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Abstract— This paper provides an initial look at how support
for advance reservations affects the complexity of the path selec-
tion process in networks. Advance reservations are likely to become
increasingly important as networks and distributed applications be-
come functionally richer, and there have been a number of previ-
ous works and investigations that explored various related aspects.
However, the impact of advance reservations on path selection is a
topic that has been left largely untouched. This paper investigates
several service models for advance reservations, which range from
the traditional basic model of reserving a given amount of band-
width for some time in the future, to more sophisticated models
aimed at increasing the flexibility of services available through ad-
vance reservations. The focus is primarily on the issue of compu-
tational complexity when supporting advance reservations, and in
that context, we derive a number of algorithms and/or intractabil-
ity results for the various models we consider.

Keywords— Routing, Networks, Advance Reservations, Band-
width, Delay, Preemption.

I. I NTRODUCTION

A. Motivations

As networks capabilities increase, their usage is also
expanding. At the same time, the wide range of re-
quirements of the many applications using them calls for
new mechanisms to control the allocation of network re-
sources. For example, resource reservation as provided by
the RSVP protocol [3], and service differentiation as em-
bodied in the Integrated Services and Differentiated Ser-
vices specifications [27], [24], [11], [12], have become
important enablers for distributed applications.

However, while much attention has been devoted to re-
source reservation and allocation, the same does not apply
to the timing of such requests. In particular, the prevail-
ing assumption has been that requests are “immediate”,
i.e., made at the same time as when the network resources
are needed. This is a useful base model, but it ignores
the possibility, present in many other resource allocation
situations, that resources might be requested inadvance
of when they are needed. This can be a useful service,
not only for applications, which can then be sure that the
resources they need will be available, but also for the net-
work, as it enables better planning and more flexible man-
agement of resources.
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Providing support for advance reservations in networks
requires enhancements in three major areas:

1. protocol and signalling capabilities to allow users to
express advance reservation requests;
2. extensions to resource management and call admission
to handle time shifted resource requests;
3. routing algorithms to compute paths based on both
spatial and temporal request characteristics.

Most efforts in the area of advance reservation have
dealt so far with problems from the first and second ar-
eas, with little work having been done on the third, de-
spite its potential importance. This third area is the fo-
cus of this paper. Before we proceed with a brief outline
of the problems tackled in this paper, we rapidly review
previous works and highlight their relevance to issues we
investigate.

B. Previous Work

Some of the earliest work on advance reservation was
done in the context of video-conferencing and satellite
systems. Early video-conferencing systems involved high
bandwidth signals between (fixed) video-conferencing
sites (studios), and advance reservations were needed to
ensure that adequate bandwidth was available. Similarly,
early satellite systems offered the option to rent the use
of transponders for specific amounts of time, which also
required support for advance reservation. In those early
systems, the bulk of the work [18], [19], [14], [13], [25]
focused on traffic modeling and call admission proce-
dures, to properly size such facilities. Some recent stud-
ies [5], [21], [26] have extended these early works from
the circuit-switched environment they assumed, to that of
modern integrated packet switching networks.

Most other works dealing with advance reservation
have focused on extensions to signalling protocols, or for-
mulated frameworks (including signalling and resource
management capabilities) to support advance reserva-
tions. For example, [16] discusses extensions to the ST-II
protocol [6] to allow advance reservations. References
[23], [22] present a similar discussion on implementing
an advance reservation system on top of RSVP [3]. In [7],
the authors describe a proposal to enable advance reserva-
tions on top of the Tenet Suite 2 [2], while [17] outlines a
similar system using either the ST-II or RSVP protocols.
The approach of [20] proposes an agent-based infrastruc-
ture for advance reservation that avoids a complete up-



grade to existing routers.

C. Focus of This Paper

The focus of this paper is, as stated earlier, the im-
pact of advance reservations on the path selection process.
Specifically, knowledge offuture loads on network links
is now another important parameter to consider when at-
tempting to select a path for a new request. This is high-
lighted in [26, Section IV-G], which shows the improve-
ment in blocking (request denial) achieved when using
reservation-sensitive routing. However, [26] deals pri-
marily with the call admission process, and discusses only
briefly the impact on path selection. In contrast, this pa-
per provides a comprehensive investigation of the rela-
tion between routing and advance reservations. The in-
vestigation focuses on describing possible extensions to
path selection algorithms in order to make them advance-
reservation aware, and on evaluating the added computa-
tional complexity introduced by these extensions. In ad-
dition, the paper also explores a number of variations on
reservation models aimed at enhancing the range of ser-
vices that can be supported. In that context, the focus is
again on the impact on path selection and the associated
computational complexity.

The previous paragraph outlined what the paper is
about, but it is equally important to articulate what it is
not. Specifically, the paper does not attempt a compre-
hensive evaluation of theperformanceof the schemes
it investigates. This is certainly a useful and important
task, one that is necessary to compare alternatives and ul-
timately assess the cost and benefits of the different ad-
vance reservation services proposed in this paper. How-
ever, because the relation between advance reservation
and path selection is still relatively unexplored, provid-
ing a better understanding of its properties and associated
complexity is a useful first step in itself. Such an under-
standing can then provide the foundation needed for more
quantitative performance evaluations.

