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if there is enough available bandwidth along the entire
Abstract path.

We investigate the preservation of quality of service Due to the reservation of bandwidth, the network can
guarantees to a flow of packets in the presence of flow agprovide service guarantees to each flow, such as end-to-
gregation. In flow aggregation, multiple flows, known as end packet delays, provided the rate of the flow does not
the constituent flows, are merged together resulting in aexceed the agrdeupon rate. These service guarantees are
single aggregate flow. Packet schedulers located after thef particular importance to real-time applications, such as
network point where the aggregation occurred are awarédnteractive audio and video [6].
of the aggregate flow, but are unaware of its constituent In this paper, we investigate the effects of aggregating
flows. In spite of this, we show that quality of service may multiple flows, known as the constituent flows, into a
be guaranteed to the constituent flows provided the agsingle aggregate flow. Once the aggregation is done, the
gregation is performed fairly. Furthermore, contrary to in- remaining schedulers along the path will have no knowl-
tuition, the quality of service guarantees of a flow may be edge of the constituent flows of the aggregate flow, and
better under flow aggregation than in the case where nawill treat the aggregate flow as a single flow whose rate is

aggregation is performed. the sum of the reserved rates of the constituent flows.
One practical implementation of flow aggregation is
1. Introduction virtual paths in virtual circuit networks [13]. Multiple

Consider a computer network that consists of a set Ofwrtual circuits may be combined into a single virtual

computers interconnected with point-to-point communi- path._ScheduIers along the virtual path are aware o nly of
cation channels. the virtual path, and are unaware of the virtual circuits

A flow in the computer network is a potentially infinite that constitute the virtual path. Thus, a virtual circuit may

sequence of packets generated by the same source ar?& viewed as a constituent flow, and a virtual path may be

having the same destination in the network. viewed as an aggregate flow. L . )
Each output channel of a computer is equipped with a . The purpose of flow aggregation is to improve the effi-

scheduler process, as shown in Figure 1. From the inpuf)'fefrll(;?llvsOlc g;f 2§2ﬁ1dlj|:gerf3jf?e(jr trz;r:p(!z;:figz{lmagﬁ?;gm
channels, the scheduler receives packets from flow : P'e, 9 P '

whose next hop to the destination is the output channel o ecause only one queue per aggregate flow is required,
the scheduler. rather than one queue per constituent flow. Furthermore,

Whenever its output channel becomes idle, the schegerouting an aggregate flow in the event of a failed chan-

uler chooses a received packet and forwards the packet tBeI along its path is much more -eff|C|ent than rerouting
each of the constituent flows individually.
the output channel. In this paper, we examine if it is possible to provide
One type of schedulers, known as guaranteed-rate paper, P P

schedulers, guarantee that the packets of each flow will bé]ual_lty of service guarantees to the constituent flows. In
forwarded at a designated rate. Examples of thes articular, we consider end-to-end delay guarantees. We

scheduling protocols can be found in [17,18]. show that, if the aggregation of flows is performed fairly,

In all of these schedulers, the following steps are takenthen an upper bound on end-to-end delay is guaranteed

to reserve bandwidth for a new flow. First, the network for the constituent flows, even though schedulers are un-

finds a path from the source of the flow to the destination tauvi\;?c:r? CEL;hise ger\tl)vsl'Jr:/(\j/eor?i?];_Tgfgntgzﬁélgon;atrﬁletiégz
of the flow. Then, the network reserves for the flow a ’ PP Y

fraction of the bandwidth of each output channel along .St'ttl;]em rowshmay bdower undt_er ﬂ.OW a%grege:jtlon than
the path. The new flow is admitted into the network only I the case where no aggregation Is performed.
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Figure 1: A computer with input channels and output
channels.
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input channel The goal of the scheduler is to forward the packets of
each flow f at a rate of at least R.f. To prevent over-
reservation of bandwidth, the following constraint is

necessary.

