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Abstract— This paper evaluates, via both analysis and sim-
ulation, the end-to-end (e2e) delay performance of aggregate
scheduling with guaranteed-rate (GR) algorithms. Deterministic
e2e delay bounds for a single aggregation are derived under the
assumption that all incoming flows at an aggregator conform
to the token bucket model. Each aggregator can use any of
three types of GR scheduling algorithms: stand-alone GR, two-
level hierarchical GR, and rate-controlled two-level hierarchical
GR. We also derive an e2e delay bound for the case of multiple
aggregations when the rate-controlled two-level hierarchical GR
is used at aggregators. By using the GR scheduling algorithms to
handle traffic aggregates, we show not only the existence of delay
bounds, but also the fact that under certain conditions (e.g., when
the aggregate traverses a long path after the aggregation point)
the bounds are even tighter than that of per-flow scheduling. We
then compare the analytic delay bounds numerically, and conduct
in-depth simulation to (i) confirm the analytic results, and (ii)
compare the e2e delays of aggregate and per-flow scheduling. The
simulation results have shown that aggregate scheduling is very
robust and can take advantage of statistical multiplexing gains.
It performs better than per-flow scheduling in most simulation
scenarios we considered.

Overall, aggregate scheduling is shown theoretically to provide
bounded e2e delays, and practically to provide excellent e2e delay
performance. Moreover, it incurs lower scheduling and state-
maintenance overheads at routers than per-flow scheduling. All of
these salient features make aggregate scheduling very attractive
to Internet core networks.

Index Terms— Traffic aggregation, token bucket model, ag-
gregate and per-flow scheduling, deterministic end-to-end delay
bounds.

I. INTRODUCTION

Real-time applications, such as voice-over-IP (VoIP) and
video conferencing, require the network to provide better
Quality-of-Service (QoS) in terms of delay, jitter, and loss rate.
To provide such QoS support, several network architectures
have been proposed. The IntServ architecture [1] supports
QoS via per-flow resource reservation (e.g., RSVP) and packet
scheduling. Numerous scheduling algorithms (e.g., see [2] for
a survey) have been proposed to support IntServ QoS, such as
fairness, bounded per-flow (per-node or e2e) delay and backlog
under certain traffic models like the token bucket. Since both
resource reservation and packet scheduling are per-flow-based,

and hence, the routers in the network must keep a large number
of flow states, IntServ is not scalable for use in the core of
the Internet that carries millions of flows.

To solve the IntServ’s scalability problem, the DiffServ (DS)
architecture [3] has been proposed by classifying traffic into a
number of predefined classes, such as Expedited Forwarding
(EF), Assured Forwarding (AF), and Best-Effort (BE) at the
edge of each DS domain. The traffic class is identified by
the marking in the DS field of each packet. Flow informa-
tion is visible only at edge routers of a DiffServ domain,
and sophisticated packet classification, marking, policing, and
shaping operations need only be implemented at edge routers.
Within each DS domain, packets receive a particular per-hop
forwarding behavior at routers on their path based on the DS
field in their IP headers. In other words, flows are invisible and
packet scheduling is done by the traffic class, not by individual
flows. The EF class [4] receives priority over AF and BE
classes. The DS architecture is more scalable than IntServ,
but FIFO queueing—commonly used to schedule packets in
each traffic class—is not suitable for hard QoS guarantees [5].

In this paper, we consider an alternative by extending
the IntServ architecture to support traffic aggregation. This
extension is made on the premise that there are aggregation
regions in the network, which ‘see’ only aggregated (not
individual) flows. Resource reservation and packet scheduling
in an aggregation region are done on a per-aggregate basis. An
example of this is the Virtual Paths (VPs) in ATM networks.
Traffic aggregation has been studied extensively: see [6], [7],
[8], [9] for resource reservation, [10], [11] for the admission
control of aggregates, and [12] for flow state aggregation. This
paper focuses on the scheduling issues associated with traffic
aggregation. It evaluates the deterministic e2e delay bounds of
aggregate scheduling when guaranteed-rate (GR) algorithms
[13] are used.

Traffic aggregates discussed in this paper is similar to
the traffic trunk—which is defined as an aggregate of traffic
flows that belong to the same class—in Multiprotocol Label
Switching (MPLS) [14], [15]. As shown in Fig. 1, some flows
enter an aggregation region from ingress router ��� , and share
the same path for a number of hops inside the region. Then
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Fig. 1. Aggregate Scheduling

inside the region they are treated as a single aggregate at
the routers on the path. � � aggregates the flows together by
using GR scheduling algorithms. When the aggregate leaves��� , it is split back into individual flows. Similarly, another
aggregate can be set up between ��� and ��� . In general, a
traffic aggregate can be created and terminated at any point in
the network, and it can be created recursively. For example,
at ��� two aggregates are bundled again into another (higher
level) aggregate, which is terminated later at ��� . The router
(e.g., � � ) that aggregates flows (using GR algorithms) is called
an aggregator; the router (e.g., � � ) that splits the aggregate
is called a deaggregator. The flows before aggregation are
called flows, and the traffic aggregates after aggregation are
called aggregate flows or simply aggregates. We specify the
aggregator and deaggregator as part of the aggregation region,
although they can differentiate among the constituent flows of
each aggregate.

The main contributions of the paper are twofold. First, by
using the GR algorithms to schedule traffic aggregates, we
show not only the existence of e2e delay bounds, but also the
fact that the bounds could be tighter than those of per-flow
scheduling. Second, using in-depth simulation we not only
confirm the analytical results, but also show the advantages of
aggregate scheduling.

Note that the delay bound problem of aggregate scheduling
was also studied by Cobb [16], [17]. By using rate-based
scheduling algorithms and fair aggregators, he showed that
the e2e delay under aggregate is bounded, and the e2e delay
bound can be even smaller than the per-flow e2e delay bound.

This paper extends the results in [16], [17] in the following
general ways: First, the fair aggregators in [16], [17] (both
the basic fair aggregator and greedy fair aggregator) use non-
work-conserving scheduling algorithms. In contrast, our defi-
nition of fair aggregator does not have this requirement, and
thus, is more general. Any work-conserving GR scheduling
algorithms can be used at aggregators. Using the token-bucket
traffic model, we derived the delay bounds under two types of
work-conserving fair aggregators—stand-alone and hierarchi-
cal fair aggregators. Second, both the basic fair aggregator and
greedy fair aggregator implicitly assume that there is only one
outgoing traffic aggregate at an output interface, and thus, the
derivation does not consider the interference from the packets

outside the aggregate. In contrast, our delay bound results are
more general: all of the three delay bounds are derived under
the assumption that there could be multiple traffic aggregates
through an output link. Third, we explicitly provide the delay
bounds using the token-bucket traffic model, and establish the
relationship between a flow’s delay bound and burst sizes of
itself and other flows sharing the same aggregate.

Organization of the Paper

The rest of the paper is organized as follows. Section II
explains the definitions of GR scheduling [18] and ���
server [19], discusses their relationship, and reviews the delay
bound results for per-flow scheduling in [18]. Section III
introduces the concept of fair aggregator, and derives the delay
bound for aggregate scheduling under the token bucket traffic
model. Two delay bounds are derived: the first for stand-
alone aggregator and the second for hierarchical aggregator,
both of which use work-conserving GR scheduling algorithms.
Hierarchical aggregator is shown to improve the delay bound.
Section IV improves the delay bound further by having the
aggregators use non-work-conserving scheduling algorithms.
Section V presents numerical results, comparing the above
deterministic delay bounds with that of per-flow scheduling.
Simulation is also used to compare the delay performance
of both aggregate and per-flow scheduling, and the results
confirm the benefits of aggregate scheduling derived from
the analysis. Section VI discusses some related work on
aggregate scheduling, putting our results in a comparative
perspective. Finally, Section VII summarizes our contributions
and discusses future directions.

II. GUARANTEED-RATE SCHEDULING ALGORITHMS

Before deriving the delay bound under aggregate schedul-
ing, in this section we introduce the definitions of Guaranteed-
Rate (GR) scheduling algorithm and Latency-Rate ( ��� )
server, discuss their relationship, and review the e2e delay
bound results for per-flow scheduling.

A. Guaranteed-Rate (GR) Scheduling Algorithms

The authors of [18] defined a class of GR scheduling algo-
rithms. The delay guarantees provided by these algorithms are
based on the Guaranteed Rate Clock (GRC) value associated
with each packet, which is defined as follows [18].

Definition 1 (GR Clock Value): Consider a flow  associ-
ated with a guaranteed rate !#" . Let $�% " and &'% " denote the(	)+*

packet of flow  and its length, respectively. Also, let,.-./ �10 $2% "�3 and 4 �50 $2% "�3 denote the GRC value and arrival time
of packet $2% " at router ��� , respectively. Then, the GRC values
for packets of flow  are given by:687:9�;=< >@? A#BDCFEHG�I J C GKML5NPO5Q ; < > ? APB I 687:9 ; < > ?SRUTAVBXW�Y[Z+\ ]^ ] I2J`_HaSb (1)

Definition 2 (GR Scheduling Algorithm): A scheduling al-
gorithm at router � � is said to belong to the GR class for
flow  if it guarantees that packet $D% " is transmitted by time,.-./ �10 $2% "�3�ced � , where d � is a scheduling constant [16] that
depends on the scheduling algorithm and the router.
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We will henceforth call a router equipped with the GR
scheduling algorithm a GR server. Many scheduling algo-
rithms are shown in [18] to belong to the GR class. For
example, both Packet-level Generalized Processor Sharing
(PGPS) [20] and Virtual Clock (VC) [21] are GR scheduling
algorithms with d �gfihDjk�lnmo j , where p �q`rSs is the maximum
packet length seen by router ��� and

/ � the output link capacity
of ��� .
B. Latency-Rate ( ��� ) Server

In a related work, the authors of [19] defined a class
of scheduling algorithms as Latency-Rate ( ��� ) servers, the
definition of which is repeated below. To keep the paper
consistent, some notations in the definition are changed.

Definition 3 ( ��� Server): Let t be the starting time of a
busy period of flow  in server � � and tvu the time at which
the last bit of traffic arrived during the busy period leaves
the server. Then, server ��� is an ��� server if and only if
a nonnegative constant

/ �" can be found such that, at every
instant w in the interval ( t�x1tUu ],y ;A <{z IX| B _ KML5N#O G�IX} A < |2~ z ~ 9�;A B�W I (2)

where � �" 0 t�xnw 3 denotes the total service provided by the server��� to flow  that arrived during the busy period until time w .
The minimum nonnegative constant

/ �" satisfying the above
inequality is defined as the latency of the server, denoted by� �" .

The definition of the ��� server helps set up the relationship
between the burst size of an output flow and that of the
corresponding input flow at a router.

Lemma 1: Suppose an incoming flow  to router ��� con-
forms to the token bucket model ( � " xn� " ). If ��� is an ���
server with parameters (

� �" x1! " ) for flow  , where
� �" is the

latency at ��� and ! " ( ! "�� � " ) the guaranteed rate for flow , respectively, then the output traffic of flow  conforms
to the token bucket model with parameters( �� " x1� " ), where��v"����v" c � �".� ��" .

For example, both PGPS and VC are ��� servers with
� �" f� k�l1m] � ] c hDjk�lnmo j [19], in which case we have�� A�� � A Y��n�:�S�A Y�� A��n� ;���S�9 ; b (3)

The proof of Lemma 1 is similar to that of Theorem 3 in
[19], which assumes � " f ! " ; but the result can be easily
extended to the case of � " �e! " .
C. Relationship between GR Server and ��� Server

From the definition of the ��� server, it is easy to show that
an ��� server is also a GR server.

Theorem 1: For any flow  , an ��� server � � with latency� �" is also a GR server with scheduling constant
� �" .

