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Abstract— Many network operators offer some type of tiered
service, in which users may select only from a small set of service
levels (tiers). In this work, we study the problem of designing a
tiered-service network that allocates bandwidth in multiples of a
basic bandwidth unit. Such a packet-switched network can enjoy
many of the bene�ts, in terms of control and management, of a
TDM network, but without the associated data plane rigidities.

I. I NTRODUCTION

Many networks offer some type oftiered service, in which
users may select only from a small set of servicetiers (levels).
The main motivation for such a service is to simplify a
wide range of core functions (including network manage-
ment and equipment conÞguration, trafÞc engineering, service
level agreements, billing, and customer support), enabling the
providers to scale their operations to millions of customers.
Currently, service tiers are either based on the bandwidth hier-
archy of the underlying network infrastructure (e.g., DS-1, DS-
3, OC-3, etc.), or are determined in somead-hocmanner (e.g.,
the various ADSL tiers available through different providers).

The problem of bandwidth quantization, i.e., optimally
determining the set of service levels, was studied in [5] in
the context of ATM networks, and a heuristic based on simu-
lation annealing was presented. We have recently developed a
theoretical framework for reasoning about and tackling algo-
rithmically the problem of service tier selection by formulating
the general problem of trafÞc quantization as a directionalp-
median problem [1], [3], [4], and we have developed efÞcient
algorithms for a number of important variants.

In this paper, we study a special version of the problem
in which all service tiers are multiples of a basic bandwidth
unit. A packet-switched network operating with such a set of
service levels would resemble a TDM network that allocates
bandwidth in multiples of a slot. Consequently, many robust
network management functions developed for telecommuni-
cation networks, including admission control, routing, trafÞc
engineering and grooming, etc., could be easily adapted for
the tiered-service packet-switched network. We emphasize that
this ÒTDM emulationÓ only concerns the control and manage-
ment functions,not the data plane operation of the network.
For example, while bandwidth is allocated in multiples of the
basic unit, ßows are not limited to using a particular slot. Sim-
ilarly, unlike TDM networks where an unused slot is wasted,
excess bandwidth can be allocated to active ßows by the
scheduling algorithm. Furthermore, the bandwidth unit is not
Þxed or determined by hardware, as in a TDM network, but, it
is conÞgurable and can be optimized for the characteristics of
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Fig. 1. User requestsxi mapped to service tierszj which are multiples ofr

the carried trafÞc. In addition, the routers provide for free the
functionality of a time-slot interchange. Overall, using TDM
emulation, packet-switched networks (e.g., those employing
1 or 10 GE links) can enjoy many of the beneÞts, in terms
of control and management, of a TDM network, but without
the data plane rigidities of such a network. Furthermore, this
problem has important applications to next-generation SONET
networks in which it is possible to use virtual concatenation
to allocate bandwidth ßexibly in any multiple of 64 Kbps [2].

In Section II we formulate the problem of service tier
selection, and present an exhaustive optimal algorithm. In
Section III we develop a suite of efÞcient algorithms to select
both the service levels and the bandwidth unit that are jointly
optimal. We present numerical results in Section IV, and we
conclude the paper in Section V.

II. SERVICE TIER OPTIMIZATION

We consider a packet-switched network withn users. Letxi

be the amount of bandwidth requested by useri . Let r denote
the unit bandwidth, i.e., the smallest quantity in which the
network allocates bandwidth. Without loss of generality, we
assume that quantitiesr and xi , i = 1 , · · · , n, are expressed
as fractions of the maximum link capacityC in the network,
i.e., 0 < r, x i � 1. The network offersp � 1 levels (tiers) of
service; typically,p � n. Thej -th level of service corresponds
to bandwidthzj = rk j , wherekj is an integer andz1 < z 2 <
. . . < z p � 1. In such a tiered-service network, each user
i is mapped to service levelzj such thatzj Š 1 < x i � zj .
The additional bandwidthzj Š xi represents the performance
penalty associated with the tiered service.

Let X = { x1, . . . , xn }
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Fig. 3. Objective function value againstr, n = 1000 , p = 15 , B = 0 .05,
triangle distribution
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Fig. 4. Algorithm comparison,n = 100 , p = 5 , B = 0 .05, increasing
distribution
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Fig. 5. Algorithm comparison,n = 100 , p = 5 , B = 0 .05, triangle
distribution

 1

 1.02

 1.04

 1.06

 1.08

 1.1

 1.12

 1.14

 1.16

 1.18

 1.2

 0  5  10  15  20  25  30

N
or

m
al

iz
ed

 B
an

dw
id

th
 R

eq
ui

re
m

en
t

Service Levels (p)

DDH
STO-LB

Fig. 6. Normalized bandwidth requirement againstp, uniform distribution
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Fig. 7. Normalized bandwidth requirement againstp, uniform distribution

all service levels be multiples of a basic unit. However, the
additional penalty due to this constraint is relatively small;
we have observed similar behavior for all distributions. Also,
the normalized bandwidth requirement decreases rapidly with
the number of service levels; this result can be explained by
noting that as the number of levels becomes very large, the
tiered-service network reduces to a continuous-rate network.

