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Abstract- In order to provide practical QoS services, we propose a new
traffic engineering approach for low-cost and fast QoS provisioning. The
new scheme utilizes network resources more evenly by exercising an en-
hanced QoS path computation algorithm that finds maximally disjoint
multiple QoS paths. An efficient mechanism for managing computed paths
and allocating calls is also discussed as a component of the system, and
this path management allows fast QoS provisioning by avoiding unneces-
sary path recomputation. Moreover, the naive approaches to link state
information acquisition in conventional QoS routing are replaced with a
more effective approach dividing the link state update process into three
hierarchical subprocesses. Via simulation experiments based on IP Tele-
phony application, we show that we can improve the performance and at
the same time reduce the link overhead.

I. INTRODUCTION

For recent years, many substantial research efforts for QoS
support in IP networks have been made [1], [2], [3]. [1] ad-
dresses practical QoS extensions in OSPF considering band-
width and delay constraints to provide QoS support in intrado-
main. [2] more precisely analyzes QoS routing approaches
optimizing network resources and minimizing hop count by
taking advantage of the Bellman-Ford algorithm properties,
and [3] proves the efficiency of the proposed QoS routing and
call admission control (CAC) for given IP Telephony traffic.
This fundamental groundwork shows promising future of QoS-
enabled IP networks with the approaches in the traffic engineer-
ing.

Likewise, we propose a new approach in the traffic engi-
neering to support QoS services in IP networks in more cost-
effective and less time-consuming fashion. The new approach
is based on the measurement-based QoS routing and assumes
that MPLS [4] runs for the packet-forwarding method. Path
computations and routing decisions in this approach are made
at edge routers and paths are pinned down by MPLS as in [3].
Compared to the QoS routing and CAC schemes in the pre-
vious research works, our new scheme must be cost-effective
with respect to consuming network resources to collect up-to-
date link state information for QoS routing computation since
hierarchical separation of link state information acquisition is
carried out, while the conventional approaches in QoS routing
mainly depend on frequent flooding to exchange link state in-
formation between nodes. Thus, this new scheme is named Hi-
erarchical Approach for QoS Provisioning (HAQP). Moreover,
HAQP is equipped with an enhanced QoS routing computation
algorithm which finds maximally disjoint multiple QoS paths.
We recall that the conventional QoS routing and CAC schemes
compute single QoS paths to admit incoming calls and the out-
comes of the computations remain the same until the previously
computed path is fully saturated. Thus, possible paths from a
source to a destination are consumed one-by-one. On the other
hand, making parallel use of multiple paths utilizes network
resource more evenly and focussed congestion can be avoided
in early stage. It also fundamentally soothes the need of fre-
quent refreshment of link state database since the impact of dy-
namic changes of admitted calls is diffused over multiple paths.
In conjunction with the multiple path computation, an efficient
path management scheme is embedded for fast QoS provision-

ing with unnecessary path recomputation avoided.

II. SYSTEM ARCHITECTURE

The fundamental task of QoS routing is to find paths satisfy-
ing given QoS constraints and even considering the optimiza-
tion of resource utilization which makes approaches to QoS
routing difficult. In addition, the dynamic changes of network
state make it expensive to gather up-to-date information in a
large network. Recalling the premises for the primary goal of
the new QoS provisioning approach, we designed the system
with three distinct components; making use of multiple QoS
paths, path management with quantized QoS constraints, and
hierarchical link state information acquisition. Throughout this
section, these three components are discussed in turn.

A. Multiple QoS Path Computation

The primary purpose of computing and making use of mul-
tiple QoS paths in a parallel manner is to broaden the region
of utilized resources and slow down the saturation of resource
utilization. When multiple possible paths are available, the
entire resource consumption of each path can be delayed and
the dynamic changes of offered traffic may not cause severe
load fluctuation in each path. In order to search for multiple
paths, we define alternate paths with the conditions; satisfy-
ing given multiple QoS constraints, maximally disjoint from
already computed paths, and minimizing hop count. Our pro-
posed algorithm is a heuristic solution, and we do not limit our-
selves to strictly “path disjoint” solutions. Rather, we search
for multiple, maximally disjoint paths such that the number of
overlapped links for different paths becomes as minimal as pos-
sible. This multiple QoS path computation algorithm produces
incrementally a single path at each iteration rather than multi-
ple paths at once. All the previously generated paths are kept
into account in the next path computation. The efficiency of
this algorithm for fault tolerance and load balancing is shown
in [5].