Proof: Without loss of generality, we consider only one
busy period of flow  . Suppose the reserved rate for flow  is! " , and the busy period starts at time t and ends at t�u . From
the definition of GRC value in Eq. (1), it is easy to see that
the GRC values of the packets in this busy period are:687:9�< >	�A BDC�� ��P  T � � A} A Ygz I¢¡M_£aSb

Suppose w1� is the time when the ¤ )+* packet leaves the server,
then y ;A <¥z IX| � BvC �¦ �P  T � � A b
From the definition of ��� server, we obtain�¦�P  T � � A _ KML5NPO G�I�} A < | � ~ z ~�§ ;A B�W _¨} A < | � ~ z ~©§ ;A B b
Rearranging the terms, we obtain

| � � � ��P  T �ª�A} A Y«z�Y § ;A C¬687:9�< >	�A B�Y § ;A I®­	¡`_£aSb (4)

The theorem is proved.
Similarly, a GR server is also an ��� server.
Theorem 2: For any flow  , an GR server with scheduling

constant d " is also a ��� server with latency smaller than or

equal to d " c �¯k�lnm] � ] .
Proof: Similarly, without loss of generality, we consider

only one busy period of flow  . Suppose the reserved rate for
flow  is !�" , and the busy period starts at time t and ends attvu . From the definition of GRC value, it is easy to see that
the GRC values of the packets in this busy period are:687�9�< >��A BDC°� ���  T � � A} A Y�z I±¡²_£aSb

First, consider the time instants when packets leave the
server. Suppose the ¤ )+* packet leaves the server at time w1� ,¤ �´³ , then from the definition of GR server, we obtain| � � 687�9�< >��A B�Y«µ A I¶¡·_£aSIC�¸ | � � � ��P  T �ª�A} A Ygz�Ygµ A I¢¡M_HaSIC�¸ y ;A <¥z IX| � BDC �¦ ��  T � � A _�} A < | � ~ z ~ µ A B I¢¡M_£aSb (5)

Next, consider time instant w other than w � (i.e., w �¬¹ w ¹w �Sº�� for all ¤ �¢» , assuming wª¼ f t ). Since � �" 0 t�xnw 3 only
increases when the last bit of a packet leaves the server, for
any ¤ �½» ,y ;A <{z IX| BMC y ;A <{z IX| � BC y ;A <{z IX| �'¾ T B ~ � �'¾ TA_°} A < | �'¾ T ~ z ~ µ A ~ � �'¾ TA } A B_°} A < |�~ z ~ <{µ A Y � �:�'�A } A B+B I¢| �`¿ | ¿ | �'¾ T b (6)

Combining Eqs. (5) and (6), we obtainy ;A <¥z I�| B _�} A < |2~ z ~ <{µ A Y � �:�'�A } A BXB I ­ z � | � z�À b
Since � �" 0 tDxnw 3 �½» for all t£�Fw���tvu , we havey ;A <¥z I�| B _ KML5NPO G�I�} A < |D~ z ~ <¥µ A Y � �:�S�A } A B+BXW I¶­ z � | � z À b (7)

Then the theorem is proved.
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D. End-to-End Delay Bound under Per-Flow Scheduling

Now we review the e2e delay bound results for per-flow
scheduling. Both Lemma 2 and Theorem 3 stated below are
proved in [18].

Lemma 2: Suppose routers ��� and ��� º:� are two neighbor-
ing GR servers on the path of flow  . If both routers guarantee
service rate ! " for flow  , then687�9 ;{¾ T < >Á? APB � 687:9 ; < >@? A�B�Y � �:�S�A } A YgÂ ; I (8)

where & q`rSs" is the maximum packet size in flow  , and Ã �:fd � c t �+Ä � º�� . Here t �+Ä � º�� is the propagation delay between ���
and ��� º�� .

Lemma 2 states the relationship between the GRC values
of a packet at two neighboring GR servers. Based on this
relationship, the authors of [18] derived an e2e delay bound.
Before introducing that delay bound, we define the token
bucket traffic model as follows: flow  conforms to the token
bucket ( � " xn� " ) if for any time instant t and w satisfying» �et ¹ w , its traffic volume arrived in period ( t�x1w ], 4Å" 0 t�xnw 3 ,
satisfies: Q A <{z IX| B � � A Y � A � < |�~ zÆB I (9)

where � " and � " are the burst size and average rate of flow , respectively.
Theorem 3: If flow  conforms to the token bucket model

( � " x1� " ) and all the routers on its path are GR servers with
guaranteed rate !#" � �2" , then the e2e delay for $D% " , ÇÆ% " , is
bounded as follows:È ? A � � A} A Y <ÊÉ ~�a B{� �:�S�A} A YÌË¦�P  T Â � I (10)

where Ã ��f d � c t �+Ä � º:� and Í is the number of hops on the
path of flow  .

From Theorem 3, one can see that the delay bound is
inversely proportional to the flow’s guaranteed rate, but is
proportional to the number of hops ( Í ), the size of packets,
and the burst size of the flow. With a large number of hops
and large-size packets, the delay can be substantially large. To
understand the physical meaning of Eq. (10), let us consider
the fluid traffic model, where packet size is infinitely small.
Then, if we omit the propagation delay, the delay bound in
Eq. (10) can be simplified as:È A·� � A} A b (11)

In other words, the delay is upper bounded by the burstiness of
the flow. The larger the burst size, the larger the delay bound.
If we assume �2" f !�" , then the delay bound is decided by the
burst ratio ( Î ]Ï ] for flow  ) of the flow.

In the next two sections, we derive e2e delay bounds
under aggregate scheduling with GR scheduling algorithms.
We show that if the incoming flows at aggregators conform to
the token bucket model, the e2e delay is bounded.

III. WORK-CONSERVING AGGREGATOR

To derive the e2e delay bound under aggregate scheduling,
an important step is to derive the delay at the aggregator. We
need to find the relationship between the GRC values at the
aggregator and its next hop. In this section, we use work-
conserving GR scheduling algorithms at aggregators. Two
types of GR scheduling algorithms are examined: stand-alone
(or non-hierarchical) algorithms and hierarchical algorithms.

TABLE I

SYMBOLSÐ ; the ÑÊÒÊÓ router/server along the path of a flow or aggregate>Á? A
the J ÒÊÓ packet of flow Ô>Á? Õ
the J ÒÊÓ packet of aggregate flow Q� ? A
packet length of

> ? A� ? Õ
packet length of

> ? Õ� �:�S�A
max. packet length in flow Ô� �:�S�Õ
max. packet length in aggregate flow Q� ;�:�S� max. packet length at router

Ð ;9 ;
link capacity between

Ð ; and
Ð ;¥¾ T� A burst size of flow Ô under token bucket model� A average rate of flow Ô under token bucket model} A guaranteed rate for flow Ô ( } A _ � A )7

sum of the guaranteed rates of all the flows in the
aggregate flow, i.e.,

7¬C ��Ö�   T } �Q A <{z IX| B traffic arrived from flow Ô during (
z I�| ]Q ; < >Á? A#B arrival time of packet

>@? A
at router

Ð ;687�9 ; < > ? A#B
guaranteed rate clock for

> ? A
at
Ð ;× ; < > ? A#B

departure time of
> ? A

at router
Ð ;Â ; Â ; C¬µ ; Y«z ;ÊØ ;¥¾ Tµ ;

scheduling constant at router
Ð ;z ;ÙØ ;¥¾ T

propagation delay between
Ð ; and

Ð ;¥¾ TÚ ; aggregation constant at router
Ð ;Èn? A

e2e delay bound for
>@? A

For the convenience of discussion, we first give a list of
symbols in Table I.

Note that by using GR scheduling algorithms, we always
assume that the guaranteed rate for a flow is greater than, or
equal to, its average rate, i.e., ! "�� � " . Also, in the remainder
of this paper, we omit the propagation delay t �+Ä � º�� . Therefore,Ã ��f d � .
A. Fair Aggregator

Before deriving the delay at the aggregator, we first intro-
duce an important concept—fair aggregator.

Definition 4 (Fair Aggregator): Let router ��� be an aggre-
gator bundling flow  and others into aggregate flow 4 , which,
in turn, is an input to router � � º:� . Then if $�% " f $�%1ÛÜ , i.e., the

(�)+*
packet of flow  corresponds to the

(�Ý )+*
packet of aggregate

flow 4 , � � is said to be a fair aggregator if and only if � � is
a GR server and687:9�;¥¾ T < >Á? ÛÕ�B � 687:9�;=< >Á? A#B	Y Ú ;	YgÂ2; I ­�J�_HaSI (12)

where Þ � is a constant that depends on the scheduling algo-
rithm, the router, and other flows in the same aggregate. We
call it an aggregation constant.

The value Þ � c Ã � can be considered as the fairness index
of the aggregator, e.g., an aggregator is considered fairer
than another if it has a smaller value of Þ � c Ã � . For an
fair aggregator, both of its aggregation constant ( Þ � ) and
scheduling constant ( Ã � ) should be small. Also, our definition
of fair aggregator is slightly different from that in [16], [17].
It is based on the relationship between a packet’s GRC values
at the aggregator and its next hop.

Lemma 3: Suppose ��� and ��� º�� are two neighboring GR
servers and � � is an aggregator. � � aggregates flow  and other
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( ß -1) flows into aggregate flow 4 , which, in turn, is an input
to ��� º�� . Suppose incoming flow ¤ at ��� conforms to the token
bucket model ( � � x1� � ) ( ³ �à¤��´ß ), and the guaranteed rate
for flow ¤ at � � is !P� ( ³ �½¤á��ß ). Let $2% " f $�%1ÛÜ , i.e., the

(	)+*
packet of flow  corresponds to the

( Ý )+*
packet of aggregate

flow 4 . If the outgoing flows at ��� conform to the token bucket
model ( �� � x1� � ) ( ³ �°¤â��ß ), then for packet $�% " ,
687:9 ;¥¾ T < > ? ÛÕ B � 687:9 ; < > ? A#B�Y � �Pã  A �� � Y«� �:�S�A7 Y�Â ; IäJå_HaSI (13)

where
- f �´æ�Sç�� !P� , which is the guaranteed rate for

aggregate flow 4 at � � º:� .
Proof: Similar to the definition of busy period of a single

flow [19], we define a busy period of aggregate flow 4 at
router � � º:� as the maximum length of time period ( t#�Px1tÁè ],
such that at any time w�é 0 t � xnt èSê , the total traffic of 4 arrived
since the beginning of the interval is 4 0 t#�Æxnw 3 � - � 0 w8ëìt�� 3 .
Without loss of generality, we consider only one busy period
in the proof. Suppose the busy period starts at time wn¼ when
the first packet $ �Ü arrives, and in that busy period, time w % is
the instant when packet $D% " arrives at � � º�� . Since $�% " f $2%1ÛÜ ,
the total traffic arrival of aggregate 4 up to time w % is? Û¦ �   T �1�Õ C Q < |Ùí�I�| ? BvC Ö¦ �   T Q � < |Ùí�I�| ? BC Q A < |ÙíPI+| ? B�Y ¦�Pã  A Q � < |Ùí�IX| ? B� ?¦�   T �n�A Y ¦ �Pã  A < �� � Y } � � < | ? ~î|Ùí B+BC ?¦�   T �n�A Y ¦ �Pã  A �� � Yá<ï7 ~î} A B¯< | ? ~î|Ùí B b (14)

Since all the packets arrive in the same busy period of
aggregate 4 , from the definition of GRC value, we have

687:9�;¥¾ T < >Á? ÛÕ�BvC � ? Û�   T � �Õ7 Y |Ùí� � ? �   T � � AHY � �Pã  A �� � Y¬<Ê7 ~©} A B¯< | ? ~�|Ùí B7 Y |Ùí�b (15)

Next, we prove that the theorem holds for both
( f ³ and(�ð ³ .

Case 1:
( f ³ .

687:9�;¥¾ T < >Á? ÛÕ B � � TA Y � �Pã  A �� � Y¬<ï7 ~�} A B=< | T ~�|Ùí B7 Y |ÙíC � �Pã  A �� � Y©� TA7 Y | T ~ } A � < | T ~î|Ùí B7� � �Pã  A �� � Y©� ���S�A7 Y | T b
Since � � is a GR server for flow  , we have w5�·� ,.-./ � 0 $ �" 3@cÃ � . Therefore,687:9�;¥¾ T < >Á? ÛÕ�B � 687:9�;=< > TA B�Y � �Pã  A �� � Y«� �:�S�A7 Y�Â2; b

Case 2:
(�ð ³ . From the definition of GRC value, for flow , we have 687:9�;=< >�ñA B _ 687:9�;=< > TA B�Y � ñA} A I687:9�;=< >ÆòA B _ 687:9�;=< >�ñA B�Y � ò A} A I

...687:9 ; < > ? APB _ 687:9 ; < > ?óRvTAVB�Y �X? A} A b
Adding them up, we obtain687�9 ; < > ? A#B ~ 687:9 ; < > TA B _ � ? �   ñ � � A} AC�¸ ?¦�   T �ª�A � � TA Y } A�� <Ê687�9�;ª< >Á? A#B ~ 687:9�;=< > TA B+B b (16)

Then, from Eqs. (15) and (16), and the fact w % � ,.-Å/ � 0 $�% "	3ÆcÃ � , we obtain687:9�;¥¾ T < >Á? ÛÕ B � � TA Y } A�� <Ê687�9 ; < > ? A#B ~ 687:9 ; < > TA B+B7Y � ��ã  A �� � Yá<ï7 ~�} A B¯< | ? ~î| í B7 Y |Ùí� � �Pã  A �� � Y©� TA7 Y } A <ï687:9 ; < >Á? APB ~ 687�9 ; < > TA BXB7Y <ï7 ~î} A B¯<Ê687�9 ; < > ? APB�YgÂ ; ~©|Ùí B	Y¨7 � |Ùí7Cô687:9 ; < > ? A#B�Y � ��ã  A �� � Y�� TA7 Y�Â ;
~ } A <Ê687�9 ; < > TA B�YgÂ ; ~î| í B7� 687:9 ; < > ? A#B�Y � ��ã  A �� � Y�� TA7 Y�Â ; ~ } A < | T ~î|Ùí B7� 687:9�;¯< >Á? A#B�Y � ��ã  A �� � Y�� �:�'�A7 YgÂ2; b

The lemma is proved.
Next, we study the stand-alone aggregator first, which uses

stand-alone GR scheduling algorithm to bundle flows into
aggregates.