The rest of this paper is structured as follows. Sec-
tion II reviews our assumptions regarding the network in-
frastructure and identifies the range of problems we ad-
dress. Section III considers a traditional advance reser-
vation model, i.e., users request bandwidth guarantees for
some time in the future, and investigates the path selection
problem under several scenarios. Section IV is dedicated
to a somewhat different model, where advance reserva-
tion requests are in terms of the amount of data to be
transmitted. Section V considers two further extensions:
first, it incorporates delay guarantees; then, within that
extension, it discusses a network environment where pric-
ing and preemption priorities are used to differentiate be-
tween reservations. Due to space limits, most proofs and
technical details are omitted from the paper, and can be
found in [9].

II. I NFRASTRUCTURE ANDPROBLEM SCOPE

The network is modeled as a graphG(V;E), with a
set of nodesV and a set of linksE, whereN = jV j
andM = jEj. The time domain, i.e., the domain over
which advance reservations can extend, is composed of
time-slotsf0; 1; 2; : : :g of equal size. The duration of a
“slot” corresponds to the minimum duration for and ad-
vance reservation, and resources are allocated for an inte-
ger number of slots, i.e., the duration of the reservation.
Consequently, tracking of available resources, e.g., link
bandwidth, is also done at the granularity of a slot. In
particular, associated with each linkl 2 E, there is a vec-
tor bl = fbl[0]; bl[1]; : : : ; g, such thatbl[t] specifies the
resources available on linkl at time-slott. Because we
focus on connections with bandwidth requirements,bl[t]
denotes the amount of bandwidth available on linkl dur-
ing slott.

Upon receipt of a new request, the path selection al-
gorithm is invoked to find a feasible path for the request,
based on the request requirements and the available net-
work resources specified in the vectorsfblgl2E . In the
case of unicast1 connections, the connection is established
over apath2 between the corresponding source and desti-
nation nodes, and resources are reserved on each link of
the path forall time slots during which the reservation is
active. Because the complexity of the path selection pro-
cess depends in part on the number of time slots that need
to be considered, we impose an upper boundT on the
maximum completion time of a request.

In the basic advance reservation model, requests are
for a given amount of bandwidth between timest1 and
t2 � t1. Path selection then attempts to find a path with
sufficient bandwidth in that time interval. Other advance
reservation models will translate into different require-
ments for path selection. For example, the criteria of
interest may be to reserve the maximum amount of re-
sources, or to allow for the fastest completion of a task.
In such cases, the goal of path selection is not so much to
find a path with a sufficient bandwidth between two given
time instants. Instead, the “best” path is the one that yields
the maximum reserved bandwidth or the earliest end time.
As we shall see in Section IV, such variations can result
in vast differences in terms of complexity.

Another extension considered in the paper, is the co-
existence of advance and standard reservations. In gen-
eral, one can expect users which pay a higher price, to
be given higher priority in the network. For example,
advance reservations could be charged more3 and thus

1See [9] for an extension to multicast connections.
2[9] also considers the case where up toK paths can be used over the

duration of a connection, in an attempt to improve the odds of finding
the required resources.
3This corresponds to a model where there is a premium associated

with the certainty of resource availability in the future. Alternatively,
one could envision that advance reservations are made at a discount, as



have the ability to “preempt” existing standard reserva-
tions when they become active. Preemption provides a
simple mechanism to allow coexistence of different types
of reservations, but as discussed in Section V, it also af-
fects the complexity of path selection.

III. B ASIC RESERVATION MODEL

We begin by considering the following basic model.
The network is presented with requests, each specifying
source and destination nodes, a bandwidth requirement,
and potentially a starting time and duration. In other
words, a requesti specifies a source nodesi 2 V , a des-
tination nodedi 2 V , and a bandwidth requirementBi,
which should be reserved for the connection on each link
over its path. A requesti is also characterized by its start-
ing time tis and duration� i, tis + � i � T ; depending on
the specific variant of the problem,tis and� i may be ei-
ther fixed or variables. Within the above framework, we
consider the following basic problems.

A. Connection Feasibility

Consider first the case of a connection with given band-
width requirement, starting time, and duration. We want
to identify a path that can accommodate the required
bandwidth during the specified interval of time. Formally,
the problem is as follows.

Problem III-A: Given a connection requesti, with
source nodesi, destination nodedi, bandwidth require-
mentBi, starting timetis and duration� i, find a pathp
that supports the bandwidth requirement during the inter-
val [tis; t

i
s + � i].

The following algorithm provides a solution:
Algorithm III-A:

1. For each linkl: if the link does not haveBi units of
bandwidth at each time-slot in the range[tis; t

i
s+ � i], then

delete the link.
2. Considering the residual network, ifsi anddi are still
connected then any connecting path is a solution; other-
wise, the connection is not feasible.

Complexity (Algorithm III-A): O(M � � i).

As mentioned earlier, and as seen from the above re-
sult, slot granularity, plays a major role in the complex-
ity of the path selection process because of its impact on
reservation duration. Increasing slot granularity lowers
computation complexity, but at the expense of a poten-
tial decrease in performance. This is because resources
are allocated for entire slots even when needed only for
a fraction thereof. Understanding the trade-off between
computational complexity and network performance as-
sociated with slot duration is clearly of interest, but out-
side the scope of this paper. Nonetheless, the computa-

in the airline reservation model.

tional complexity results derived in this paper provide a
starting point for such an investigation.

B. Maximum Duration

Consider now the case in which the duration of a con-
nection is not fixed, and we are interested in prolonging it
as much as possible. This could apply in instances where
the goal is to maximize the amount of work performed
once the task associated with the reservation has started.
Formally, the problem is stated as follows.

