.RT (1)



This represents the cost of preempting connection connection is replaced with another connection that has
Recall that the total number of connectionsers k. the lowest cost (as per PFR strategy) but still makes
We define a total cost vectoX with cardinality & that the bandwidth sum of selected connections exceed the

is composed of”;’s with j ranging from1 to k. required threshold.
We now define an objective function that minimizes
the cost of preempting connections. The output of this Fig. 1. PFR Heuristic Algorithn{B, P, R, ¢, )

integer program is a vectdf with cardinality k£ having

binary values. A value ofl at indexj represents that g Z’?frgptedBWZO

connectionj is selected for preemption while a value of  3) Sort B in decreasing order of bandwidth

; ; ; 4) do
0 represents otherwise. As discussed earlier, PFR shquld 5)  Add current value of3 to PreemptedBW

be used with other criterions in order to ensure that the 6) Remove current element a8

i i 7) incrementh
number of preempted connections remain low. In our 8 untl ProemptedBVES ¢

objective function we also minimize the number of pre- 9) for every connectioni in «

empted connections. We therefore have two individyal 10 Ci:=Fi.R . .
11) selecth — 1 largest connections for preemption

cost functions, each having an associated weight. The€S€2) sorte in increasing order of”

weights can be adjusted according to the requirements ofL3) for every connection in ¢ ,
. . .. . . 14)  temporarily include it in preemption set
network service provider. The optimization formulation 1s) if BW of preemption set exceeds

for PFR along with the objective of minimizing the ig; e|§éeak /fpreemption set complete
number of preempted connections is as follows: 18) remove the temporary connection
19) preempt all connections in preemption set
GIVEN €,b,B, X, t,a,0
FIND Z (k binary variables)
MINIMIZING  F(Z) = a(Z.IT) + B(X.IT) Figure 1 lists the steps of our heuristic algorithm. In
SUBJECT TO Z.BT >t steps 4-8 we find the minimum number of connections

that exceeds the threshaldThis value is represented as

In the above objective functiorZ.I” represents the »- In steps 9-10 we calculate the cost of preempting any
number of preempted connections whefeis a unit connection, as per the strategy of PFR. We then select
vector with cardinalityk. Similarly, the cost function 7 —1 largest connections in step 11. The last connection
for PFR is represented by.I7. The weightsa and I selected in steps 12-18 such that this is the connection
3 can be used to give appropriate importance to ea@fh minimum cost (as per PFR) that also makes the pre-
criterion. Our objective function can also be incorporate’inption set exceed the bandwidth requirentefinally,
in the problem formulation of Oliviera et al. [7] whichthe selected connections are preempted in step 19. Since
includes other objectives such as minimizing the priori€ number of connections is the complexity of this

of preempted connections and minimizing the preemptalt@orithm is dictated by the sorting of these connections
bandwidth. which can takeD(klogk) steps.

C. Algorithm IV. SIMULATION EXPERIMENTS

The above ILP formulation can be used in small In this section, we describe the simulation experiments
and medium sized networks with limited connectionshat were used to evaluate the performance of PFR
For networks with thousands of connection, running atrategy. We compare its performance with another pre-
integer optimization problem would require significanémption algorithm that does not take into account future
time. Therefore, Oliviera et al. [7] have proposed heurisequests while making the preemption decision. To this
tic algorithm to complement their ILP formulation seend, we select the preemption algorithmjnn_Conn
that their policy can be used in practical scenarios. Vigeoposed by Peyravian et al. [1], that minimizes the
also propose a heuristic algorithm which minimizes thmumber of connections and in case of multiple feasible
number of preempted connections and then uses tpions it then tries to minimize the preempted band-
strategy of PFR. Since our first objective in this caseidth and the priority of preempted connections. This
is to minimize the number of preempted connectionalgorithm presents an ideal case for comparison since
we select theh largest connections that minimizes theur PFR heuristic algorithm also minimizes the num-
number of preempted connections. Subsequently the last of connections and then applies the PFR heuristic.



Comparison of Rejected Requests

Therefore, for any preemption situation, the number of
connections preempted by botlinn_.Conn and PFR
would be the same. Moreover, if connections need
to be preempted) — 1 preempted connections would be
the same and the only difference would be in the last
preempted connection. PFR heuristic algorithm would
preempt that connection that would release more band-
width on congested links which would not be the case
in Minn_Conn

We compare the performance of PFR heuristic algo-
rithm with Minn_Connin terms of the number of rejected
requests and the preempted connections. Note that for
the first preemption in the network, both the algorithms
would preempt the same number of connections. How- Fig. 2. Comparison of Rejected Requests
ever, the difference in selection would result in different
routing and preemption decisions in future. Since PFR ‘
releases bandwidth from congested links, it is able to
accommodate more future requests and therefore results ™|
in less connection rejections comparedMinn_Conn
Similarly the availability of bandwidth on otherwise
congested links also results in less preemptions in the
network in case of PFR compared Minn_Conn

The simulation experiments are conducted on a ho-
mogeneous network topology which is adapted from the
network used in [17]. It represents the Delaunay triangu-
lation for the twenty largest metros in continental Unites
States [17]. All links in the network are uni-directional T e mw weo o osl‘o‘geqjgogts
having a capacity o8 units. The bandwidth constraint
model used for link advertisement and reservation is the  Fig. 3. Comparison of Preemptions in the Network
Russian Doll bandwidth constraint model [14]. There are
two QoS classes: high priority and low priority classes
with bandwidth constraints0% and 100% respectively. as a function of the arrival of requests on the network.