B. Delay Bound I: Stand-Alone Aggregator

Combining Lemmas 1 and 3, we obtain the following
theorem on the relationship between the GRC values at a
stand-alone aggregator and its next hop.

Theorem 4: Suppose � � is an LR server, and both � �
and � � º�� are GR servers. As a stand-alone aggregator, � �
aggregates flow  and other ( ß -1) flows into aggregate 4 ,
which, in turn, is an input to router ��� º:� . Suppose incoming
flow ¤ at � � conforms to the token bucket model ( ����xn�2� )
( ³ �½¤á�°ß ), and the guaranteed rate for flow ¤ at router ���
is !�� ( ³ �´¤¬��ß ). Let $ % " f $ % ÛÜ , i.e., the

(�)+*
packet of flow corresponds to the

( Ý )+*
packet of aggregate 4 . Then, ��� is

a fair aggregator with Þ ��f �´õÁö÷ ] Î õø c �ùõÁö÷ ]vú jõ�û Ï õ º �¯k�l1m]ø . In
other words,687:9 ;¥¾ T < > ? ÛÕ B � 687�9 ; < > ? A#B�YgÂ ; Y¬ü � �Pã  A � �7Y � �Pã  A § ;� � � � Y©� �:�S�A7 ý IôJå_£aSb (17)
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The proof is trivial.
Now, we are ready to derive the e2e delay bound for

aggregate scheduling under the token bucket model and stand-
alone aggregator.

Theorem 5: Suppose ß flows share the same Í hops of
GR servers inside an aggregation region, and they are bundled
into aggregate 4 at stand-alone aggregator � � and split back
at ��þ . Routers � è x@ÿÁÿ@ÿóx5��þ�� � schedule packets of aggregate4 . If flow ¤ conforms to the token bucket model ( ����x1��� ) and
has the guaranteed rate !P� with !�� � �2� ( ³ � ¤ù� ß ) at��� and � þ , and 4 has the guaranteed rate

- f �°æ�Sç:� !�� at� è x@ÿÁÿÁÿ@x5��þ�� � , then for any flow  ( ³ �  ®� ß ), the e2e
delay of packet $�% " , ÇÆ% " , is bounded as follows:

È ? A � � A} A Y¬ü � �Pã  A � �7 Y � �Pã  A § T� � } � Y©� �:�S�A7 ýYá<ïÉ ~ � B � ���S�Õ 7 Y � �:�S�A } A YÌË¦ ;   T Â ; IôJå_HaSb (18)

Proof: Let $2%1ÛÜ be the packet in the aggregate flow 4
corresponding to $ % " in flow  . From Theorem 4, we have687�98ñP< >Á? ÛÕ�B � 687:9 T < >@? A#B	Y Ú T Y¨Â T I
where Þ � f � õÁö÷ ] Î õø c � õ@ö÷ ] ú �õPû Ï õ º �¯k�lnm]ø . Since ��è , ..., � þ�� �
are all GR servers for aggregate flow 4 with guaranteed rate- f � æ �Sç�� !�� , from Lemma 2 we have

687:9�ò�< >Á? ÛÕ B � 687�98ñP< >Á? ÛÕ B�Y � ���S�Õ 7 YgÂ�ñ I687:9���< >Á? ÛÕ�B � 687�9�ò#< >Á? ÛÕ8B�Y � ���S�Õ 7 YgÂ2ò I
...687:9 Ë RvT < > ? ÛÕ B � 687�9 Ë R ñ < > ? ÛÕ B	Y � �:�S�Õ 7 Y�Â Ë R ñ

Adding them all up, we obtain

687�9 Ë RUT < > ? ÛÕ B � 687:9 T < > ? APB�Yá<ïÉ ~ � B � �:�'�Õ 7 Y Ú T Y¨Ë R ñ¦ ;   T Â ; b
Since $2% " f $2%1ÛÜ , for packet $�% " , the departure time at ��þ�� � is× Ë RUT < > ? A�B²C × Ë RUT < > ? ÛÕ B� 687:9 Ë RvT < > ? ÛÕ B�YgÂ Ë RUT� 687:9 T < > ? A#B�Y Ú T Y¬<ÊÉ ~ � B � �:�S�Õ 7 Y�Ë RvT¦ ;   T Â ; b
From the definition of the GR server, the first ( Í -1) servers for
flow  can be viewed as a virtual GR server with scheduling
constant Ã8u f Þ � c 0 ÍÌë�� 3 �¯k�l1m� ø c � þ�� �� ç�� Ã � . Since ��þ is
also a GR server for flow  with guaranteed rate !#" , from
Lemma 2, we have687�9 Ë < >Á? A#B � 687:9 T < >Á? APB�Y � �:�'�A } A Y�Â À b

Therefore, the departure time of packet $ % " from � þ is× Ë < > ? A#B � 687:9 Ë < > ? A#B�Y�Â Ë� 687:9 T < >Á? A#B�Y � �:�'�A } A Y�Â À YgÂ ËCà687:9 T < >Á? A#B�Y£ü � �Pã  A � �7 Y � �Pã  A § T� � } � Y�� �:�S�A7 ýY¬<ÊÉ ~ � B � �:�'�Õ 7 Y � �:�S�A } A Y Ë¦ ;   T Â2; b
Then, the e2e delay ÇÆ% " satisfiesÈn? A¬C × Ë < >@? A�B ~ Q T < >Á? A#B� ü 687:9 T < >Á? A#B ~ Q T < >Á? APB ý Y¬<ïÉ ~ � B � ���S�Õ 7 Y � �:�S�A } AY£ü � �Pã  A � �7 Y � ��ã  A § T� � } � Y�� �:�S�A7 ý Y Ë¦ ;   T Â ; b (19)

From [18], for flow  conforming to the token bucket model
( � " xn� " ) and with reserved rate ! " 0 ! "F� � " 3 , ,.-Å/ ��0 $�% "	3 ë4 �Æ0 $�% "	3 � Î ]� ] . Thus the theorem is proven.

As in Section II, to further understand the physical meaning
of Eq. (18), we consider the fluid traffic model, where packet
size is infinitely small. Then, Eq. (18) can be simplified as
(since in general the term

� �� also relies on packet size and
will become infinitely small):È A � � A} A Y � ��ã  A � �7 b (20)

Note that Eq. (20) provides the lower limit of the e2e delay
bound. Comparing Eqs. (11) and (20), we can see that with
aggregate scheduling, the delay bound of a flow is not only
decided by the burstiness of the flow itself (term Î ]� ] ), but
also strongly related to the burstiness of other flows that share

the same aggregate with it (term �ùõÁö÷ ] Î õø ). Intuitively, this
is easy to understand, since a packet from flow  has to wait
behind not only the earlier packets from the same flow, but also
those from other flows sharing the same aggregate. The result
implies how aggregation should be done—a flow should not
be aggregated with other flows with substantially larger burst
ratios. This is similar to the conclusion in [22]. This issue will
be further explored in Section V.

From Eq. (18), we can see that the delay bound is affected
by the latency of the scheduling algorithm at the aggregator. To
get a tighter bound, we should use a low-latency scheduling
algorithm. For example, with PGPS and VC (

� �" f �=k�lnm] � ] ch �k�l1mo � ) at the aggregator ��� , the e2e delay is bounded as
follows:È ? A � � A} A Y¬ü � �Pã  A � �7 Y � Ö�   T � �:�S��7 ý Y¬<ïÉ ~ � B � ���S�Õ 7Y � ���S�A } A Y � T�:�'�9 T Y Ë¦ ;   T Â2; b (21)

Finally, comparing Eqs. (10) and (18), we note that, de-
pending on the burst ratios of the constituent flows and the
maximum packet size in the aggregate, the delay bound under
aggregate scheduling can be tighter than that under per-flow
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Fig. 2. Hierarchical Scheduling

scheduling. We will compare the delay bounds numerically
later in Section V.

In the next subsection, we further decrease the delay bound
by using hierarchical GR scheduling algorithms at aggregators.

C. Delay Bound II: Hierarchical Aggregator

In the previous subsection, stand-alone GR scheduling al-
gorithms were used at aggregators. Thus when computing the
burstiness of an outgoing aggregate at aggregators, the burst
size of each constituent flow in the aggregate was computed
separately and then summed up. In this subsection, we use
hierarchical GR algorithms at aggregators to improve the delay
bound, as shown in Fig. 2. First, the flows that end up in
the same aggregate are grouped together at the lower-level
schedulers. Then, the aggregates are scheduled at the upper-
level scheduler. By doing so, we can reduce the burstiness
of the outgoing aggregate and the aggregation constant at
aggregators, thus reducing the e2e delay.

How does hierarchical scheduler reduce the burstiness of
the outgoing aggregates? Fig. 3 shows the intuition behind it.
Suppose there are 20 flows coming into one aggregator, and
all of them have the same reserved rate. The first 10 flows
belong to one aggregate flow (e.g., 4 � ), and the last 10 belong
to another aggregate flow (e.g., 4 è ). Suppose 20 packets with
identical size arrive at the idle aggregator at exactly the same
time, one from each flow. Then, with a stand-alone scheduler,
the 20 packets will be scheduled in a random order. Thus, it
is possible that all the 10 packets of 4.� are scheduled before
all the packets of aggregate flow 4 è . Therefore, the output
of the aggregator will look like: 10 packets of aggregate 4î�
comes out first, then 10 packets of aggregate 4Åè . For the next
router which is handling aggregates, the burstiness of both 4 �
and 4 è is very high. In contrast, with hierarchical scheduler,
the upper-level scheduler will make sure the packets from 4 �
and 4 è are scheduled alternately, making the traffic in both
aggregate flows smoother.

The hierarchical scheduling algorithms under consideration
are two-level hierarchical packet fair queueing (H-PFQ) al-
gorithms [23]. As defined in [23], flow  arriving at a H-
PFQ of height 	 has 	 ancestors in the tree, with $ 0  3 as
its immediate parent node, and $ * 0  3 is the parent node of
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$ * � �#0  3 ( % f ³ xÁÿÁÿ@ÿóx&	 ). Here $ ¼ 0  3 f  , $ �#0  3 f $ 0  3 x@ÿÁÿ@ÿ ,
and $(' 0  3 = link capacity

/
. Since we only need two-level

hierarchy, 	 = 2.
Before deriving the delay bounds, we first repeat the defi-

nition of Bit Worst-case Fair Index (B-WFI) below. Note that
some notations in the definition are changed to keep the paper
consistent.

Definition 5 (Bit Worst-case Fair Index (B-WFI)): A
server node ��� is said to guarantee a Bit Worst-case Fair
Index (B-WFI) of ) �+Ä " for flow  , if for any packet $�% " the
following holds y ;A < |¯I È ? A#B _ * A+ y ; < |¯I È ? A#B ~-, ;ÙØ A (22)

where ÇÆ% " is the time $�% " departs the server, w is any time instant
such that w ¹ ÇÆ% " and session  is continuously backlogged

during [ wSx5ÇÆ% " ], and
. ]/ is the service share guaranteed to flow by server � � .