Figure 7 shows the effect of the numbern of users on the
normalized bandwidth requirement for the DDH algorithm;
the effect on the STO-LB solution is similar. As the number
n of users increases, the normalized bandwidth requirement
does increase slightly, but the effect diminishes quickly so
that the curve forn = 10, 000 almost coincides with the
curve for n = 1 , 000. The conclusions we can draw from
these Þgures, and similar ones which can be found in [1], is
that (1) with p = 10 Š 15 levels, the bandwidth required by
a tiered-service network is only about 5-10% higher than that
of a continuous-rate network; (2) the additional constraint that
all service levels be a multiple of a basic unit only slightly
adds to the bandwidth penalty; and (3) increasing the number
n of users imposes only an incremental penalty on bandwidth.

Impact on network performance. Finally, let us examine
the practical impact of tiered service on overall network
performance. To this end, we consider a scenario in which con-
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nections arrive and depart dynamically. A connection between
source-destination pair(s, d) requires a certain amount of
bandwidth; if a path betweens andd with sufÞcient resources
can be found, the connection is established, otherwise, it is
rejected (blocked). The performance measure of interest in
this context is the connection blocking probability. We use
simulation to compare the blocking probability of a continuous
network to that of a tiered-service network. In a continuous
network, a connection requiring bandwidthxi is accepted if
a path with at least that much bandwidth can be found. In
a tiered-service network, the bandwidth demandxi is Þrst
mapped to the next highest service level offered, say,zj ,
and the connection is accepted if a path with bandwidth at
least equal tozj is found. The service levels for the tiered-
service network are computed in advance for the given demand
distribution, as discussed earlier.

In our simulation model, connections arrive as a Poisson
process with rate� , and their mean holding time is an
exponentially distributed random variable with rateµ = 1 .
Each simulation run lasts until 100,000 connection requests
have been served. Each point in the blocking probability curves
shown here is the average of thirty simulation runs; we also
plot 95% conÞdence intervals which we estimated using the
method of batch means. All the results are for the NSFNet
network topology, which can be found in [1]. The capacity of
all links is set to two units of bandwidth; since the demand
distributions in Table IV are deÞned in the interval[0, 1],
this assumption implies that the bandwidth requested by any
connection is at most one half the link capacity.

Figure 8 plots the blocking probability against the con-
nection arrival rate for a continuous network and two tiered-
service networks, one using the STO-LB solution to obtain the
service levels and one using DDH, a representative algorithm
for the STO problem. As expected, the blocking probability of
the continuous-rate network is lowest, that of the tiered-service
network allocating bandwidth in multiples of a basic unit is
highest (DDH algorithm), and that of a network (STO-LB
solution) which minimizes the excess bandwidth is in between
the other two. The higher blocking probability of a tiered-
service network is the result of the additional resources that
such a network uses for each trafÞc demand. However, the
increase in blocking probability is rather small and it may be
more than compensated by the advantages of tiered service.

Figure 9 shows the behavior of the blocking probability for
the DDH algorithm as we vary the number of service levels
p. The curves conÞrm the intuition that asp increases, the
blocking probability of the tiered-service network decreases
and tends towards that of a continuous-rate network. This
Þgure suggests that the network designer/engineer may select
the numberp of the service levels to be offered so as to
combine the advantages of tiered service with the performance
of a continuous-rate one.

V. CONCLUDING REMARKS

Tiered service has many potential applications in network-
ing, especially in contexts where catering to very large sets
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Fig. 8. Blocking probability against the arrival rate,n = 100 , 000, p = 30 ,
B = 0 .05, uniform distribution
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Fig. 9. Blocking probability against the arrival rate,n = 100 , 000, B =
0.05, uniform distribution

of heterogeneous users poses signiÞcant scalability problems.
We have developed efÞcient algorithms to determine optimal
service levels that are multiple of a basic bandwidth unit,
allowing packet switched networks to emulate the operation of
TDM networks. Our ongoing research aims to extend this work
by including pricing considerations in service level selection.
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