Definition 1: QoS metrics. Consider a network represented
by a graph
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where

�
is the set of nodes and

	
is the

set of links. Each link
��
���������	

is assumed to be associated
with � multiple QoS metrics. These QoS metrics are catego-
rized mainly into additive, transitive, and multiplicative ones.
Each QoS metric is manipulated by their corresponding con-
catenation functions, and regardless of the specific properties
of the functions, we generalize and compound the functions
such that we have � ��� ��� ��������� ���! since � multiple QoS
metrics are assumed to be associated with each link.

Definition 2: QoS descriptor. Along with the individual
QoS metrics, QoS descriptor " �#
������

is defined as a set of
multiple QoS metrics associated with link
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The nodes of
�

are numbered from 1 to = , so > ��317��?@�������A� =B . We suppose without loss of generality that node
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1 is the source. " ��
2�
implies the QoS descriptor from the

source to node


. Neighbors of node



are expanded with

the QoS metrics associated with link
��
������

and " � � �
becomes� � " ��
2�A� " ��
������
�

where
�*� > ��
2�

and > �#
,�
is the set of neigh-

bors of


. The algorithm iteratively searches for the QoS met-

rics of all reachable nodes from the source as the hop count
increases. In this procedure, the QoS descriptors of the nodes
must be checked if they satisfy given QoS constraints. If
not satisfying, the nodes of the non-satisfying descriptors are
pruned to search only the constraint-satisfying paths.

Definition 3: Constraint verification. A set of multiple QoS
constraints is defined as

�
and the set is in the same format

of " ;
� � ��� � �������'��� �! such that each QoS metric in " is

verified with corresponding constraints. A Boolean function��� � " � is also defined to verify if " satisfies
�

. The veri-
fication is to find paths of sufficient resources satisfying all
the multiple constraints without considering how sufficiently
the individual metrics satisfy the constraints.

� � � " � � 1
if� 4 ��� �
% 4 � " ��� 4 is satisfied by

% 4 for all
1 : . : � . Other-

wise,
�	� � " � ��


.
We leave the specific characteristics of individual metrics ab-

stract and assume that they are properly verified by correspond-
ing operators. Now, we focus only on verifying if the QoS de-
scriptors of each node satisfy the QoS constraints, rather than
verifying whether or not the individual QoS metrics are quali-
fied since the QoS metrics all together must lie in the feasible
region of the given QoS constraints. When

��� � " �#
,�
� �


,

node



gets pruned by the algorithm. Otherwise, it is projected
and its neighbors are further expanded.

Definition 4: New or old paths. A new field � is added to the
QoS descriptor to determine where the projected nodes pass.
Besides, the QoS descriptor is augmented with two new vari-
ables, = for “new” and � for “old,” to keep track of the degree
of being disjoint. These two variables are updated by checking
if the node of the QoS descriptor has been already included in
any previously computed paths. = increases when the node is
not included in any previously computed paths, and � increases
when it is detected in those paths. These two variables play the
most important role in the multiple path computation algorithm
such that a path maximally disjoint from previously computed
paths can be found. " �#
,�

becomes
�&% � ��
2�A���������
% � ��
2�A� � � = � �  .

Definition 5: The multiple path computation algorithm.

��������� ����������
0 �! while

�#"���
do

Step 0:
�%$����
for each

���'& �)( � do
if *�+ �'�,�'& �-� � � then

�)$/.0���'& �
Step 1: for each

�,�'& �)( �)$ do
if
���'& �21 ( � then

�3.0�,�'& �
else if

�4$5 �6& �)7 � 5 �'& �
or
�'�4$5 �6& � ��� 5 �'& � and

�8$9 �6& �)7 � 9 �6& �:� then
�3.0���6& �

else discard
���6& � from

�
Step 2:

�����
for each

���'& �)( �)$ do
if
&��3;

then skip
&

for each < (�= �'& � do
if < "���?>��'& � then

�@.0AB$-�'���'& �DC ���6& C < �:�
else skip<0 � 02E �

where F is a temporary set of QoS descriptors and initialized
with the QoS descriptor of source node