Next, we show that H-PFQ also belongs to the GR class.
Fact 1: If a stand-alone packet fair queueing (PFQ) algo-

rithm belongs to the GR class with the scheduling constantd �02143 , then its corresponding H-PFQ of height 	 also belongs
to the GR class with scheduling constant:

µ�;57698;: � µ�;698;: Y 5 RUT¦
Ó   T ,=<?>A@

A?B Ø A} <?>C@ ADB I (23)

where )FE >CG "IH Ä " and !?E >CG "IH are the Bit Worst-case Fair Index
(B-WFI) [23] of the logical queue at node $ * 0  3 and the
guaranteed rate at node $ * 0  3 , respectively.

Proof: From Theorem 2 of [23], the delay bound for
a flow  at H-PFQ is at most � ' � �* ç�� J&K >ML ]&NPO ]� K >ML ]&N larger than
that at the corresponding stand-alone PFQ server. Therefore,d �' 04143 � d �02143 cF� ' � �* ç�� J K > L ]&NPO ]� K > L ]&N .

Now, we derive the burstiness of the outgoing traffic at
aggregators. For any flow  , we derive � �CQç�" �� � —the to-
tal outgoing burst size of all the other flows sharing the
same aggregate with  . In the derivation, we make use of
the corresponding fluid GPS (Generalized Processor Sharing)
server of a PFQ (Packet Fair Queueing) server Let � �� 0 t�x1w 3
( � �� Ä R 02S 0 t�x1w 3 ) be the service received by flow ¤ at the PFQ
server � � (the corresponding GPS fluid server) during ( t�x1w ],



8

and define T � � and U �� as followsV ; � C KML5NÒXW í O y ;�ÁØ Y 6;Z < G�IX| B ~ y ;� < G�I�| BXW I (24)[ ;� C KML5NÒXW í O y ;� < G�IX| B ~ y ;�óØ Y 6;Z < G�I�| BXW b (25)

Intuitively, T � � and U �� define the maximum difference between
the amount of services flow ¤ gets from the corresponding
GPS server and the PFQ server � � in any time period: T � � ( U �� )
defines how much more (less) service flow ¤ can get from the
corresponding GPS server than the PFQ server.

Theorem 6: Suppose � � is an aggregator with a two-level
H-PFQ scheduler and � � aggregates flow  and other ( ß -1)
flows into aggregate 4 . Also, suppose flow ¤ at � � conforms
to the token bucket model ( � � xn� � ) ( ³ � ¤ô� ß ), and the
guaranteed rate for flow ¤ at � � is !�� ( ³ �°¤â��ß ). Then, we
have ¦ �Pã  A �� � � ¦ �Pã  A � � Y¬ü VÆ;A Y [ ;A ý Y¬< a�~ } A7 Bªü VÆ;Õ Y [ ;Õ ý b (26)

The proof is similar to the proof of Theorem 3 in [19]. We
first prove the total backlog size of the ( ß -1) flows is upper
bounded, then derive the burst size from the backlog size. The
details of the proof can be found in Appendix II.

To get a small burst size, we should use PFQ with small T � �
and U �� , especially small U �� . From Theorem 1 of [24], WF è Q
(Worst-case Fair Weighted Fair Queueing) yields T � � f p �q`rSs
and a very small U �� f 0 ³ ë � õo j 3 & q`rSs� for flow ¤ at server��� with capacity

/ � . Therefore, if we use H-WF è Q at the
aggregator, the burst size becomes¦ �Pã  A �� � � ¦�Pã  A � � Y£ü � �:�'�Õ Y¬< a�~ } A7 Bï� ���S�A ýYá< a�~ } A7 B=ü � ;�:�S� Y£< a�~ 79 ; B{� �:�'�Õ ý� ¦�Pã  A � � Y � ;���S� Y��n�:�S�A Y]\1�ª�:�S�Õ b (27)

Corollary 1: Using the H-WF è Q algorithm at the aggrega-
tor, and under the same condition of Theorem 5, the e2e delayÇ#% " is bounded as follows:È ? A � � A} A Y � �Pã  A � � Y]\�< � �:�'�A Y � T�:�S� B	Y¬<ÊÉ ~¨a B{� �:�S�Õ7Y � �:�S�A } A Y Ë¦ ;   T Â ; b (28)

The proof is similar to that of Theorem 5. Refer to the
Appendix I for details [25].

In general, the bound in Eq. (28) is tighter than that in
Eq. (21), especially when the number of flows ( ß ) is large.
However, as can be seen, the bound in Eq. (28) is still affected
by the average burst ratio of other flows in the same aggregate.

D. Multiple Aggregations

The derivation of the two delay bounds (using work-
conserving aggregators) in this section relies on the fact
that the incoming traffic conforms to the token-bucket model
with known parameters. Inside an aggregation region, the
traffic pattern (the burst size, in particular) will distort and
become unpredictable. If further aggregation is done inside
an aggregation region, this change of traffic pattern makes
deriving delay bound very difficult (if not impossible). In fact,

the two delay bounds in this section are derived under the
condition that aggregation is done only once. Therefore, in the
multiple aggregation case, they are not true e2e delay bounds,
but rather delay bounds between two nodes (between which
the traffic of interest experiences only one aggregation and
split) along the e2e path. To use the two delay bounds to derive
true e2e bounds, the traffic has to be reshaped before every
aggregator to make it conform to token-bucket model. The
shaping causes extra shaping delay, which is not considered
in the paper, though.

IV. NON-WORK-CONSERVING AGGREGATOR

In the previous section, work-conserving scheduling algo-
rithms were used at aggregators, and the derivation of the
delay bounds required that the incoming traffic pattern at the
aggregator be known. This requirement limits the ability to
do multiple aggregations inside an aggregation region, since
the traffic pattern inside the region is difficult to predict.
The authors of [26] proved that reshaping a flow inside the
network won’t change its e2e delay bound. However, the proof
was done for a single flow, and it is not clear if reshaping
an aggregate flow will change the e2e delay bound of a
constituent flow of the aggregate. We conjecture that the delay
bound will be affected.

Cobb [16], [17] overcame this difficulty by using non-work-
conserving scheduling algorithms at aggregators. As stated in
[27], [28], non-work-conserving scheduling algorithms have
the following features: (i) the burstiness of traffic can be
controlled; (ii) the sum of the per-hop bounds can tightly
bound the e2e delay and jitter; and (iii) since the non-work-
conserving scheduler shapes the traffic at each hop, it is easy
to bound the performance of heterogeneous networks. Both
the basic fair aggregator and greedy fair aggregator in [17]
use non-work-conserving scheduling algorithms at aggregators
to shape the outgoing traffic aggregate. This way, very few
packets in the same aggregate queue up at later hops, which,
in turn, makes the queueing delay at those hops very small.
However, the hidden assumption in [17] is that there is only
one output aggregate from each aggregator, which is not the
general case. In this section, we extend the result in [17]
by allowing multiple outgoing aggregates from an aggregator
and derive the e2e delay bound under the token bucket traffic
model.

A. Delay Bound III: Non-Work-Conserving Aggregator

First, we define a new type of fair aggregator—rate-
controlled fair aggregator.

Definition 6 (Rate-Controlled Fair Aggregator): Server ���
is said to be a rate-controlled fair aggregator if (i) it is a two-
level hierarchical GR scheduler; (ii) each lower-level scheduler
handles the flows belonging to one aggregate with capacity

-
,

which is the sum of the guaranteed rates for all the constituent
flows of the aggregate; and (iii) the upper level is the scheduler
for all the aggregates.

Note that the hierarchical scheduling algorithm defined here
is different from the one used in Section III-C: it is non-
work-conserving, and the lower-level are constant-rate servers.
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A packet at a lower-level scheduler won’t be sent to the
upper-level scheduler if the capacity of that scheduler does
not permit it, even when the upper-level scheduler is idle. In
contrast, in the ordinary H-PFQ, the lower-level schedulers are
variable-rate servers [23]. Since the lower-level schedulers are
constant-rate servers, in what follows, we view the lower-level
schedulers and the upper-level scheduler as two virtual hops.

Lemma 4: Suppose server ��� is a rate-controlled fair ag-
gregator, with one of the lower-level schedulers, ���+Ä � , servingß incoming flows (flow  is one of them). The output of � �+Ä �
is the aggregate 4 . � �ÙÄ * is the upper-level scheduler dealing
with all the aggregates. Suppose at � �ÙÄ � , the ß flows have
guaranteed rate ! � , ³ �ù¤ �ùß , respectively, and at ���+Ä * the
guaranteed rate for 4 is

- f � æ �Sç:� ! � . Let the
(	)+*

packet of4 correspond to the
( Ý )+*

packet of flow  (i.e., $ % Ü f $ % Û" ).
Then, we have 687�9 ;ÙØ Ó < > ? Õ B � 687�9 ;ÙØ ^ < > ? ÛA8B�Y�Â ;ÊØ ^ I (29)

where Ã �+Ä � is the scheduling constant at ���ÙÄ � (with capacity- f �´æ�Sç�� ! � ).
Proof: Without loss of generality, we consider only one

busy period of aggregate 4 at � �+Ä * . Since the lower-level server���ÙÄ � is rate-controlled with capacity
-

, the start times of the
transmission of two consecutive packets ($v% Ü and $2% º��Ü ) in

the busy period are separate by a interval of
� \ �ø . Also, since���ÙÄ � and ���+Ä * are two virtual nodes, the virtual link capacity

between them is infinite, i.e.,
/`_ba

. Thus the transmission
time of a packet is infinitely small. Therefore, we haveQ ;ÊØ Ó < >@? Õ BDCdc Q ;ÙØ ^ < >Á? Õ�B I J C aQ ;ÙØ Ó < > ?óRvTÕ B�Y Z+\fe �� g I�JihHaSb (30)

Next, we prove that for all
( �à³ ,687�9 ;ÙØ Ó < > ? Õ�BDC Q ;ÙØ Ó < > ? Õ�B�Y � ? Õ7 b (31)

Prove by induction on
(
.

Base Case:
( f ³ . Since it is the first packet of the busy

period, we have 687�9 ;ÙØ Ó < > TÕ BvC Q ;ÙØ Ó < > TÕ B�Y � TÕ7
Induction Hypothesis: Suppose Eq. (31) holds for ³ � ( �j .
Induction Step:

( f j c ³ . From the definition of GRC
value, we have687�9 ;ÙØ Ó < > �8¾ TÕ BDC KML5N#O5Q ;ÊØ Ó < > ��¾ TÕ B I 687�9 ;ÙØ Ó < > �Õ BXW�Y � �8¾ TÕ 7 b
However, from Eq. (30) and the Induction Hypothesis step, we
know Q ;ÙØ Ó < > �8¾ TÕ BvC Q ;ÙØ Ó < > �Õ B	Y � �Õ7 C£687�9 ;ÙØ Ó < > �Õ B IC	¸ 687�9 ;ÙØ Ó < > �8¾ TÕ BvC Q ;ÙØ Ó < > �8¾ TÕ B�Y � �8¾ TÕ 7 b

Also, since � �ÙÄ � is a GR server, by definition we haveQ ;ÊØ Ó < > ? Õ B�Y �X? Õ7 � 687�9 ;ÙØ ^ < > ? Õ B�Y�Â ;ÊØ ^ I®­�J�_HaSb
Since $�% Ü f $2%1Û" and thus &S% Ü f &'%1Û" , from Eq. (31) we obtain687:9 ;ÊØ Ó < > ? Õ�B � 687�9 ;ÙØ ^ < > ? ÛA8B�Y�Â ;ÊØ ^ I®­�J�_HaSb

From Lemma 4, one can easily see that the rate-controlled
fair aggregator is a fair aggregator. Next, we derive the e2e
delay bound and show that by using non-work-conserving
scheduling algorithms at the aggregator, the e2e delay bound
of aggregate scheduling can be decreased.

Theorem 7: Suppose flow  traverses Í hops of GR servers� � , � è xÁÿ@ÿÁÿÁx'��þ , and � � is a rate-controlled fair aggregator,
which bundles  and other ( ß -1) flows into aggregate flow 4 .� þ is the deaggregator for 4 . Suppose flow ¤ has a guaranteed
rate !P� ( ³ �à¤ �àß ) at ��� and � þ , and the guaranteed rate
for aggregate 4 at ��è , �lkÆx@ÿÁÿ@ÿÁx5� þ�� � is

- f � æ �Sç�� !�� . Then,
for packet $�% " , the e2e delay ÇÆ% " satisfies:È ? A � ü 687�9 T Ø ^ < > ? A�B ~ Q T < > ? APB ý Y¬<ïÉ ~ \óB � �:�'�Õ 7Y�Â T Ø ^ Y � ���S�A } A Y Ë¦ ;   T Â ; b (32)

The proof is similar to that of Theorem 5. Refer to Ap-
pendix III for a detailed proof.