Problem III-B: Given a connection requesti, with source
nodesi, destination nodedi, bandwidth requirementBi

and starting timetis, find a pathp that maximizes the du-
ration of connectioni in the range[0; T � tis].

The solution can be found by first computing, for each
link l, the maximum timetil for which l hasBi units of
bandwidth available in[tis; t

i
l]. The required path is then a

widest path with respect to the metricftilg.
4 Specifically:

Algorithm III-B:

1. For eachl 2 E:
(a) til  tis;
(b) while bl[til] � Bi andtil < T do til  til + 1;

2. Find a path betweensi anddi that is widest with re-
spect to the metricftilg: if there is no such path then the
connection is not feasible, otherwise the identified path is
the solution.

Complexity (Algorithm III-B): Each til computation
takesO(T � tis) time. The widest path can be com-
puted by conducting a binary search on the value of the
solution, each time checking for connectivity through a
breadth-first-search (BFS) algorithm [4]. Hence, the to-
tal complexity isO(M � (T � tis) +M � log(T � tis)) =
O(M � (T � tis)).

As before, slot granularity is a major factor in the com-
putational complexity of the algorithm.

C. Soonest Completion

Consider now the case in which the connection’s band-
width and duration are specified, but not the starting time,
and the goal is to identify a path that minimizes the time at
which the connection ends, hence also the time at which
it starts. This could be useful when the task at hand is a
gating factor for the start of a subsequent task. Formally,
the problem is specified as follows.

Problem III-C: Given a connection requesti, with
source nodesi, destination nodedi, bandwidth require-
mentBi and duration time� i, find a pathp that enables
the earliest starting timetis in the range0 � tis � T � � i.

4A widest pathwith respect to a metricfwlgl2E is a pathp� that
maximizes the value ofminl2p wl over all relevant pathsp, that is,
p
�
= argmaxpminl2p wl.



Algorithm III-C provides a solution. It iterates over all
possible starting times, and uses an intermediate variable,
tmax
l , to record for each link the maximum time known

so far, until which linkl can support the required band-
width. Keeping this intermediate variable across itera-
tions avoids having to recompute it every time.
Algorithm III-C:

1. For alll 2 E: tmax
l  0.

2. Fortis = 0 to T � � i:
(a) For each linkl:
� If tmax

l � tis + � i then do not delete linkl during this
iteration (i.e., iterationtis).
� Else (tmax

l < tis + � i):
i. If there is not enough bandwidth (Bi) at slot tis at

link l, then delete linkl during this iteration, and also set
tmax
l  0.
ii. Else (tmax

l < tis + � i and there is enough bandwidth
at tis): if tmax

l > 0 then delete linkl during this iteration.
iii. Else (there is enough bandwidth attis andtmax

l = 0):
find the maximum interval that can hold the connection,
starting attis, record the last slot in the interval intmax

l ;
if tmax

l � tis + � i then do not delete linkl during this
iteration, otherwise delete it.
(b) Considering the residual network, ifsi anddi are

still connectedStop: any connecting path is a solution.
3. (No path has been identified:) the connection is not
feasible.

Complexity (Algorithm III-C): O(M � (T � � i)), as
each slot at each link is scanned at most twice - once in
the “regular” iteration (step 2.(a)), and once in a “look-
ahead” step (2.(a)(iii)).

D. Coping with Uncertainties

In [9], we demonstrate how the basic model and solu-
tions described above can be easily adapted to cover sev-
eral important extensions. In particular, we consider the
case where there is uncertainty associated with some of
the problem parameters. In the following, we briefly out-
line some of our findings.

Specifically, we consider cases where either the dura-
tion of the requested reservation is not precisely known,
or the availability of resources is subject to uncertainty,
or both. Such uncertainty is likely to be common, and
can be captured by assuming that the parameters are ran-
dom variables. For example, this is the model of [26, Sec-
tion B.2], where “call” durations are only approximately
known, i.e., in the form of their distribution. Similarly, in
[10], uncertainty in available link bandwidth is modeled
through the use of random variables, and [1] demonstrates
that this is a reasonable assumption. In [9] we assess how
this additional dimension affects path selection.

Consider first the basic feasibility problem described in
Subsection III-A, but with the duration of connectioni be-
ing a random variable with probability distribution func-

tion (p.d.f.) qi(t). We seek a path that maximizes the
probability of “success”, i.e., with enough bandwidth for
the duration of the connection; thus, the longer the path
can support the required amount of bandwidth, the better
it is. Therefore, the problem is identical to the “Maxi-
mum Duration” problem considered in Subsection III-B,
for which anO(M �(T�tis)) solution has been presented.

Assume next, that there is uncertainty with respect to
the available bandwidth on a link, with this uncertainty
expressed through p.d.f.fqtl (b)gl2E , which give the prob-
abilities that at a slott there are at leastb units of available
bandwidth on a linkl. All the variations considered in the
previous sections can be extended to accommodate such
uncertainty, and solutions can be obtained through simple
modifications to those of their deterministic counter-parts.
Again, the details can be found in [9].

Nonetheless, some variations can introduce substantial
complexity. One such example is when extending the
maximum duration problem presented in Subsection III-
B, by seeking a path with maximumexpectedduration
time. In this specific case, the complexity arises from the
difficulty of relating the expected duration of a path to
that of its links, and as of now we do not have an effi-
cient solution for this case. Similarly, other extensions
can greatly complicate the path selection process, and the
next section is devoted to an important such instance.