(+f:fisaninput flow of s: R.fx C

The paper is organized as follows. In Section 2, we re-where C is the bandwidth of the output channel of s.
view the concept of rate-proportional schedulers, which ~We define therate-proportional deadlineD.s.f.i, of
will be the foundation for computing end-to-end delays. the ith packet received from flow f at scheduler s as
In Section 3, we define flow aggregation and present ex-follows.
amples. In Section 4, we identify the property that the 3) p.sf.0=A.s.f.0+LLORf
aggregation must satisfy in order to preserve a low end- p) p s f.i = max(A.s.fi, D.s.f.(i-1)) + L.Li/R.f, i > 0.
to-end delay. In Section 5, we show how to implement

schedulers that satisfy this property. Future work is given N €ssence, the rate proportional deadline of a packet is
in Section 6. the time at which the packet would exit a constant rate

server whose rate is R.f bits/sec. and whose sole input is f.
A note on notation: throughout the paper we use quan-  We say that a scheduler s israte proportional

tifications of the form scheduler[2,7] with scheduling constamwt.s, a.s > 0, iff,
(O x:R(x) : B(x)) for all f and i,
Above, 0 is a commutative and associative operator, such E.sfisDs.fi+as

as +, -, max, mind (conjunction), ord (disjunction). That is, each packet will exit the scheduler no later than
R(x) is aboolean function defining the range of values for its rate-proportional deadline plass.

the dummy variable x, and B(x) is a function defining the  Many protocols in the literature, such as Virtual Clock,
value given as an operando For example, Self-Clocking Fair Queuing, Weighted Fair Queuing,
Time-Shift Scheduling, among others, have been shown
to be rate-proportional schedulers [1, 4, 12, 15, 16, 14].
denotes the minimum of 122, and 3. If R(x) is omitted,  Thus, all these schedulers guarantee a deadline to each

(Mminx: 1< x<3:%)

all values in the type of x are included. packet that is independent of the arrival patterns of
_ packets from other flows, and depends solely on the
2. Rate proportional schedulers arrival patterns of packets from its own flow.
We adopt the following notation for a flow f. The following theorem has been shown independently
) o and using different proof techniques in [2] and [7].
*R.f forwarding rate (in bits/sec.) reserved for flow f.
ep.fi  ith packet from flow f. Theorem 1
o Lfi packet length (in bits) of packet p.f.i. Let the path of flow f have k rate-proportional schedulers,
*L.fmax upper bound on packet length for flow f. t, 2, ..., k k>1.Then,
*Lmax upper bound on packet length for all flows. E.t.f.i < D.tg.fi + (k-1)-L.fnayR.f +
We adopt the following notation for a scheduler s. (+irlsj=sk:og)
« A.s.fi arrival ime into s of packet p.f.i. D.ti.f.i < D.tp.fi+ (k-1)-LimaxR.f +
« E.s.f.i  exit time of packet p.fi, i.e.,, when the output (+jrlgj<k:a.y)

channel of s finishes forwarding packet p.f.i. .
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Therefore, the end-to-end delay of the packets of a flowe. The level of g is one, and the level of d is two.
is composed of two parts: the delay encountered due to th&urthermore, d is the root of g, e, f, and h.
burstiness of the flow, which is represented by the.D.t Thereserved rateR.g of aggregate flow g is the sum of
term above, and an extra delay ofaf/R.f + a for each the reserved rates of the immediate constituent flows of g.
hop in the path of the flow. The latter delay is non-trivial, '"US, inductively, the reserved rate of aggregate flow g is

and may be significant for flows with long paths to their th_e sum of the rates of all the simple flows which are con-
destinations. stituents of g. In the example, R.d = R.g + R.e, and R.g =

R.f + R.h.
3. Flow aggregation At a scheduler, the rate proportional de_zlay of each
packet of aggregate flow g is calculated in the same
We next introduce the new concepts of simple and ag-manner as if g were a simple flow with reserved rate R.g.
gregate flows. As mentioned in the introduction, the objective of this
A simple flowis a potentially infinite sequence of paper is to investigate the possibility of aggregating mul-
packets generated by the same source and having thgple flows into a single flow, and determine if the quality
same destination in the network. That is, the flows of service provided to the constituent flows is maintained

considered in earlier sections were simple flows. by the scheduler, even though the scheduler is only aware
An aggregate flow of level k is a sequence of packets of the aggregate flow and not the individual constituent
with the following additional properties: flows.
a) Ifk = 0, fis a simple flow. Thus, the input to a scheduler is now a set of aggregate

b) If k > 0, then f is the merging of the packets from at flows. For each aggregate flow g, the scheduler is
least two aggregate flows of level less than k, of unaware of the constituent flows contained by g. It simply
which at least one is of level k - 1. schedules the packets of g as if g were a simple flow with

reserved rate R.qg.