Corollary 2: If flow  conforms to the token bucket model0 �U"vxn�2" 3 and ��" � !�" , the e2e delay result in Theorem 7
becomes:È ? A � � A} A Y¬<ïÉ ~ \óB � ���S�Õ 7 Y � �:�S�A } A YgÂ T Ø ^ YÌË¦ ;   T Â ; b (33)

Note that due to the rate-control mechanism at aggregators,
the e2e bound does not depend on the burstiness of other flows
in the same aggregate. Thus, the bound is tighter than those
of the work-conserving cases. If scheduling algorithms, such
as PGPS, VC, and WF è Q, are used at the rate-controlled fair
aggregator ��� , we have Ã � Ä ��f � k�lnm� ø . Then Eqs. (32) and (33)
can be simplified asÈ ? A � ü 687:9 T Ø ^ < > ? A#B ~ Q T < > ? A#B ý Y¬<ÊÉ ~¨a B � �:�S�Õ 7 Y � �:�'�A } A Y Ë¦ ;   T Â ; (34)

and È ? A � � A} A Yá<ïÉ ~�a B � �:�'�Õ 7 Y � �:�S�A } A Y Ë¦ ;   T Â ; I (35)

respectively.
In addition, the derivation of the bound in Eq. (33) does not

require the knowledge of the traffic pattern of the incoming
flows. This enables us to derive the delay bound for multiple
aggregation cases. For simplicity, in the following discussion,
we use the term

,.-Å/ � 0 $2% "�3 to represent
,.-Å/ �+Ä � 0 $�% "	3 . Also,

we assume that scheduling algorithms such as PGPS, VC,
and WF è Q are used at the rate-controlled fair aggregators.
Therefore, the delay bound for single aggregation is in the
form of Eq. (34).

B. Multiple Aggregations
Theorem 8: Suppose flow  traverses Í hops of GR

servers. Any hop can be an aggregator and all the aggregators
are rate-controlled fair aggregators. For each aggregator, there
is a corresponding deaggregator at a later hop. Then, the e2e
delay for packet $�% " , Ç#% " , satisfies:È ? A � ü 687:9 T < > ? A#B ~ Q T < > ? A#B ý YÌË¦ ;   ñ

� �:�'�mÕ jn7 ; Ypo¦ ;   T � ���S�Õ j7 ; Y Ë¦ ��  T Â � I(36)

where q is the number of aggregators along the path; r4·�
is the aggregate flow that contains flow  at ��� , & q`rSssÜ j is
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the maximum packet size in aggregate flow r4²� , and r- � is
the guaranteed rate for r4²� at ��� ; 4²� is the t )+* aggregate
along the path that contains flow  , and & q`rSsÜ j and

- � are
the maximum packet size in the aggregate and its guaranteed
rate, respectively.

To prove the theorem, we first prove two lemmas that
consider two basic cases of multiple aggregations: pure re-
cursive aggregation and pure sequential aggregation. Refer to
Appendix IV for a detailed proof.

Note that there are a total of ( Í - 1) + q terms related to
packet size in the above delay bound. They can be understood

as follows: the ( Í -1) terms in � þ� ç�è �=k�l1mu� jsø j correspond to the
delays at all the hops (except the first hop). In addition, for
each aggregation with guaranteed rate

- � , there is a term� k�l1m� jø j as overhead. Compared to the delay bound for per-flow
scheduling in Eq. (10), Eq. (36) has q more terms due to
aggregation. However, since the guaranteed rates for aggregate
flows are much higher at the routers in the aggregation region,
the total delay bound in Eq. (36) can be tighter than that in
Eq. (10). Further, if there is only one aggregate ( q =1), and� � and ��þ are the aggregator and deaggregator, respectively,
Eq. (36) is just Eq. (34).

V. EVALUATION

In this section, we first use some sample data to numerically
calculate the deterministic delay bounds derived so far, and
compare them with that of per-flow scheduling. Then, we
perform extensive simulations to compare the e2e delays of
aggregate and per-flow scheduling.

First, the deterministic bounds are compared using the data
in Table 1 of [5]: � " f ³�»�» B, ! " f �wvÆÍyx{zA|	x / ��f ³I}�» q`xDzC| .
All packets are of the same size, ³@»	» B, and there are 10
identical flows that make up an e2e aggregate. To see the
effect of the number of hops, we vary Í from 3 to 10. As
shown in Fig. 4, all the bounds increase linearly with the
number of hops, but those for aggregate scheduling increase
much more slowly. When the number of hops is large, the
delay bounds of aggregate scheduling are smaller than that
of per-flow scheduling. The per-flow bound is computed from
Eq. (10); the aggregate bound I, II and III are computed from
Eqs. (21), (28) and (35), respectively; and the limit I and II

Tagged
traffic

Cross traffic

PSfrag replacements

S � SF~ SF� SF� e � SF�.
.
.

.

.

.

Fig. 5. Simulation Topology

are computed from Î ]� ] and Î ]� ] c � õÁö÷ ] Î õ� õ � õ , respectively, which

are independent of the number of hops.
From this example, one can see that, if the degree of

burstiness of the flows is not very high, the delay bounds
of aggregate scheduling can be tighter than that of per-flow
scheduling. In addition, it shows that hierarchical aggregator
and rate-controlled hierarchical aggregator can provide even
tighter delay bounds. Moreover, packet size and hop count
play a big role in the delay bound under per-flow scheduling,
which is much larger than Î ]� ] . In contrast, they make much
less impact on the delay bounds of aggregate scheduling. The
result also shows that aggregation is more advantageous if the
number of hops is large, similar to the conclusion in [29].

Next, extensive simulation is conducted to compare the ac-
tual delay performance of aggregate and per-flow scheduling.
The objective of our simulation is twofold: (i) to compare the
deterministic delay bounds with the worst-case delay from the
simulation and see how tight/loose the deterministic bounds
are; and (ii) to compare the worst-case delays of aggregate
and per-flow scheduling. We intend to find conditions under
which aggregate scheduling outperforms per-flow scheduling
in terms of e2e delay.

A. Simulation Setup

In the simulation, we used the ns2 [30] simulator and the
topology in Fig. 5 which is widely-used elsewhere, e.g., [31],
[32]. In this topology, a number of ‘tagged’ flows enter the
network at the ingress node �:� , and traverse all the other nodes
until they reach the egress node ��� . The ‘tagged’ flows are
those of interest to our study; their e2e delays are checked at
the egress node. In order to simulate interference by cross-
traffic, external traffic is injected at every node on the path.
The cross-traffic at each node shares the path with the tagged
traffic for only one hop before exiting the network at the next
hop. For backbone links, we set the bandwidth to 160Mb and
the propagation delay to 2ms, respectively, while for incoming
and outgoing links, we set the bandwidth to 10Mb and the
propagation delay to 10ms. The total number of tagged flows
is fixed at 128, which is divided into multiple aggregates in
the aggregate scheduling cases.

The tagged flows are generated by using a modified CBR
model with varying packet and burst sizes. Each incoming
tagged flow is shaped by a token bucket. The cross traffic is
generated by using the Pareto On/Off distribution [33], [34],
which can simulate long-range dependency and is known to
be suitable for a large volume of traffic.

The ns2 version of WFQ (Weighted Fair Queueing) was
used as the GR scheduler at each backbone node for both
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per-flow and aggregate scheduling. For aggregate scheduling,
two versions of aggregator were used: work-conserving stand-
alone aggregator and non-work-conserving rate-controlled
(RC) aggregator. To support the non-work-conserving aggre-
gator, a version of rate-controlled fair queueing was imple-
mented.� Parameters

To run simulations under different scenarios, we vary
several parameters, including:

– packet size of the tagged flows
– packet size of cross traffic
– flow rate of the tagged flows
– the number of hops the tagged flows travel
– the number of flows in each aggregate
– the link utilization
– the burstiness of the tagged flows
– the burstiness of the cross traffic� Metrics

The main performance metric is the worst-case e2e delay.
For each scenario, 36 independent runs were conducted.
All the results are plotted with the 95% confidence
interval [35].

B. Simulation Results

1) A Typical Result: Fig. 6 shows a typical result of e2e
delays under three different scheduling algorithms—per-flow
FQ, aggregate FQ (which uses stand-alone work-conserving
aggregator), and FIFO queueing. As can be seen, the e2e
delay under aggregate FQ is most stable. Aggregate FQ yields
not only the smallest worst-case delay but also very small
delay variation. In contrast, per-flow FQ yields larger worst-
case delays and delay variations; the delay under FIFO has
the largest fluctuation and the worst performance. The above
results were obtained by using: burst size 10000B; packet
size 1000B; tagged flow rate 32Kb/s; hop count Í = 15; the
number of flows in the aggregate ß = 16; and link utilization
55%. With these values, we can compute the deterministic
bounds from Eqs. (10) and (21). The bounds turn out to be 6s
for per-flow FQ and 5.53s for aggregate FQ. Both bounds

TABLE II

PARAMETERS AND THEIR VALUES IN ANOVA TEST

Parameters Values

Tagged flow packet size 100B, 1000B
Cross traffic packet size 100B, 1000B
Tagged flow rate 3.2Kbps, 32Kbps
Hop count 5, 20
Burst size � of tagged flows 2, 10
Number of tagged flows in one aggregate 4, 128
Link utilization 5%, 50%
Shape � of cross traffic 1.1, 1.9� The burst size is a relative value: value k means the burst size is k

times of the default packet size.� The ‘shape’ parameter is used by the Pareto traffic model, which
affects the burstiness of the traffic. We use it to vary the burstiness of
the cross traffic.

are much larger than the worst-case delay found from the
simulation, implying that they are rather pessimistic.

2) Homogeneous Case: To find the main factors that affect
the delay performance of both aggregate and per-flow schedul-
ing, we first used homogeneous flows in each aggregate. We
used the v � � ! factorial design method [35] to evaluate the
contribution of different parameters. Eight parameters ( ¤ f�� )
were used, each with two different values. Each scenario was
run 36 times ( ! f �C� ). The parameters and their values are
summarized in Table II.

After collecting data, we used statistical tool ANOVA
(ANalysis Of VAriance) [35] to analyze the significance of
each parameter. Our focus was on the value Ç � f��Sl� ] , whereÇ r ( Ç " ) is the worst-case delay under aggregate (per-flow)
scheduling. The intention was to find which parameters affect
most the relative delay performance between aggregate and
per-flow scheduling. The second parameter—packet size of
cross traffic—turned out to have little effect on value Ç � . This
is easy to explain, since from the delay bounds in Eqs. (10),
(21) and (35), the packet size of cross-traffic shows up only
in the term h�jk�lnmo j , which is usually negligible since

/ � is very
large. Therefore, we fixed its value at 1500B in all of the
following simulations.

To illustrate the effect of the factors on the e2e delay, we
ran multiple sets of simulation. For each set of simulation, we
varied only one parameter with all the others fixed. All the
default values of the parameters are summarized in Table III;
the simulation results are summarized in Fig. 7. In Figs. 7 and
8, as well as the following discussion, ‘aggregate FQ’ stands
for aggregate scheduling using stand-alone fair queueing; ‘RC
aggregate FQ’ stands for aggregate scheduling using rate-
controlled (RC) fair queueing.

Let us compare the performance of per-flow and aggregate
FQ first. In Fig. 7 (a), as the burst size of the flows increases,
the worst-case delay under per-flow FQ increases significantly
faster than that under aggregate FQ. Surprisingly, the delays
of aggregate FQ do not increase as fast as expected. This be-
havior can be attributed to the multiplexing gain of aggregate
scheduling. In other words, although all flows become much
burstier, the probability that all flows reach their peaks (of
load) at the same time is very low. Instead, the peaks and
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TABLE III

DEFAULT PARAMETER VALUES

Parameters Values

Tagged flow packet size 400B
Tagged flow rate 32Kbps
Hop count 10
Burst size of tagged flows 2
Number of tagged flows in each aggregate 16
Link utilization 25%
Shape of cross traffic 1.5

Cross traffic packet size 1500B
Total number of tagged flows 128

valleys are more likely to be evened out.
In Fig. 7 (b), as the flow rate increases, the worst-case delay

under per-flow FQ decreases faster than that under aggregate
FQ. Thus aggregate FQ is shown to be more advantageous for
lower-rate flows. In Fig. 7 (c) and (d), as the packet size (hop
count) increases, the delay under per-flow FQ increases faster
than that under aggregate FQ. Thus aggregate FQ is shown
to be more advantageous when the packet size (hop count)
is large. In Fig. 7 (e), as network link utilization increases,
the delay under per-flow FQ increases dramatically faster than
that under aggregate FQ, which shows that when the network
utilization is high, aggregate FQ becomes more advantageous.
In Fig. 7 (f), as the number of flows in an aggregate increases,
the e2e delay under aggregate FQ decreases, while that under
per-flow FQ remains unchanged. Aggregate FQ is shown to
be more advantageous when the number of flows aggregated
gets larger. However, as the number increases, the pace of
increase becomes smaller since the margin of multiplexing
gain decreases.