1
, and G is the set which

collects all the qualified QoS descriptors of projected nodes."3H ��
2� in Step 1 means the QoS descriptor of node



which has
been already projected and included in G . The algorithm does
not stop just after finding the destination but instead keeps in-
vestigating all qualified nodes. Since the algorithm does not

end on finding I and instead it ends after finding all qualified
nodes (i.e., F �KJ

), the neighbors of I are kept from being
reached through I such that unnecessary routes going through
I are not constructed. The iteration runs over the entire nodes
until no further expansion can occur and G becomes to include
all qualified nodes. As this comprehensive iteration runs, newer
routes to each node are constructed by Step 1. � H is a new func-
tion based on � , and it performs the concatenation and records
the preceding node in "ML . In addition, � H updates the new two
variables in the QoS descriptor, = and � , as discussed in Defi-
nition 4. � H checks if the link between



and its neighbor

�
has

been already included in any previously computed paths. If the
link is found in the previously computed paths, " � ���

expanded
from " ��
2�

through the link
�#
������

becomes to have "ON ��
2�4P�1
for its " N � � � . Otherwise, "�Q � ��� becomes "!Q �#
2�RP 1

.
Now that � and = are updated in the described way when-

ever neighbors of nodes are discovered, the sum of their val-
ues represents the hop counts to the nodes from 1. The val-
ues of � and = are used in Step 1 which determines which
route is newer and more preferable in terms of hop counts.
Although the algorithm prefers newer paths compared to pre-
viously computed paths, it does not mean that the algorithm
finds longer paths. Instead, it looks for a path more disjoint
from previously computed paths, but if several new paths ex-
ist and their degree of being disjoint are the same, the shortest
one among them is selected. This is achieved by the condition
in Step 1, if " HN �#
,�TS "�N �#
,� or

� " HN �#
2� � "�N �#
2� and " HQ ��
2�US" Q �#
2�6� then GWV " ��
2�
.

This multiple QoS path computation algorithm searches for
maximally disjoint paths through the nodes satisfying given
QoS constraints yet minimizing hop counts. This satisfies
our premise for the hierarchical approach to QoS support in
terms of spreading network traffic avoiding focussed conges-
tion which may be incurred in quickly overused trunks.

B. Path Management with Quantized Constraints

We define a path management scheme which determines
how calls are allocated to paths. This path management pri-
marily deals with path sets which are collections of paths com-
puted with the same constraints. Each path set is associated
with a certain destination and a set of multiple QoS constraints,
and all the elements in the path set are the results of the mul-
tiple QoS path computation for the same destination with the
constraints. As the first operational aspect of running the path
computation algorithms, we consider where QoS constraints
are derived from and how they are bounded to corresponding
path sets. QoS constraints can be either defined by applications
or provided by the network. In the former, QoS constraints
are assumed to be continuous variables (e.g., packet loss, de-
lay, bandwidth). An application can choose and negotiate an
arbitrary set of QoS constraints with the network. This allows
applications broad flexibility in defining QoS constraints, but
makes it difficult for the network to precompute and quickly
provision QoS paths. For the network, it would be more con-
venient to enforce limited sets of QoS constraints, to which the
applications must abide. We refer to this pre-definition of con-
straints constraint quantization.

The constraint quantization allows the network to limit the
number of possible QoS constraint sets and forces applications
to select the one that best fits their traffic characteristics. There-
fore, the calls with same quantized constraints and same desti-
nation will be aggregated together (a la DiffServ) and use the
same path sets. The path set for a certain quantized constraint
is opened by the first call, and is shared by all subsequent calls
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in the same group without path recomputation. This fast QoS
provisioning is the benefit of the constraint quantization. In the
quantized option, when multiple paths are available, a further
choice is available regarding call allocation. As a first choice,
each call is allocated to a specific path in the set. When the
specific call allocation to a single path is exercised, the net-
work system performs flow-based call allocation. A second
option is to perform packet-based call allocation by spreading
the packets over the multiple paths regardless of the calls they
belong. In our scheme, we adopted the flow-based allocation
since mostly QoS support is demanded by multimedia appli-
cations and their traffic is prone to jitter which may be caused
by packets sprinkled over different paths. This path manage-
ment scheme is called Quantized constraint Flow-based Mul-
tiple Paths (QFMP) in [5]. This scheme is used for the call
allocation and admission control in the way described in [5].