IV. M AXIMUM TOTAL BANDWIDTH

In this section, we turn to a different service model for
advance reservations, that may be of interest in a number
of settings. Specifically, suppose that the goal of a re-
quest is to transmit a given amount of data, preferably in
the minimum amount of time. However, the connection
is not constrained to a specific bandwidth value. Instead,
it is capable of transmitting at any bandwidth value that
is available through the network, and may even be able
to adapt to changing bandwidth. In the latter case, the
amount of reserved bandwidth can change from slot to
slot. In this setting, connectioni starting at timetis com-
pletes its task at the first time slot�i � tis, where the
sum over all slotsj 2 [tis; �i] of the product of reserved
bandwidthBj in slot j and the slot duration, exceeds the
amount of data that connectioni needs to transmit.

Such a service may be desirable for some applications.
For instance, a database backup that takes place overnight
between a branch office and a server farm. The applica-
tion will specify a start time, e.g., business closing, and
the amount of data it needs to backup, e.g., the size of the
database, and will want to make an advance reservation
to ensure that the backup completes before the opening
of business the next day. The desired bandwidth need not
be specified beyond a minimum value as the server will
typically be able of adjust its transmission rate based on
the available bandwidth. However, because the database



and/or the server controlling it may be needed for other
maintenance tasks, it is often desirable that the backup
complete as quickly as possible once initiated.

The case of a single bandwidth value, i.e., no adapta-
tion from slot to slot, is of limited interest as it is easily re-
duced to the previous fixed bandwidth value problems. In
particular, it can be solved by performing a binary search
on theM possible feasible bandwidth values, so that the
previous fixed value algorithms can be used. Computa-
tional complexity increases only by a factorlogM . As
a result, we focus on the more interesting case where the
reserved bandwidth can change from slot to slot. Unfortu-
nately, as we will see, this seemingly innocuous extension
takes us from a simple solution to a hard one.

A. Intractability

As shall be shown, problems belonging to this class of
advance cumulative reservation(ACR) problems are, in
general, intractable. In this paper, because of space con-
straints, we limit ourselves to showing it for the “basic”
case outlined above. A similar result is established in [9],
for a more general case where nodes are also allowed to
buffer data enroute. Allowing buffering of data allows
nodes to shift bandwidth from slot to slot and, therefore,
compensate for differences in available bandwidth across
links in a given time slot. However, as shown in [9], even
this relaxation of the constraints does not help in reducing
the complexity of the problem. In general, the different
variations of the ACR problem which we have investi-
gated are intractable, as the following result will show.

Consider an elementary instance of the ACR problem,
in which the available bandwidth on a link at each time-
slot is either “1” or “0”. We are presented with a connec-
tion request at timet = 0, and the question is whether
there is a path for the connection, such that during the in-
terval [0; T ], the number of time-slots for which all links
have a value of “1” is at least�, for some (given)� > 0.
We term this problem the0-1 Total Bandwidth (0-1 TB)
problem.It is easy to verify that this problem is a special
case of the ACR problem. Hence its intractability implies
the intractability of the ACR problem.

Theorem IV.1:Problem0-1 TBis NP-hard.

Proof: The proof proceeds by transforming a known NP-
complete problem into an instance of the ACR problem.
Specifically, consider the well known NP-complete SAT-
ISFIABILITY (SAT) [8] problem. An instance of the
SAT problem consists of a setU of boolean variables and
a collectionC of clauses overU , i.e., a set of literals over
U , for which we are trying to determine if there exists
a satisfying truth assignment, i.e., an assignment of the
values T (true) or F (false) to the variables inU that si-
multaneously satisfies all the clauses inC. A clause is
said to be satisfied by an assignment iff at least one of its
members is true under that assignment.

We now return to the issue of transforming the SAT
problem into an instance of the 0-1 TB problem. Con-
sider a SAT problem with clausesCi, 1 � i � N , each
composed of literalsfuijg, 1 � j � ni, uij 2 fuk; �ukg,
1 � k � K. We then proceed to construct a network
that will allow us to carry out the required transforma-
tion. The basic idea is to select a set of nodes and links as
well as bandwidth availability at each time slot, in such a
way that being able to find a path with a cumulative band-
width of � units between two nodes requires determining
if the answer to the SAT problem is affirmative.

The network topology we use to establish this equiv-
alence is illustrated in Figure 1 for the specific example
of N = K = 3. It hasK + N + 1 nodes labeled
0; 1; : : : ;K+N , where0 represents the source andK+N
the destination. For1 � j � K, there are two links be-
tween nodesj�1 andj, one (labeleduj) representing the
assignment ofT to uj , while the other (labeled�uj) rep-
resents the assignment ofF . In other words, the firstK
links correspond to the different literals of the problem,
and a link will be used to identify the truth assignment
selected for its literal in the different clauses of the SAT
problem. For1 � i � N , there areni links between
nodesK + i� 1 andK + i, each representing one of the
literals infuijg. In other words, the links between node
K + i� 1 andK + i will be used to capture clauseCi.