The traffic matrix consists ofl0,000 connections, Figure 2 shows the total number of rejected requests in
where 20% of the requests are of high priority clas®oth algorithms. Initially the network is being loaded and
while the rest are of low priority. Requests arrive with ghere are few connection requests that are rejected. Once
constant inter-arrival time of one uhiand are character-the network gets loaded, the number of rejections start to
ized by a source, destination, traffic class, the associatéerease; with thevinn_Connalgorithm rejecting more
bandwidth, and the holding time of the request. THequests compared to the PFR algorithm. On average,
source and destination nodes are chosen randomly frig PFR heuristic algorithm rejec28% less connections
amongst all source-destination pairs. The bandwidth de@mpared to theMlinn_Conn algorithm. Note that only
mand for a request is uniformly distributed between lower priority class traffic is being preempted; therefore
and20 units for the high priority class and betweeand the bandwidth that is made available after preemption
5 units for lower priority class. Finally, the call holdingwas earlier preemptable for the higher priority class
time for each request is uniformly distributed betweethaffic while it was not available for use by lower priority
300 and 800 units. class traffic. Since we release bandwidth on congested

With the above topology and traffic matrix, we genetinks, more lower priority requests, which were earlier
ate results to compare the performance of PFR heurid¥eing rejected, are now placed on the network.

algorithm andMinn_Conn All the results are presented As noted above, the bandwidth that is being released
as a result of preemption was one that was earlier

3Total simulation time isL0, 000 units. preemptable for higher priority class traffic. Our decision
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[11]. We used this concept of critical links to select
those connections for preemption that are traversing
congested links. Such a preemption policy ensures that
more bandwidth is available on congested links for future
requests, thereby decreasing their blocking probability.
We provided an Integer Linear Programming (ILP) for-
mulation for this problem which can incorporate other
preemption objectives. Our formulation allows flexible
implementation of network service provider’s priorities
through assigning appropriate weights to each preemp-
tion objective.

We also provide a simple heuristic algorithm that
illustrates the use of PFR with existing preemption
objectives. The heuristic algorithm, although not optimal,
has a low complexity and can be used in large networks

to prefer those connections that are traversing congesttlgtymg thousands of connections. We conducted simula-

links ensure that future requests of high priority clastéOnS to compare the performanceR#FR heuristic algo-

traffic require less preemption since more residual ba [{fhm with an existing preemption schemidjnn_Conn

width is available on that link. Figure 3 depicts thi atk.doif] not taket_mtodac_cc_)unt Tflrj]ture_' rquL:_ests Whlltle
comparison which shows that in PFR heuristic algorithnni]a m?h tethpreempd;ogR ﬁC'S!O{?' Ie S'trr?u a |on|tre§u S
approximately5% less connections are preempted conl- ow that the use eunstic aigorithm resufts in
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pared to theMinn_Conn algorithm approximately20% less connection rejections compared

Minn_Conn Moreover, it also decreases the overall

Finally, we compare the two algorithms in the amouri?
of active bandwidththat is being placed on the net
work. We define active bandwidth as bandwidth occupied
by requests currently placed on the network. For thgl]
last connection, the PFR heuristic algorithm tends t
select a higher bandwidth connection compared to the
Minn_Conn algorithm which minimizes the preempted [2]
bandwidth once the number of preempted connections
are minimized. This results in less active bandwidthg)
which remains on the network after preemption in case
of PFT heuristic algorithm. However, the decision to free
bandwidth from critical links ensures that future request
that would otherwise be rejected are now placed. This
offsets the earlier impact of selecting a heavy bandwidtt]
connection as the last connection for preemption. Fig-
ure 4 shows the active bandwidth placed on the networ;
which is the same on average for bd¢tinn_Connand

PFR. 71

V. CONCLUSIONS

In this paper, we proposed a distributed preemptio['g]
strategy, Preemption for Future Requests (PFRhat
results in higher QoS for future traffic requests. PFR is
a truly distributed preemption scheme that can be us
with current routing and resources reservation protocols,
such as OSPF-TE and RSVP-TE. In PFR, we used the]

concept of critical links which has been used in earlier
work on shortest widest path routing [12] and MIRA

preemptions in the network by approximateiit.
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