C. Link State Information and Path Refreshment

HAQP guarantees QoS services statistically taking into ac-
count the most recent network status information. The nec-
essary network statistics are collected and stored in the link
state database at every node in the network. This link state
database is to project the global link state picture of the net-
work such that the path computation algorithm correctly pro-
duces QoS-satisfying paths. Since HAQP does not compute
paths in a centralized fashion, each node in the network is re-
sponsible for producing paths originating from themselves in
a distributed way. Thus, undesirable path conflicts may occur
due to the lack of coordination. The performance of this low-
cost approach is influenced by the freshness of the link state
database, and frequent updates of the link state database are re-
quired for desirable computations, which is usually controlled
by the QoS extensions of OSPF through link state flooding, but
intuitively the frequent update can be deemed expensive. This
expensive approach not only produces unwanted network over-
head, but also consumes router processor time. Therefore, a
more efficient approach substituting the naively frequent flood-
ing mechanism is demanded. Thus, we propose a hierarchical
approach to collecting link state information; global flooding,
partial link state collecting, and local traffic monitoring.

C.1 Global Flooding

The QoS path computation primarily depends on the link
state database locally available at the source. In order to make
the link state database project the global picture of the entire
network conditions, the global flooding mechanism is deemed
to be the most effective method. We use the controlled flood-
ing mechanism to exchange link state information as Q-OSPF
does. The global flooding carries not only the conventional link
state properties but also QoS metrics such as residual band-
width, queueing delay, loss probability, etc. Since the flooding
mechanism is the only way to provide the entire network in-
formation, more frequent flooding is required when better out-
comes of the path computation are expected.

However, this flooding approach is expensive in terms of net-
work resources. The global flooding overhead depends on net-
work topology, and intuitively we can guess the fast growth of
flooding overhead when the network topology becomes larger
and the flooding interval is shortened. Thus, although global
flooding with frequent update yields accurate QoS path com-
putation, it eventually leads to prohibitive overhead.
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Fig. 1. HAQP-Probe packet format.

TABLE I
HAQP-PROBE PACKET FIELDS.

V (4 bits) Protocol version.
D (1bit) Direction flag (0 from source to destination, 1 vice

versa).
R (3 bits) Reserved for future use.

NN (8 bits) Number of traversed nodes.
PF (8 Bits) Payload format for each routing protocol to have a

different payload format and procedures reflecting
proper metrics.

Ts (32 bits) Time-stamp is used by the sender to explicitly cal-
culate the round trip time or to have a better delay
approximation by using metrics defined in the pay-
load.

SEQ (32 bits) Packet sequence number.
RB (32 bits) Residual bandwidth.
QD (32 bits) Queuing delay.

LpD (32 bits) Link propagation delay.

C.2 Partial Link State Collection

In order to optimize the performance/overhead behavior,
a path probing mechanism (HAQP-Probe) has been devised.
Normally, in conjunction with the multiple path computation,
this scheme is to update the status of computed paths by pe-
riodically sending probing packets. This proposed probing
mechanism can be implemented as a routing protocol exten-
sion (i.e., Q-OSPF), a management/control protocol extension
(i.e., SNMP or ICMP), or more generally separate protocol.
The HAQP-Probe mechanism consists of injecting a probing
packet, with a given frequency into newly computed or already
existing paths, and gathering link state information and QoS
metrics (i.e., delay, residual bandwidth, etc.). Each router along
the path cooperates by stamping the requested information into
the probing packet. When the probing packet reaches destina-
tion, it is marked as complete and sent back to source. Both
the HAQP-Probe packet format in Fig. 1 and the corresponding
procedure have been designed to be compliant with different
routing protocols, to be malleable for future extensions, and to
provide the information and metrics requested by any partic-
ular routing protocols. This is in accordance with the princi-
ples proposed in [6]. With the common fields summarized in
Table I, we designed the data format and corresponding pro-
cedures to interwork with Q-OSPF. The data format and proce-
dures have been used in the simulations presented in section III.
Besides, the residual bandwidth and queueing delay values are
computed locally and are exponentially averaged in order to
reduce burst impact on QoS routing information.