Assume now that the time domain over which reserva-
tions can be made on each link has

PN

k=1 nk slots. As
we will see, slot number (

Pi�1
k=1 nk + j), 1 � j � ni,

will be used to determine if “clauseCi is satisfied byuij ”.
The bandwidth availability vectors of the various links are
then set as follows:
� For link uj : for 1 � i � N , 1 � m � ni, if uim = �uj ,
then slot number(

Pi�1
k=1 nk +m) is set to0, otherwise it

is set to1. This amounts to setting each slot to 0 or 1 de-
pending on whether the literal in the corresponding clause
has a value of�uj or not.
� For link �uj : for 1 � i � N , 1 � m � ni, if uim = uj ,
then slot number(

Pi�1
k=1 nk +m) is set to0, otherwise it

is set to1. Similarly, this amounts to setting each slot to 0
or 1 depending on whether the literal in the corresponding
clause has a value ofuj or not.
� For a link between nodesK + i � 1 andK + i, rep-
resenting the literaluij : slots 1; 2; : : : ; (

Pi�1
k=1 nk) are

set to1; slots(
Pi�1

k=1 nk + 1); : : : ; (
Pi�1

k=1 nk + j � 1)

are set to0; slot (
Pi�1

k=1 nk + j) is set to 1; slots
(
Pi�1

k=1 nk + j + 1); : : : ; (
Pi

k=1 nk) are set to0; slots
(
Pi

k=1 nk + 1); : : : ; (
PN

k=1 nk) are set to1.
The above choices can be explained as follows: the “lit-
eral” links correspond to an assignment of T or F to a
literal; a link representinguij “filters” all literals of Ci
butuij (such a link can be referred to as a “filtering edge
for Ci”). This is best understood in the context of the
example of Figure 1, which we describe shortly.
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N=K=3 C2 = u2 ∨ u3 ; C3 = u3C1 = u1 ∨ u2 ∨ u3 ;

Fig. 1. Network Topology for Instance of SAT Problem.

Based on the above construction, it can be verified that
there is a path between the source and destination with
total bandwidth of� = N units iff the answer to the SAT
problem is affirmative. 2

As mentioned above, an example is helpful to clarify
the proof. Specifically, Figure 1 shows the network topol-
ogy and link bandwidth for an instance of the SAT prob-
lem withN = K = 3, and the following three clauses:
C1 = u1 _ �u2 _ �u3, C2 = u2 _ �u3, andC3 = u3. As
shown in [9], it is easy to verify that the SAT problem has
the unique solutionu1 = u2 = u3 = T , and that the
corresponding 0-1 TB problem, for� = 3, has the unique
solution, i.e., path,fu1; u2; u3; u11 ; u21 ; u31g.

B. Approximations

In view of the intractability of Problem 0-1 TB, a nat-
ural next step is to consider approximations. We begin
with an approximation for the basic 0-1 TB problem, and
then turn to consider the more general case, where link
bandwidths may take values other than0 and1. The ba-
sic idea behind the approximation is to eliminate from
consideration paths whoseexpectednumber of slots with
non-zero bandwidth is significantly below the amount�
we are seeking. In the 0-1 case, this amounts to focusing
on the expected number of 1’s on a path.

B.1 0-1 Bandwidth Values

This is again limited to an environment where band-
width can only take the values of either0 or 1. In order
to allow us to determine the expected number of 1’s on a
path, we also make the following assumption.

Assumption U1: the probability that a slot on a link has a
value of “1” is q, 0 < q < 1, independently of the values
on other slots and links.

We note that assumptionU1 ignores the possible cor-
relation implied by multi-slot reservations, and also as-
sumes an homogeneous load in the network. Both fac-
tors can clearly introduce discrepancies from this ideal-
ized model. However, a global estimate of temporal link
congestion such asq can provide a first order estimate of
the likelihood of finding the needed number of “1” slots
on a path. Consider now some pathp, with m hops. We
are interested in finding the expected number of “1” slots
in the path, i.e., slots that have a1 value at allm links.

Denote that value byKm.

Proposition IV.1: Under Assumption U1,Km = T �
qm.

A similar result can be obtained under a slightly differ-
ent assumption on how “1” slots are distributed.

Assumption U2: each link hasK slots with the value of
“1”; their distribution is uniform and independent of the
distributions on other links.

While assumptionU2 may appear less artificial than
assumptionU1, it is essentially identical.

Proposition IV.2: Under Assumption U2,Km = K ��
K
T

�m�1
.

Note that usingq = K=T gives identical values for
Km in propositions IV.1 and IV.2.

Because propositions IV.1 and IV.2 are equivalent, we
focus on AssumptionU1 and the corresponding Proposi-
tion IV.1 in the rest of this section.

Our approximation is based on the previous observa-
tion that a path, whose expected number of “1” slots is
significantly below the required amount�, will usually
not be a solution and hence can be neglected. As ex-
plained in the following, together with Proposition IV.1,
this leads to the conclusion that we can limit our search
to paths whose number of hops is below a fixed, small,
value. Specifically, suppose we disregard paths whose ex-
pected number of “1” slots is below���, where� is some
fixed number, smaller than1 (e.g.,� = 0:1). Then, given
the value ofq corresponding to AssumptionU1, the max-
imal number of hops that we should consider is at most

mmax =
log( T

���
)

log 1
q

.

Hence, a reasonable approximation is to search all
paths of at mostmmax hops, and check their quality, i.e.
number of “1” slots. Denoting byD the maximal node
degree, such a search incurs a complexity of

O(Dmmax) = O(D

log( T
���

)

log 1
q ): (1)

The above expression indicates that complexity can be
high for extreme values of� and q. However, in such
cases one can defer to rather trivial alternatives, whose
use can be triggered by a simple check on� and/orq.