The effects of flow rate, packet size and hop count can
be easily explained by the deterministic bounds. Since GR
scheduling algorithms are rate-based, the delay of a flow is
coupled with its reserved rate. Although aggregate scheduling
has the same problem as per-flow scheduling, the reserved
rate for an aggregate (

- Ü ) is much larger than that of a single
flow ( ! " ), thus the problem is not as severe as in per-flow
scheduling. As for packet size, according to Eqs. (10) and (21),
the delay bounds are proportional to the maximum packet size
in a flow (aggregate). With aggregation, however,

- Ü is much
larger than !P" . Thus the delay bound increases much faster
under per-flow scheduling. The same holds true for hop count.
The effect of link utilization is also related to the coupling
problem of GR scheduling. When the link utilization becomes
higher, there is less spare bandwidth left. Therefore, the rate
for a flow (aggregate) is decreased to the reserved rate for it.
Since

- Ü is much larger than ! " , aggregate scheduling has
less increase in delay. Finally, since per-flow scheduling is
independent of the number of flows in an aggregate ( ß ), its
delay should not change with ß . For aggregate scheduling,
from Eq. (21), two terms are related to ß , the number of

flows: ���õ ÷ � �=k�lnmõø and 0 Í ë�� 3 �¯k�lnm� ø . Since we are considering
identical flows, the first term does not vary with the number
of flows. However,

-
increases proportionally to ß . Thus the

second term decreases slightly, and then the total e2e delay
decreases.

Now look at the results for RC aggregate FQ. In all
the scenarios, the worst-case delays under RC aggregate FQ
follow the same trend as those under aggregate FQ. However,
since the default link utilization if only 25%, RC aggregate
FQ performs worst than aggregate FQ; in most cases, its
performance is even worst than that of per-flow FQ. This is
mainly because RC aggregate FQ is non-work-conserving and
does not take advantage of spare bandwidth. On the other
hand, as Fig. 7 (e) shows, when the link utilization becomes
larger, RC aggregate FQ still performs better than per-flow FQ,
and the difference between RC aggregate FQ and aggregate
FQ becomes smaller also.

We also ran simulations by varying the burstiness of cross-
traffic. As the burstiness of cross traffic increases, the worst-
case delay for per-flow scheduling increases faster than those
under the two aggregate FQ cases, showing that aggregate
scheduling is more robust to the burstiness of cross traffic
than per-flow scheduling.

3) Heterogeneous Case: After studying the impact of dif-
ferent parameters by using homogeneous flows in a traffic
aggregate, we mix heterogeneous flows (in terms of packet
size, flow rate, and burst ratio) into the same aggregate to see
what kind of flows are suitable to be aggregated together. In
the following simulations, we aggregate 16 flows together: 15
of them are identical flows; only one flow is different from
the rest. We monitor the worst-case delay of this flow when
the parameters of other flows vary.

Fig. 8 (a) shows the result when the small-burst flow (with
relative burst size 1) is aggregated with larger-burst flows.
As the burst size of the other flows increases, the worst-
case delay under aggregate FQ increases quickly. As expected,
mixing a flow with other larger-burst flows will hurt its delay
performance. Note that the performance of RC aggregate FQ
is very stable since the aggregator controls the burstiness of
the output aggregate.

Fig. 8 (b) plots the result when a high-rate flow (with rate
128Kbps) is aggregated with low-rate flows. As rate of other
flows gets smaller, the delay under both aggregate FQ and
RC aggregate FQ increases, with that under aggregate FQ
increases faster and eventually becomes larger than the delay
under per-flow FQ. From Eq. (21) we can see that as the rates
of other flows decrease,

-
decreases, thus all three terms—��õ@ö÷ ] Î õø , � �õ ÷ � �¯k�lnmõø and 0 Í ë�� 3 � k�lnm� ø —increase, and the

total delay increases. Due to the rate-control at the aggregator,
the delay increase under RC aggregate FQ is slower.

Fig. 8 (c) shows the result when a small-packet flow (with
default size 100B)  C� is aggregated with large-packet flows.
When the packet size of other flows is becomes larger, the
delay performance of  C� is shown to suffer—leading to even
larger delay than that under per-flow FQ and RC aggregate
FQ. This is because when aggregating with large-packet flows,
a small packet has to wait behind other large packets in the
same aggregate. This implies that flows of similar packet size
should be aggregated together.

For comparison, we also mix a flow with other flows with
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Fig. 7. Comparison of Aggregate and Per-flow Scheduling

smaller burst size, larger flow rate, and smaller packet size.
The results show little or marginal change on the worst-case
delay of aggregate scheduling. Similarly, the results can be
explained by the delay bound in Eqs. (21) and (35).

4) Case Study with MPEG Traces: To further compare the
delay performance of aggregate FQ and per-flow FQ, we also
used real MPEG-4 traces [36] in the simulation. Two video
traces were used—high rate “Soccer” and low rate “Silence
of the Lambs”. The parameters of these two traces are shown
in Table IV. They have very different burstiness, packet rate,
packet rate variation. With the same simulation setup as before,
we mixed 8 tagged flows driven by the “Soccer” trace and
8 other tagged flows driven by the “Silence of the Lambs”
trace into an aggregate. The results are summarized in Fig. 9,
which shows that for flows driven by both traces, aggregate FQ

provides smaller maximum e2e delays; also, the improvement
is much larger for burstier flows driven by the “Silence of the
Lambs” trace.

VI. RELATED WORK AND DISCUSSIONS

Aggregate scheduling has been studied extensively in the
literature. In [37], [38], the authors proposed some grouping
techniques to optimize the implementation of fair queueing.
Certain flows (with similar throughput parameters) are grouped
together. For example, the scheme in [38] is confined to ATM
networks, in which the routers support only a fixed number
of rates, and all the flows of the same rate are placed into a
single group. It takes advantage of the fact that all the cells
have the same size and all the flows in the same group have
the same rate, thus simplifying the sorting of flows. However,
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Fig. 8. Aggregate Heterogeneous Flows

it still uses per-flow-based scheduling. Although these two
algorithms are sometimes called aggregate scheduling, they
are different from the aggregate scheduling we are considering,
because the core routers still recognize each individual flow.
They are just efficient implementations of per-flow-based fair
queueing. Other work on implementations of fair queueing
include [39], [40], [41].

The authors of [42] studied QoS guarantees under aggre-
gation (e2e aggregation was called grouping). Similar to our
study, fair queueing is used to handle aggregates at core
routers (or in aggregation regions). Based on some given
e2e delay requirement, they derived the bandwidth and buffer
requirements by using the IETF Guaranteed Service (GS)
traffic specification (TSpec), and demonstrated the advantages
in aggregating flows of equal or similar delay requirements.

TABLE IV

PARAMETERS OF THE VIDEO TRACES

Frame Size (KB) Bit Rate (Kbps) Burst Size
Video Name

Mean Peak Mean Peak (Kb)

Soccer � b � � a&�@b � � aSI1anG���b � � I ����� b � a��óG
Silence* G�b � � aSaSb \ � anG � b � \ I \ ��� b � �'G
*Silence of the Lambs
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By contrast, we derived the e2e delay bound under a given
bandwidth guarantee without considering any buffer require-
ment.

Although the main focus of [22] is QoS routing, it discussed
flow aggregation by defining the notion of ‘burst ratio.’ For
flows conforming to the token bucket model, the burst ratio !
is the ratio of the burst size to the average rate, or �2z#� . The
authors suggested aggregation of flows of same or similar burst
ratio, since flows with the same burst ratio can be merged and
divided without changing the burst ratio of the resulting flows.
This conclusion is the same as ours in the work-conserving
case in Section IV. The authors of [22] analyzed some e2e
delay for fluid traffic model, without considering any non-fluid
traffic model. In contrast, our delay bound analysis is based
on packet traffic model.

Cobb’s work [16], [17] is closest to ours. He studied
the delay bound problem of aggregate scheduling by using
rate-based scheduling algorithms. The core routers treat each
aggregate as a single flow, and handle all the aggregates
by using rate-based fair queueing. He defined a type of fair
aggregator and showed that, by using rate-based fair queueing,
the e2e delay is bounded. Such aggregator can be used to
aggregate the traffic recursively, and the e2e delay is still
bounded. He also proposed two types of fair aggregator, called
the basic fair aggregator and greedy fair aggregator. By using
such aggregators, he showed that the e2e delay bound can be
even smaller than the per-flow e2e delay bound.

We have several observations on the results in [16], [17].
First, the main idea of its fair aggregator is to control the
burst of an aggregate. Such an aggregator works in a non-
work-conserving way. Second, the hidden assumption of the
basic fair aggregator and greedy fair aggregator is that only
one aggregate goes out of an aggregator. In other words, all
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the flows going through the same outgoing link belong to
the same aggregate. In contrast, our work is more general.
In Section III we showed that the delay bounds exist even for
work-conserving aggregators. In Section IV, we extended the
result in [17] by allowing multiple aggregates going out of the
same link of an aggregator, and derived the e2e delay bound
under token bucket traffic model.

DiffServ and Aggregate GR scheduling

The main difference between DiffServ and the proposed
aggregate GR scheduling architecture is the way packets in
the same class are scheduled. Although it is not specified in
the DiffServ standard documents, FIFO queueing is usually
used for packet scheduling within each class, thus resulting in
coarse-grained control of delay performance.

In the context of DiffServ, the authors of [5] studied the
worst-case delay bound of FIFO queueing, showing unsat-
isfactory performance of it. For a certain class of traffic,
such as EF, the e2e delay bound exists only if the network
utilization of that class is sufficiently low. In such a case, the
delay bound is a function of the utilization of any link in
the network, the maximum hop count of any flow, and the
shaping parameters at the network ingress nodes. However,
if the utilization is high, the e2e delay could be unbounded.
Specifically, Charny [5] showed that for any given values of
delay, hop count and utilization, it is possible to construct
a network in which the e2e queueing delay experienced by
some flow exceeds the chosen delay value. The main reason
for this unbounded delay is that the e2e delay experienced
by a packet under FIFO queueing is severely affected by the
cross traffic. Moreover, the e2e delay depends not only on
the behavior of the flows that directly share queues with the
packet in question, but also on the behavior and arrival pattern
of flows in the entire network (which may not directly share
queues with that packet). Charny [5] showed that, for real-
time traffic such as voice, achieving an acceptable delay bound
under FIFO queueing requires the network utilization of such
traffic to be rather low.

In aggregate GR scheduling architecture, the definition of
traffic aggregates is more flexible and finer-grained than the
DS traffic classes. Traffic within the same DS class can be
grouped into multiple different aggregate flows that can be
differentiated in aggregation regions by using the fair queueing
algorithms of IntServ. Moreover, at aggregators, flows are bun-
dled into aggregates by more intelligent scheduling schemes,
instead of FIFO queueing.

Advantages and Disadvantages of Traffic Aggregation

With traffic aggregation, the core routers need to maintain
fewer states, making packet classification and scheduling sim-
pler. Flow aggregation is also beneficial to the flows with
low bandwidth requirements, because, under GR scheduling
algorithms—which couples bandwidth and delay—the flows
with low bandwidth requirements will suffer long delays; but
aggregation usually alleviates this problem. More importantly,
as shown earlier, aggregate-based GR scheduling can provide
guaranteed QoS, such as e2e delay bound.