The HAQP-Probe mechanism suggests that intermediate
routers be actively involved in propagating the link state infor-
mation and QoS metrics. The detailed information propagation
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steps are listed in the following:

Source :
Between two global flooding events� Probing packets for each path are sent out with a given frequency.
When probing packets come back� The routing tables to the given destinations are updated accordingly.
Intermediate nodes :
When each probing packet is received� Stamp the probing packet with the requested information according to the for-
mat defined by PF.� Modify the NN field in the header.� Increment the time stamp.� Forward the packet to the next node in the path.
Destination nodes :
When each probing packet is received� Stamp the probing packet with the requested information according to the for-
mat defined by PF.� Modify the NN field in the header.� Increment the time stamp.� Reverse the direction flag in the header.� Send the packet back to source.

The proposed mechanism can be easily implemented as an
extension of management or control protocols such as SNMP
or ICMP according to [7], [8], [9]. Since SNMP does not pro-
vide specific mechanism to perform an action, it is possible to
use the SetRequest to perform a command, and an SNMP
proprietary object can be used to represent a command [10].
The HAQP-Probe implementation as an SNMPv2 extension re-
quires the definition of a new object (i.e., Probing) represent-
ing the probing action, and the probing packet is encapsulated
into an SNMPv2 SetRequest PDU setting value of the ob-
ject according to specific semantics. The implementation as
an ICMP extension requires the introduction of a new ICMP
packet type to handle the HAQP-Probing packet and an adden-
dum to the protocol rules to include the HAQP-Probing rules,
and this makes the approach less convenient to deploy. Us-
ing either SNMP or ICMP is not expected to burden the for-
warding engine with significant additional overhead, and the
HAQP-Probing scheme can be inexpensively deployed in cur-
rent routers.

C.3 Local Traffic Monitoring

At the finest level of link state monitoring, edge routers mon-
itor their outgoing traffic through existing MPLS pipes. Since
each edge router computes multiple QoS paths and keeps a
database of the computed QoS paths pinned down by MPLS,
by monitoring traffic through the MPLS pipes, edge routers can
update the corresponding segments of their link state database.
The link state of each computed path is explicitly refreshed by
the probing scheme, and this local monitoring process is re-
newed whenever the link state of paths is updated through the
probing scheme. Local monitoring allows the multiple QoS
path computation algorithm to take into account the most up-
to-date information of locally outgoing traffic. Although other
traffic information originating from other edge routers is not
provided until the probing scheme collects path-specific link
state information and the global flooding entirely updates the
link state database, at least the locally originating traffic can be
accounted for in the path computation and CAC. Since multi-
ple QoS paths are used in parallel, dynamic changes of network
traffic are distributed over the paths and are faithfully refreshed
by local monitoring, this alleviates the need of frequent probing
and of global flooding.

III. SIMULATION EXPERIMENTS

Simulation experiments are to compare the performance of
the two QoS provisioning approaches; the conventional ap-
proach and HAQP. The simulation results were generated and
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Fig. 2. Simulation topology.

TABLE II
SIMULATION CONFIGURATION PARAMETERS.

Network properties
Link capacity 1.5 Mbps for core links and 45 Mbps for edge links

Propagation delay 1 ms for core links and 10 ] sec for edge links
Bottleneck buffer 18750 bytes (i.e., maximum queueing delay of 0.1

sec)
Call properties

Two end nodes nodes from 200 through 205
Arrival rate 2 / sec over nodes from 200 through 203

Duration 180 sec of exponential average
Traffic QoS constraints

Residual bandwidth 300 Kbps
End-to-end delay 100 ms

Simulation cases
Conventional approach 2, 4, 8, 16, 32, 64, 128 sec flooding interval

HAQP 2, 4, 8, 16, 32, 64, 128 sec probing interval and
flooding interval = probing interval ^ 8

analyzed using SENSE which is powered by Parsec [11] and
developed by the HPI group at UCLA1. The traffic in the sim-
ulation experiments is IP Telephony. As in [3], the peak rate of
the traffic is 64 Kbps and the average rate 23 Kbps (25 Kbps
including overhead).