1. When the value of� is small, say� = �, � << T ,
a simple solution is provided by searching all possible
combinations for choosing� “1”-slots out of a total of
T slots. For each combination so obtained, suitable paths
can then be obtained by (i) removing the links that have
a “0” value in any of the corresponding� slots and (ii)
checking connectivity on the residual network; the com-
plexity isO(T �+1 �M).
2. Whenq is close to1, most paths are likely to satisfy
our hop count limitation, so that searching through all of
them would be very inefficient as is reflected in expres-



sion (1) (for q close to1). A possible alternative, that
works well when the value of� is neither small nor large,
is to simply choose paths at random5 and check their qual-
ity – under the above conditions, the expected number of
tests till a “good enough” path is found would be small.
This will, however, not work well when� is close toT as
even withq close to1, a random selection may produce
too many misses to yield a feasible path.
3. However, when the value of� is close toT , say
� = T � �, � << T , because the number of possible
“misses” (i.e., zero slots) one can afford is small, an ex-
haustive search can again be contemplated. Specifically,
one can search all possible combinations of� misses, and
for each combination: (i) remove the links that have a “0”
value in any of the remainingT � � slots, and (ii) check
connectivity on the residual network. The complexity for
this case is againO(T �+1 �M).

Hence, the search over paths of at mostmmax hops can
be limited to the cases whereq is not too close to1 and
� is neither too close to nor significantly smaller thanT .
Coupling these observations with the fact that, typically,
in communication networksD grows only slowly with
the network sizeN (e.g.,D = O(logN)) and, moreover,
is often bounded (i.e.,D = O(1)), we conclude that the
complexity of the proposed approximation as given in ex-
pression(1) should be reasonably small.

To illustrate this, suppose that� = 0:1, D = log2N ,
and we seek the minimal value of� which would ren-
der the complexity to be lower thanO(N2). Consider-
ing q = 0:5 and topologies of at least moderate size, say
N � 100, it is sufficient for� to be just as large asT291 ,
whereas forq = 0:9 it is sufficient for� to be just as large
as T

16 . For either larger topologies (i.e.,N > 100) or
smaller values ofq, the results would be even better (i.e.,
smaller allowable values of�). As a second example, sup-
pose we consider� = 0:1,N � 100, T � 100, and com-
pare the complexity expression (1) withO(M �T ), which,
from what we have seen, is typically a lower bound on the
complexity of advance reservation schemes: forq = 0:5,
the minimal value of�, for which (1) is lower thanM �T ,
is T

582 , whereas forq = 0:9 the value is belowT18 .

We can, therefore, conclude that for topologies of at
least moderate size, values ofq which are not too close
to 1, and values of� that are not very small with respect
toT , the approximation performs better, in terms of com-
putational complexity, thanO(N2). The penalty in terms
of performance amounts to neglecting paths whose (a pri-
ori) expected quality is below one tenth of the required
quality�. In addition, as mentioned before, the approxi-
mation relies on several idealized assumptions, that may
not always hold in practice and which would, therefore,
also affect overall complexity and/or efficiency. Further-
more, and most important, while the above approximation

5Possibly using some heuristic to get closer to the destination.

provides a possible handle on what we identified as a hard
problem, it does so only for the simple case of 0-1 band-
width values. A meaningful approximation would have to
tackle the more general problem of arbitrary bandwidth
values. We briefly review such an extension in the next
sub-section, and the reader is referred to [9] for details.

B.2 General Bandwidth Values

In this subsection, we outline how to extend the approx-
imation obtained for the 0-1 case to handle general band-
width values. In other words, we consider the case where
link bandwidths can take values in the range[1; : : : ; B],
for someB > 1, and propose an approximation based on
the assumption that we can obtain an “optimal” solution
for the 0-1 case, as described above.

The basic idea behind the approximation is to quantize
the link bandwidths into a finite set of values, and for each
value convert the problem into a 0-1 problem by assuming
that the available bandwidth is 0 when it is less than the
selected value and 1 otherwise. The approximation then
selects the best solution from those generated by the 0-1
approximations for each bandwidth values. Due to space
limits, the details are omitted, and the reader is referred
to [9]; there, an algorithm is presented, which achieves an
approximation factor of 1

e�lnB
over a solution to the basic

0-1 problem.

To summarize, in this section we have shown that al-
though an advance reservation model that focuses on cu-
mulative (total) bandwidth might be an attractive service
extension, its impact on the complexity of the path selec-
tion process is substantial. In particular, we established
the intractability of a basic instance, namely the 0-1 TB
problem. In light of this result, we investigated possible
approximations and provided a reasonably efficient solu-
tion. The solution relies on a number of assumptions, and
as such needs to be further evaluated in more practical
settings; nevertheless, it provides an initial step towards
addressing what turned out to be hard problem.

In the next section, we consider several other exten-
sions and enhancements to the service model of advance
reservations, and again investigate their impact on the
path selection.

V. DELAY CONSTRAINTS, PRIORITIES, AND

PREEMPTION

In this section, we consider two other important ex-
tensions to the basic advance reservation service model.
First, we extend the basic model to incorporate delay
guarantees in addition to bandwidth guarantees. Then,
for this general service model, we discuss a network envi-
ronment where pricing and priorities are the mechanisms
used to integrate support for both advance and immedi-
ate reservations. In particular, reservations are assigned



priorities that determine the order in which they can be
preemptedin case of insufficient resources. As discussed
in [26], “over-booking” of resources can occur for numer-
ous reasons, e.g., uncertainty in reservation durations, and
preemption provides a simple yet effective mechanism for
resolving such contentions. However, preemption and the
associated use of priorities impact the path selection pro-
cess, which now needs to be aware of not only link reser-
vation levels, but also their corresponding priority.