However, aggregation also comes with its own disadvan-
tages: the flows in the same aggregate cannot isolate from,
and protect against, other flows. Therefore, the QoS guarantee
of a flow will be affected by others in the same aggregate,
and all the flows within an aggregate will receive roughly
the same service. Due to the lack of isolation within an
aggregate, bursty flows can ‘steal’ the bandwidth from well-
behaving flows and unduly degrade their QoS. This problem
can become worse in multi-service networks [29]. However, as
pointed out in [22], the problem can be controlled if flows are
selectively aggregated, i.e., only those flows that have some
common characteristics are aggregated (which is similar to
our conclusion; see the results in Section III). Moreover, ‘fair’
aggregation can also alleviate this problem. In this paper, we
have shown this feature by using GR scheduling algorithms
for aggregate flows.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, we first derived deterministic delay bounds
for aggregates under the assumption that the incoming traf-
fic at each aggregator conforms to the token bucket model
and guaranteed-rate (GR) scheduling algorithms are used in
each aggregation region. We considered three types of GR
scheduling algorithms at an aggregator: stand-alone, two-
level hierarchical, and rate-controlled two-level hierarchical
GR algorithms. The delay bounds are shown to depend on
several factors, such as the scheduling constant at each hop
and the latency at the aggregator. We should, therefore, use
the scheduling algorithms with a small scheduling constant
at each hop, and those with small latency at aggregators.
Among all the rate-based scheduling algorithms, PGPS, VC,
and WF è Q have the smallest scheduling constant ( h�jk�lnmo j ) and

latency (
�¯k�l1m] � ] c h�jk�l1mo j for flow  ). The delay bounds also

indicate that it is beneficial to aggregate flows with similar
burst ratios. Aggregate scheduling provides better e2e delay
bounds when a large number of hops use aggregate scheduling,
because the overhead at the aggregators will be offset by
the larger guaranteed rate for an aggregate. If the number of
hops is small, the aggregation overhead becomes ‘relatively’
significant.

We also showed by simulation that aggregate scheduling is
robust. By exploiting multiplexing gains, it can provide better
worst-case delay performances than per-flow scheduling, as
long as those flows aggregated together are not very diverse
in terms of packet size, flow rate, and burst ratio. In addition,
the simulation results also showed that in most scenarios
non-work-conserving aggregator performs worse than work-
conserving aggregator, since it does not take advantage of the
spare bandwidth in the network. Also, the deterministic bounds
are shown to be rather pessimistic. Although the simulation
may not capture the worst-case e2e delay, it implies that the
probability for the worst-case e2e delay to happen be very
small.

Note that resource reservation and admission control are
not covered in this paper, but techniques such as [11] can
be used for this purpose. We also assume that the e2e path
in an aggregation region can be set up by traffic engineering
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mechanisms similar to the way the Label Switched Path (LSP)
is set up in an MPLS network.

The large gap between the deterministic delay bound and
the worst-case delay found from the simulations suggests the
need for investigation into the stochastic behavior of aggregate
scheduling. We are currently exploring ways to find statistical
delay bounds for traffic aggregates. With such bounds, one can
admit more flows and enhance network utilization.
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APPENDIX I
PROOF OF COROLLARY 1

Proof: Similar to Theorem 4, from Lemma 3 we have687:9�;¥¾ T < >Á? ÛÕ B � 687�9�;ª< >Á? APB�Y � ��ã  A �� � Y©� �:�'�A7 Y�Â2; b
Replacing �ù�CQç�" ��v� by (27), we obtain687�9 ;{¾ T < > ? ÛÕ B� 687�9 ; < > ? A#B�Y � �Pã  A � � Y � ;�:�S� Y]\1� ���S�A Y�\1� �:�S�Õ7 YgÂ ; b (37)

Thus for the two-level hierarchical H-WF è Q aggregator ��� ,
it is a fair aggregator with aggregation constant Þ � f��õ@ö÷ ] Î õ º hDjk�lnm º�è �=k�lnm] º�è � k�lnm�ø .

Then, similar to the proof of Theorem 5, the e2e delay Ç	% "
satisfiesÈ ? A � � A} A Y Ú T Y£<ïÉ ~ � B � �:�S�Õ 7 Y � �:�S�A } A Y¨Â T5 Y Ë¦ ;   ñ Â ; b (38)
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Also, since ��� is a hierarchical aggregator, from Fact 1 we
know that its scheduling constant is larger than that of the
stand-alone server:Â T5 � Â T Y � �:�S�Õ Yá< � T�:�S� ~ � ���S�Õ B g� �7 � Â T Y � T�:�S�7 b (39)

Rearranging the terms in Eq. (38), we obtain Eq. (28).

APPENDIX II
PROOF OF THEOREM 6

Proof: For the convenience of description, we regard the
other ( ß -1) flows in aggregate flow 4 as a virtual flow � , and
prove the lemma for any time w in flow � ’s backlogged period.

Consider the two-level hierarchical H-PFQ scheduler ��� . At
the upper-level scheduler, aggregate flow 4 is treated as a
single flow conforming to the token bucket model ( � Ü xn� Ü ),
where � Ü f ��æ�Sç�� �U� and � Ü f �´æ�Sç�� ��� ; at the lower-
level variable-rate scheduler, ß flows are aggregated into4 . As pointed out in [38], by defining virtual times in unit
of bits instead of in unit of seconds, many properties of
constant-rate packet schedulers still hold for variable-rate
packet schedulers.

Consider any backlogged period ( t�x1w ] of flow � at ��� . For
any flow ¤ and time w , from Eqs. (24) and (25) we obtain:y ;�óØ Y 6;Z < G�I�| B ~ y ;� < G�IX| B � V ; � Iy ;� < G�IX| B ~ y ;�ÁØ Y 69Z < G�IX| B � [ ;� b
Thus, for flow  at the lower-level scheduler ���+Ä � ,y ;A <¥z IX| B²C y ;A < G�IX| B ~ y ;A < G�I zÆB� ü y ;A Ø Y 69Z < G�IX| B ~ y ;A Ø Y 6;Z < G�I zÆB ý Y�V ; A Y [ ;AC y ;A Ø Y 69Z <¥z I+| B�Y�V ; A Y [ ;A b (40)

Let � �� 0 t�x1w 3 be the total service provided by ���+Ä � , a variable-
rate scheduler, during 0 t�x1w ê . Since flow � is backlogged
during this period,  at most gets its reserved share at the
corresponding GPS server at ���+Ä � , and � �� 0 t�xnw 3 reaches ���+Ä � ’s
capacity during the period. Thus,y ;A Ø Y 69Z <{z IX| B � } A7 � y ;^ <{z IX| B
For w f wn� , the time when ¤ )+* ( ¤ �à³ ) packet in aggregate 4
is sent out, we havey ;^ <{z IX| � B`C y ;Õ <¥z I�| � B I ¡M_HaC�¸ y ;A Ø Y 6;Z <{z IX| � B � } A7 � y ;Õ <{z IX| � B I¢¡·_¬aSb
For w � � w½� w �óº�� ( ¤ � » and assume w=¼ f t ), since� �" Ä R 02S 0 t�xnw 3 f � �" Ä R 0�S 0 t�xnw � 3 and � �Ü 0 t�x1w 3 f � �Ü 0 t�xnw � 3 ,
we obtain,y ;A Ø Y 69Z <¥z IX| B � } A7 � y ;Õ <¥z I�| B I¢| � � | � | �'¾ T IX¡M_âG�b
Therefore, y ;A Ø Y 6;Z <¥z I�| B � } A7 � y ;Õ <{z IX| B I¶| _ z b (41)

Similarly, for aggregate 4 at the upper-level scheduler, we
have y ;Õ <¥z I�| BMC y ;Õ < G�I�| B ~ y ;Õ < G�I z#B_ ü y ;Õ Ø Y 69Z < G�IX| B ~ y�;Õ Ø Y 6;Z < G�I zÆB ý ~ V ;Õ ~ [ ;ÕC y ;Õ Ø Y 69Z <{z IX| B ~ V ;Õ ~ [ ;Õ b (42)

From Eqs. (40), (41), and (42) we obtainy ; �A <¥z I+| B·C y ;Õ <¥z IX| B ~ y ;A <¥z IX| B_ ü y ;Õ <¥z IX| B ~ } A7 y�;Õ <¥z I�| B ý ~ ü V ; A Y [ ;A ý_ < a�~ } A7 Bªü y ;Õ Ø Y 6;Z <¥z IX| B ~ VÆ;Õ ~ [ ;Õ ý ~ ü VÆ;A Y [ ;A ý b (43)

Since � is backlogged during ( t�xnw ], so must 4 during this
period, and hencey ;Õ Ø Y 69Z <¥z I+| B _ 7 � < |�~ zÆB b (44)

Since t is the start time of the backlogged period, the backlog
of � at t is 0. Thus the backlog of � at time w , � � �" 0 w 3 , is� ; �A < | B²C ¦�Pã  A Q � <{z I+| B ~ y ; �A <¥z I�| B� ¦ �Pã  A ü � � Y � � <{z IX| B ý ~ < a�~ } A7 B y ;Õ Ø Y 69Z <{z IX| BYá< a�~ } A7 B=ü VÆ;Õ Y [ ;Õ ý Y£ü VÆ;A Y [ ;A ý� ü ¦ �Pã  A � � Y¬<ï7 ~î} A B¯< |D~ zÆB ý ~ < a�~ } A7 B � 7 � < |D~ zÆBYá< a�~ } A7 B=ü VÆ;Õ Y [ ;Õ ý Y£ü VÆ;A Y [ ;A ý� ¦ �Pã  A � � Yá< a�~ } A7 B=ü V�;Õ Y [ ;Õ ý Y£ü V�;A Y [ ;A ý b (45)

Note that Eq. (45) holds for any time w . Similar to the proof
of Theorem 3 in [19], we obtain the total burstiness of the ( ß -
1) outgoing flows as:¦ �Pã  A �� � � ¦ �Pã  A � � Y£ü V ; A Y [ ;A ý Y¬< a�~ } A7 B=ü V ;Õ Y [ ;Õ ý b

APPENDIX III
PROOF OF THEOREM 7

Proof: Let $2%1ÛÜ be the packet corresponding to packet $v% "
of flow  . From Lemma 4 we have687�9 T Ø Ó < > ? ÛÕ�B � 687:9 T Ø ^ < > ? A#B�Y�Â T Ø ^ b
Also, since virtual server ��� Ä * and ��è�x �Á�@� x'� þ�� � are GR
servers for aggregate flow 4 , from Lemma 2 we have687:9 ñ < > ? ÛÕ B � 687:9 T Ø Ó < > ? ÛÕ B�Y � �:�S�Õ 7 YgÂ T Ø Ó I687:9�ò�< >@? ÛÕ B � 687:98ñ@< >Á? ÛÕ B�Y � �:�S�Õ 7 YgÂ�ñ I

...687�9 Ë RUT < > ? ÛÕ�B � 687:9 Ë R ñ < > ? ÛÕ�B�Y � ���S�Õ 7 Y�Â Ë R ñ I
where Ã � Ä * f Ã � . Adding them up, and with $D%1ÛÜ f $2% " , we
obtain687:9 Ë RvT < >Á? A#B`Cà687�9 Ë RUT < >Á? ÛÕ�B� 687�9 T Ø ^ < > ? A#B	Y¬<ÊÉ ~ \óB � �:�S�Õ 7 YgÂ T Ø ^ Y¨Ë R ñ¦ ;   T Â ; bC�¸ × Ë RvT < > ? A#B � 687�9 Ë R ñ < > ? APB�Y�Â Ë RvT� 687�9 T Ø ^ < > ? A#B	Yá<ÊÉ ~ \óB � �:�S�Õ 7 Y�Â T Ø ^ Y Ë RvT¦ ;   T Â ;
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Fig. 10. Multiple Recursive Aggregation

Thus, from the definition of GR server, for flow  , the first ( Í -
1) servers can be viewed as a virtual GR server with scheduling
constant Ã8u f 0 Í ë�v 3 �=k�lnm� ø c Ã � Ä � c�� þ�� �� ç�� Ã � .

Then for the last hop, since � þ is also a GR server for flow , we have 687�9 Ë < > ? A#B � 687�9 T Ø ^ < > ? A#B	Y¨ÂDÀ�Y � �:�'�A } A b
Thus we obtain× Ë < >Á? A#B � 687:9 Ë < >Á? A#B�YgÂ Ë� 687:9 T Ø ^�< >Á? A#B�Yá<ïÉ ~ \óB � ���S�Õ 7 Y�Â T Ø ^ÆY � �:�S�A } A Y Ë¦ ;   T Â2;C�¸ôÈn? A � × Ë < >Á? A#B ~ Q T < >Á? A#B� ü 687:9 T Ø ^+< >Á? A#B ~ Q T < >Á? A#B ý Yá<ÊÉ ~ \óB � �:�S�Õ 7YgÂ T Ø ^�Y � �:�S�A } A YÌË¦ ;   T Â2; b

APPENDIX IV
PROOF OF THEOREM 8

We first prove two lemmas, which consider two basic cases
of multiple aggregations. One is pure recursive aggregation, as
shown in Fig. 10, and the other is pure sequential aggregation
as shown in Fig. 11.