Since HAQP provides measurement-based QoS guarantee, a
safety bandwidth margin must be considered on each link to
protect from traffic fluctuation. In the experimental scenario,
considering various simulation parameters, we chose the band-
width margin of 300 Kbps. The violation of the bandwidth
margin constraint is a symptom of performance deterioration.
To compare the proposed scheme with the classical Q-OSPF
approach, we compute the fraction of packets which meet the
defined end-to-end delay constraints. Note that some of the to-
tal packets may violate the expected end-to-end delay and even
get dropped. Here we consider a simple topology with 16 nodes
as in Fig. 2. In this scenario, the routers in the core area become
the bottlenecks. The QoS routing scheme considers the resid-
ual bandwidth on these links to make CAC decisions. The rest
of the configuration parameters are summarized in Table II.

Each simulation case is performed with different flood-
ing/probing intervals. The different intervals produce differ-
ent overhead and different results for CAC and QoS routing.
The overhead is measured as the amount of flooding/probing
packets in bits over the entire simulation time. In order to see
how efficiently calls are admitted, we collect the packet statis-
tics of admitted calls. The performance of the two schemes
and their overhead generated by different flooding/probing in-
tervals are summarized in Table III. The performance degrada-
tion for fixed overhead is compared and shown in Fig. 3. When
less frequent update of link state information is deployed in the
conventional QoS provisioning, the performance degradation is
much worse than in HAQP. Since each edge router with HAQP
monitors their local outgoing traffic and locally updates their
_
High Performance Internet research group in Network Research Laboratory

(NRL) : http://www.cs.ucla.edu/NRL/hpi
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TABLE III
OVERHEAD AND CAC/QOS ROUTING RESULTS FOR THE SIMULATION

CASES.

Conventional approach HAQP
Flood Satisfied Probe intv. Satisfied
intv. Overhead packets (Flood intv.) Overhead packets
(sec) (Kbps) (%) (sec) (Kbps) (%)
2 95.4 100.00 2 (16) 270.2 100.00
4 47.7 99.48 4 (32) 134.9 100.00
8 23.9 91.34 8 (64) 67.3 100.00
16 12.1 76.33 16 (128) 33.7 100.00
32 6.0 58.54 32 (256) 16.6 99.45
64 3.2 42.10 64 (512) 8.5 99.51
128 1.6 24.56 128 (1024) 3.8 98.24
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Fig. 3. Performance indices of two schemes over different network overhead.

link state database, less frequent probing and even longer flood-
ing interval do not seriously hurt the performance. The partial
link state information collection also alleviates the necessity of
frequent global flooding.

We can explain the reason for the performance degradation
in Fig. 3 by investigating concurrently active (i.e., admitted)
calls. According to the simulation configuration, we can com-
pute the approximate number of calls that can be accommo-
dated by the network when the bottleneck links are saturated;
the network capacity = (bottleneck link capacity - bandwidth
margin) � the number of possible paths = (1.5 Mbps - 300
Kbps) � 4 = 4.8 Mbps, and this network can accommodate ap-
proximately 192 (4.8 Mbps � 25 Kbps) calls at steady state.
Fig. 4 shows that when the flooding interval increases in the
conventional scheme, the CAC and QoS routing make wrong
decisions admitting too many calls due to out-of-date link state
information, while HAQP accepts a much reasonable number
of calls as shown in Fig. 5.

If the probing interval in HAQP is similar to the flooding in-
terval in the conventional scheme, the entire overhead of HAQP
may be even greater than the one of the conventional scheme as
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Fig. 4. Number of calls admitted by the conventional scheme with different
flooding intervals.
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Fig. 5. Number of calls admitted by HAQP with different partial link state
collecting intervals.

in Table III since HAQP deploys multiple paths and the amount
of the probing packets are proportional to the number of active
paths. Besides, HAQP still uses the Q-OSPF flooding mech-
anism to make the entire link state database up-to-date, and
this results in additional overhead. However, the reason that
HAQP can be characterized to be cost-effective is that for the
same amount of overhead, HAQP outperforms the conventional
scheme. That is, for the same performance, much less overhead
is generated by required link state information acquisition.

IV. CONCLUSION

This paper addresses a novel approach (HAQP) for QoS pro-
visioning in IP networks. This hierarchical approach deploys
multiple paths for better resource utilization, QoS constraint
quantization for fast QoS provisioning and path management,
and subdivided methods for cost-effective link state informa-
tion acquisition. The better performance of HAQP is shown
through the simulation experiments and the same performance
of the conventional approach is achieved by HAQP with rela-
tively small amount of overhead.
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