A. Delay Constraints

Consider first the extension where the advance reserva-
tion service model allows connections to specify not only
minimum bandwidth guarantees, but also an end-to-end
delay bound for their packets. In order to concretize the
discussion, we limit our attention to the case where delay
guarantees are in terms of a hard upper bound. Specif-
ically, we consider therate-basedservice model of [24]
for providing end-to-end delay bounds. Under this model,
and in the framework of advance reservations, links and
connections are characterized in the following way.

Each linkl 2 E is characterized as follows:

� A vector6 of the bandwidth (orrate) bl = fbl[t]g
T�1
t=0 ,

which the link can offer to new connections at each time-
slot t.
� A constant delayvalue �l, related to the link speed,
propagation delay, and maximum transfer unit size.

An advance reservation requesti is characterized by the
following parameters:

� A source nodesi and adestination nodedi.
� A biasvalue�i, i.e., the connection’s burst size.
� A maximum packet sizeci.
� A maximum end-to-end delay constraintDi.
� A bandwidth requirementBi.
� Start time and durationtis and� i, correspondingly.

When the requesti is routed over a pathp with a re-
served rater, r � minl2p;t2[tis;tis+� i) bl[t], the following
upper boundDi(p; r) on the end-to-end delay applies:

Di(p; r) =
�i + n(p) � ci

r
+
X

l2p

�l (2)

wheren(p) is the number of hops onp. We then consider
the following basic feasibility problem in the context of
path selection.

Problem V-A: Given are (1) an advance reservation re-
quest i, and (2) a network characterized as described
above, choose a pathp (with n(p) hops) betweensi and
di, and a rateri, such that:

1. ri � Bi;
2. for all tis � t < tis + � i, and for alll 2 p: bl[t] � ri;

6When we later introduce priorities, there will be a separate vector for
each priority class.

3. �i+n(p)�ci

ri
+
P

l2p �l � Di.

A simple solution to this problem is provided by the
following algorithm.

Algorithm V-A:
1. For all linksl: rl  mintis�t<tis+� i bl[t].
2. For all (O(M)) different values ofr 2 frlg, such that
r � Bi:
(a) Delete all linksl for whichrl < r;
(b) for each (remaining) linkl, compute:wl  ci

r
+ �l;

(c) compute (on the residual network) a pathp(r) that
is shortest with respect tofwlg;
(d) If �i

r
+
P

l2p(r) wl � Di thenstop: p = p(r) and
ri = r are a solution.
3. (No solution has been identified:) The connection is
not feasible.

Complexity (Algorithm V-A): step (1) incursO(M �T ),
while step (2) can be done inO(M � (N logN + M)),
thus resulting in an overall complexity ofO(M � (T +
N logN +M)).

B. Priorities and Preemption

In this subsection, we introduce pricing and priorities
as means to differentiate between different types of reser-
vations, so that higher priority reservations can preempt
lower priority ones. We articulate the discussion within
the context of general bandwidth and delay guarantees.

We consider an environment withJ service classes,
such that, for1 � j � J , a connection belonging to class
j can preempt connections of classesj + 1; : : : ; J . The
bandwidth available in classj on link l can be expressed
as a time dependent vector, i.e.,bjl [t], 0 � t � T . The
ability to preempt lower priority reservations implies that:

b1l [t] � b2l [t] � : : : � bJl [t]; 0 � t � T � 1; (3)

this is because a higher priority request “sees” as available
the bandwidth reserved for connections in lower priority
classes, which it can preempt.

Similarly to [15], there is a (time-dependent) cost func-
tion for establishing a connection over a path ofn hops
and with reserved ratesr1; r2; : : : ; rJ in each priority
class. The cost function is of the form:

C(t; n; r1[t]; : : : ; rJ [t]) 0 � t � T � 1;

whererj [t] denotes the reserved rate for thej-th class
traffic at time slott. In addition, we make the following
assumptions:

1. C(t; n; r1[t]; r2[t]; : : : ; rJ [t]) is nondecreasing inn
and inrj [t], 1 � j � J . In other words, reserving more
bandwidth in any class increases the overall cost, and so
does increasing the hop count (number of links) of the
paths where the reservation is made. The latter reflects
the fact that, generally, the cost to the network of a given



reservation, increases with the number of links on which
the required bandwidth needs to be set aside.
2. For alli, j andr, i < j andr > 0:

C(t; n; r1; : : : ; ri; : : : ; rj + r; : : : ; rJ ) <

C(t; n; r1; : : : ; ri + r; : : : ; rj ; : : : ; rJ ): (4)

This simply states that the cost of bandwidth increases
with the priority class where the bandwidth is to be re-
served.