Lemma 5 (Recursive Aggregation): Suppose flow  takesÍ hops of GR servers, and there are q aggregators along
the path. Suppose all the aggregators are rate-controlled fair
aggregators. For each aggregator   � , there is a corresponding
deaggregator ¡ � at a later hop, ³ �¢tâ�£q .

- � is the GR
for aggregate flow 4 � which starts from   � and ends at ¡ � .
If ³ �¤  �á¹   è£¹ �Á�@�   æ � �â¹   æ ¹ ¡ æ ¹ ¡ æ � � �@�Á� ¹¡Mè ¹ ¡ � �FÍ (i.e., aggregation is done recursively, as shown
in Fig. 10), the e2e delay for packet $D% " , ÇÆ% " , satisfies:È ? A � ü 687�9 T < > ? APB ~ Q T < > ? A#B ýY¬ü É ~�a�~ < � T ~

�
T ~�a B ý � �:�S�A } AY o RvT¦ ;   T ü < � ; ~

�
; ~¨a B ~ < � ;{¾ T ~

�
;¥¾ T ~¨a B ý � �:�S�Õ j7 ;Yá< � o ~

�
o ~âa B � �:�'�Õ;¥7 o Y o¦ ;   T � ���S�Õ j7 ; Y Ë¦ ��  T Â � b (46)

Proof: First, consider aggregate flow 4§¦ . From Eq. (34)
we know×�¨ ¥ < > ? Õ;¥ e � B � 687�9ª© ¥ < > ? Õ;¥ e � B�Yá< � o ~

�
o B � �:�S�Õ;¥7 oY � �:�S�Õ9¥ e �7 o RUT Y

¨ ¥¦��  © ¥ Â � b
Thus, for aggregate flow 4 ¦ � � , the set of nodes from   ¦
to ¡ ¦ can be viewed as a virtual GR server with scheduling

constant Ã7« ¥ f 0 ¡ ¦ ë�  ¦ 3 � k�l1m� ¥ø ¥ c �¯k�l1m� ¥ e �ø ¥ e � c �­¬ ¥��ç « ¥ Ã � .
Then, recursively for aggregate flow 4 � ( q ë ³©� t � ³ ),

we have ×�¨ j < > ? Õ j e � B� 687�9 © j < >Á? Õ j e � B�Y£ü � ; ~
�
; ~ < � ;¥¾ T ~

�
;{¾ T B ý � �:�S�Õ j7 ;Y � �:�'�Õ j e �7 ; RUT Y © j¯® � RvT¦�P  © j Â � Y

¨ j¦�P  ¨ j¯® � ¾ T Â � Y�Â © j°® � b
Thus for aggregate flow 4 �±� � ( q ë ³£� t � ³ ), the set of
nodes from  Å� to ¡M� can be viewed as a virtual GR server
with scheduling constantÂ © j C ü � ; ~

�
; ~ < � ;¥¾ T ~

�
;¥¾ T B ý � �:�S�Õ j7 ; Y � �:�'�Õ j e �7 ; RUTY © j°® � RUT¦�P  © j Â � Y

¨ j¦�P  ¨ j¯® � ¾ T Â � Y�Â © j¯® � b
Here we define 4²¼ f  and

- ¼ f ! " .
Since � � and ��þ are GR servers for flow  , from Theo-

rem 3, we have× Ë < > ? A#B � 687:9 T < > ? APB	Y£ü É ~�a�~ < � T ~
�
T B ý � �:�S�A } AY © � RvT¦�P  T Â � Y Ë¦��  ¨²�ª¾ T Â � Y¨Â © � b

Thus, by replacing Ã « j 0 ³ �dt��­q 3 recursively, we obtain× Ë < >Á? A#B � 687:9 T < >Á? A#B�Y£ü É ~¨a�~ < � T ~
�
T B ý � �:�S�A } AY © � RUT¦��  T Â � Y Ë¦�P  ¨²�n¾ T Â �Y ü � T ~

�
T ~ < � ñ ~

�
ñ B ý � �:�S�Õ �7 T Y � ���S�A } AY © ~ RUT¦��  © � Â � Y ¨²�¦��  ¨ ~ ¾ T Â �

...Y ü � o RUT ~
�
o RUT ~ < � o ~

�
o B ý � �:�'�Õ ¥ e �7 o RvTY � �:�S�Õ ¥ e ~7 o R ñ Y

© ¥ RUT¦�P  © ¥ e � Â � Y
¨ ¥ e �¦��  ¨ ¥ ¾ T Â �Y ü � o ~

�
o ý � �:�S�Õ;¥7 o Y � �:�S�Õ9¥ e �7 o RUT Y

¨ ¥¦��  © ¥ Â � b
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Rearranging the terms, we obtain× Ë < > ? APB � 687�9 T < > ? A#B�Y£ü É ~¨a�~ < � T ~
�
T ~�a B ý � �:�S�A } AY�o RvT¦ ;   T ü < � ; ~

�
; ~�a B ~ < � ;¥¾ T ~

�
;{¾ T ~¨a B ý � �:�S�Õ j7 ;Y£ü � o ~

�
o ~¨a ý � �:�S�Õ ¥7 o Y³o¦ ;   T � �:�'�Õ j7 ; Y Ë¦ ��  T Â �C	¸äÈ ? A � ü 687�9 T < > ? A#B ~ Q T < > ? A#B ýY£ü É ~¨a�~ < � T ~

�
T ~�a B ý � �:�S�A } AY�o RvT¦ ;   T ü < � ; ~

�
; ~�a B ~ < � ;¥¾ T ~

�
;{¾ T ~¨a B ý � �:�S�Õ j7 ;Y¬< � o ~

�
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Since   � and ¡²� are, respectively, the aggregator and
deaggregator for aggregate flow 4 � , they schedule packets of
aggregate flow 4·�´� � . Thus, the number of hops/servers that
schedule packets of 4 � is 0 ¡²�Dëµ ·�Dë ³ 3 ë 0 ¡²� º�� ë¶ ·� º�� ë ³ 3
for ³ �`t ¹ q , or ¡ � ëd  � ë ³ for t f q . Thus, Eq. (46)
can be rewritten as Eq. (36).

Lemma 6 (Sequential Aggregation): Suppose flow  takesÍ hops of GR servers, and there are q aggregators along
the path. Suppose all the aggregators are rate-controlled fair
aggregators. For each aggregator  .� , there is a corresponding
deaggregator ¡ � at a later hop, ³ �¢tâ�£q .

- � is the GR
for aggregate 4 � , which starts from   � and ends at ¡ � . If³ �· Å� ¹ ¡·�â�¤  è ¹ ¡Mè¬� �@�Á� �¤ §¦ ¹ ¡¸¦ � Í (i.e.,
aggregation is done sequentially, as shown in Fig. 11), then
the e2e delay bound for packet $D% " is:È ? A � ü 687�9 T < > ? A#B ~ Q T < > ? APB ýY£ü <ïÉ ~�a B ~ o¦ ;   T < � ; ~

�
; ~¨a B ý � �:�S�A } AY¹o¦ ;   T < � ; ~

�
; ~¨a B � �:�S�Õ j7 ; Y³o¦ ;   T � �:�'�Õ j7 ; Y Ë¦ �P  T Â � b (47)

Proof: For each aggregate flow 4·� ( ³ ��t²�ºq ), from
Eq. (34), we have× ¨ j < >Á? A#B� 687�9 © j < >Á? Õ j B	Yá< � ; ~

�
; B � �:�'�Õ j7 ; Y � �:�S�A } A Y ¨ j¦��  © j Â �

Thus for flow  , the set of nodes from  Å� to ¡M� can be view
as a virtual GR server with scheduling constant Ã�« j f 0 ¡M� ë ·� 3 �=k�lnm� jø j c �=k�lnm] � ] c �­¬ j��ç « j Ã � .

From Theorem 3, we obtain× Ë < >Á? A#B � 687:9 T < >Á? A#B�Y¬ü É ~�a�~ o¦ ;   T < � ; ~
�
; B ý � �:�'�A } AY © � RUT¦��  T Â � Y Ë¦�P  ¨ ¥ ¾ T Â � Y�o RvT¦ ?   T
© \ ® � RvT¦��  ¨ \ ¾ T Â � Ypo¦ ;   T Â © jCù687:9 T < > ? A#B�Y¬ü É ~�a�~ o¦ ;   T < � ; ~
�
; B ý � �:�'�A } A Y Ë¦ ��  T Â �Y»o¦ ;   T < � ; ~

�
; B � �:�S�Õ j7 ; Y³o¦ ;   T � �:�'�A } ACù687:9 T < >Á? A#B�Y¬ü <ïÉ ~âa B ~ o¦ ;   T < � ; ~

�
; ~�a B ý � �:�S�A } AY»o¦ ;   T < � ; ~

�
; ~¨a B � �:�S�Õ j7 ; Ypo¦ ;   T � �:�S�Õ j7 ; Y Ë¦�P  T Â � b

Since   � and ¡ � are, respectively, the aggregator and
deaggregator for aggregate flow 4 � , they schedule packets of
flow  . Thus, the number of hops that schedule packets of 4 �
is ¡ � ë¼  � ë ³ 0 ³ ��t��½q 3 . Thus, Eq. (47) can be rewritten
as Eq. (36).

With these two lemmas, we can now prove Theorem 8.
Proof: The idea is to prove by induction on the levels

of aggregation. Lemmas 5 and 6 have proved the basic cases
for the theorem. We use them as two basic building blocks.
We only need to show that if all the component regions of the
e2e path satisfy the theorem, the whole aggregation region
built based on these component regions satisfies the theorem
as well. Again, we consider two cases:

Case 1: Recursive aggregation
Suppose flow  takes Í hops of GR servers. Along the path,

there is an aggregation region from   � to ¡ � for aggregate
flow 4 � with guaranteed rate

- � . This aggregation region
contains another one from   è and ¡ è for aggregate flow 4 è ,
with guaranteed rate

- è . In other words, ³ �¾  � ¹   è ¹¡ èÅ¹ ¡ � ��Í . If the region from   è to ¡ è satisfies× ¨ ~ < > ? Õ � B � 687�9 © ~ < > ? Õ � B�Y ¨ ~¦�   © ~ ¾ T � �:�S�mÕ õn7 �Y¹o¦ �   ñ � �:�S�Õ õ7 � Y ¨ ~¦�P  © ~ Â � I
then the e2e delay Ç�% " satisfies

Èn? A � ü 687:9 T < >@? A�B ~ Q T < >Á? APB ý Y Ë¦ ;   ñ
� �:�S�mÕ jn7 ;Y o¦ ;   T � �:�S�Õ j7 ; Y Ë¦�P  T Â � b

Case 2: Sequential aggregation
Suppose flow  takes Í hops of GR servers and there areq aggregation regions along the path, each between   � and¡ � ( ³ ��tM�`q ). The guaranteed rate for aggregate flow 4 �

is
- � , which starts from router   � and ends at router ¡ � . If³ �¿ .� ¹ ¡·�F�À ·è ¹ ¡Mè°� �Á�@� �Á §¦ ¹ ¡Â¦ �ÌÍ
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(i.e., the aggregation regions are sequentially placed), and each
aggregation region between   � and ¡ � satisfies×�¨ j < > ? A#B � 687:9ª© j < > ? A#B	Y ¨ j¦�   © j ¾ T

� ���S�mÕ õn7 �Y Ö j¦�   o j
� ���S�Õ õ7 � Y ¨ j¦�P  © j Â � I

where q[� and ß©� are the levels of aggregation in the t )+*
aggregation region, then the e2e delay Ç�% " satisfiesÈ ? A � ü 687:9 T < > ? A#B ~ Q T < > ? A#B ý Y Ë¦ ;   ñ

� �:�'�mÕ jn7 ;Y o¦ ;   T Ö j¦�   o j
� �:�S�Õ õ7 � Y Ë¦�P  T Â � b

The proof of the two cases are similar to those of Lemmas 5
and 6, respectively. Note that the aggregator and deaggregator
for aggregate flow 4 � do not schedule packets on 4·� . They
schedule packets of the constituent flows of 4 � instead. With
these two cases, the theorem is proven, since any kind of
multiple aggregations is built by combining the recursive and
sequential aggregations.