A connection requesti is characterized as before and
by a set of end-to-end delay boundsDj , one for each pri-
ority classj, 1 � j � J . We further require that the delay
bounds requested in each priority class by a connection,
be invariant across time slots. This fits a setting where
the different bounds correspond to various levels of per-
formance that are feasible for the application. The goal is
then to minimize, over the life-time of the connection, the
cost of the associated reservations. As a result, and while
different rates could be allocated in different time slots,
the goal of minimizing the path cost implies that, within
a given class, the reserved rate is constant from slot to
slot. Furthermore, because it is not practical to assume
that user packets can be replicated and sent over multiple
paths, we require that the delay bounds specified for each
priority class all be achieved on thesamepathp. In ac-
cordance to equation (2), the delay boundDj of classj
is then associated with a corresponding bandwidth reser-
vationrj in each class on all links ofp. Finally, because
of our goal to minimize cost, the reserved rates7 are the
smallest possible in each class, so that:

rj [t] = rj =
� + n(p) � c

Dj �
P

l2p �l
; (5)

for j = 1; 2; : : : ; J; tis � t < tis + � i. Because of
the higher cost of bandwidth in high priority classes and
the relation expressed in equation (5) between delay and
rate, the delay bounds for each priority class and the cor-
responding rates can be assumed to be ordered as follows:

D1 � D2 � : : : � DJ ; r1 � r2 � : : : � rJ : (6)

In other words, the above ordering states that a user
can only “afford” looser delay bounds (smaller rates) in
higher priority classes. For example, a user may ask for
a relatively large (but tolerable) delay boundD1 in the
highest priority class, in order to minimize (avoid) the risk
of being totally shutoff (preempted) by other requests,
while containing the cost of such a guarantee. However,
in order to enjoy better performance (lower delay) when-
ever possible, the user may also request a tighter delay

7For simplicity, we assume that the reserved rates in each class are
larger than the required bandwidth guarantees. Removing this constraint
is easily achieved through a simple modification of step 3(b)ii of Algo-
rithm V-B.

boundDj < D1 in a lower priority class. This will
require a higher reserved bandwidthrj than the class 1
reservationr1, but the associated cost increment will be
small because of the lower cost of bandwidth in prior-
ity classj. This model enables a user to tailor its reser-
vation based on performance requirements, tolerance to
performance degradations, and ability/willingness to pay.
Equations (3), (5), and (6) imply that it suffices to check
the feasibility of rate reservationsfr1; r2; : : : ; rJg on a
pathp just with respect to the last classJ , i.e., whether
rJ � minl2p;tis�t<tis+� i b

J
l [t]. Hence, the following al-

gorithm finds a feasible path of minimum cost.

Algorithm V-B:

1. For all links l, compute the residual ratesRJ
l  

min0�t�T b
J
l [t].

2. Order the different values of the residual link ratesRJ
l

by decreasing order:R(1) � R(2) � : : : � R(K),
whereK �M .
3. Fork = 1 toK:
(a) Delete linksl with bJl � R(k).
(b) Run a Bellman-Ford shortest-path algorithm in or-

der to find, for all hop valuesn, 1 � n � H , a path
p(k; n) that is shortest with respect tof�lg among paths
of at mostn hops.
(c) For all1 � n � H :
i. If �i+n(p(k;n))�ci

DJ�
P

l2p(k;n)
�l

> R(k) or
P

l2p(k;n) �l � DJ

thenp(k; n) null;
ii. else : for all 1 � j � J : rj(k; n)  
�+n(p(k;n))�c

Dj�
P

l2p(k;n)
�l

.

4. Among all paths p(k; n), 1 � k � K,
1 � n � H , choose a pathp that minimizes
C(n; r1(k; n); : : : ; rJ (k; n)).

Complexity (Algorithm V-B): O(M �(T+H �(M+J))).

The above algorithm illustrates one instance, namely a
fixed delay bound (and bandwidth guarantee) for each pri-
ority class across all time slots, for which the additional
complexity of advance reservations is marginal8. How-
ever, as with the standard model (i.e., bandwidth guaran-
tees only and no preemption), there are cases where intro-
ducing advance reservations appears to drastically affect
the complexity of the path selection. One likely example
is when different delay bounds are allowed in each time
slot, possibly to reflect changes in the cost of bandwidth
from slot to slot. This would correspond to a model where
delay bounds are not directly associated with application
performance levels, but instead are chosen on the basis of
what the user can afford. It appears that this problem is
also intractable, but formally establishing this result is the
topic of ongoing work.

8Step 1 of the algorithm removed the dependency on time, so that
from Step 2 and on it is essentially the algorithm used in the case of
“immediate” reservations.



VI. CONCLUSION

The goal of this paper was to provide an initial look
at how advance reservations affect the complexity of the
path selection process, as it is a topic that had been left
largely untouched. There are many aspects of path se-
lection that are impacted by the introduction of advance
reservations, and this paper has certainly ignored many,
focusing primarily on the issue of computational com-
plexity. This is by no means an indication of the lesser
significance of other issues such as, for example, net-
work performance; rather, it reflects a choice of starting
point given the limited amount of work done so far on the
topic. In that context, we believe that some of the initial
results provided in this paper, establish some of the re-
quired foundations for ultimately understanding the com-
plex interactions between advance reservations and path
selection.

In particular, we have seen cases where advance reser-
vations had only a minor effect on path selection, while
in other cases it turned simple problems into intractable
ones. For example, the initially promising extension
that considered advance reservations aimed at cumulative
(variable) bandwidth values, is likely to be impractical be-
cause of its intractability. On the other hand, several sim-
ple extensions, e.g., maximum duration, soonest comple-
tion, etc., were found to be easily dealt with through rel-
atively simple algorithms. In general, we feel it is impor-
tant to carefully assess the cost of providing new advance
reservation services, so that this can be compared to their
potential benefits. Determining the added computational
complexity introduced by advance reservations is one of
the important elements of such an overall cost assessment.
The results of this paper are, therefore, meant as contribu-
tions towards this goal. In addition, the paper also identi-
fied several new extensions whose complexity remains an
open question, e.g., time varying delay bounds. Answer-
ing those questions is the topic of ongoing work, so as to
better assess the potential usability of such extensions.
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