A scheduler which receives as inputs a set of aggregate
flows and produces as output a single aggregate flow
whose immediate constituents are the input aggregate
flows is called araggregator.

A separatoris a process that receives as input an

If the packets of aggregate flow f, where §, are also
packets of aggregate flow g, then f i€@nstituentof g.
Aggregate flow f is ammmediate constituerdf aggregate
flow g if f is a constituent of g and the level of g is one
greater than the level of f. We say that flow g is ribet

of flow f if f is a constituent of g, and g is not a con- . )
stituent of any other flow. aggregate flow, and produces as output the immediate

For example, consider Figure 2, where f, h, and e areconstituents of the input flow. We assume a separator

simple flows, i.e., aggregate flows of level 0. Assume fintroduces no additional packet delay. Separators are the

and h are aggregated together to form aggregate flow g?nly processes which are aware of the immediate

and also g and e are aggregated together to formconstitu_ents of an aggrega_te flow. . i
aggregate flow d. Then, the immediate constituents of g Consider for example Figure 3. In Figure 3(a), the first

are fand h, and the immediate constituents of d are g an&ompqter receives two input flows, T and h. _These flows
are given as input to an aggregator, which produces



aggregate flow g. Flow g is then the input to the computer
in Figure 3(b), and is aggregated with flow e to produce \f“
flow d. Flow d and another input flow, c, are given as
input to a scheduler, which forwards these two flows
(without aggregating them) to the output channel.

Then, flows ¢ and d traverse multiple computers until
they arrive to the computer in Figure 3(c). Here, flow d is
separated into its constituent flows, e and g. The Figure 4: Fair Aggregators
destination of flows ¢ and e is this computer, so they are

POt f(()jrvxéa;detrj] further(.j H_owgver, f'?W 9 must_ be as soon as they arrive, it is possible that they will cause a
orwarded further to its destination, so it s given as input significant increase in the queue of g at the scheduler.

_to a scheduler. The scheduler forwards flow g and anOtheICI'hen, if packets from f are received and forwarded to the

'nptjt flow b t_o thhe outpﬁt cfhannbell,c and rS]O %n' . fscheduler, they will be placed at the end of the queue of g.
ater on in the path of g, be ore the estlnatlpns 9 Thus, the next packet forwarded from flow f will not exit

flows f and h are reached, flow g will be separated into itSihe scheduler until the queue of g empties

constituent flows f and h. The above is undesirable, since itlates the quality of

Several points are worthy _Of being stressed. First, theservice guarantees of flow f. That is, if the scheduler were
root of a flow may change as it traverses the network. For

4 . aware of flows f and h, the next packet of f would ex-
example, flow g is the root of flow f when g is between

i f+a.
the computers in Figures 3(a) and 3(b). However, when erience a delay of at most jpdyR.f + a. Therefore, the
is aggregated into flow d in Figure 3(b), the root of f aggregator must not forward packets from h at a rate

becomes d. Then, after d is separated into e and g jgreater than R.g when no_packets fromfare_present.
Figure 3(c), g is once again the root of f. Assume now that both input flows are gexterg pack-

Note als’o that the level of a flow does not change as jfets at a rate greater than their reserved rate. Assume the
traverses the network. E.g., the level of flow g is 1 and theaggrega’_[or forwards packets from f at a rate of exactly
level of fis O throughout the network. In addition, a flow R.f, but it forv_vards the _pacl_<ets f.“’f“ h at a rate greater
is always separated only into its immediate constituents.than R.h. Notice that this still satisfies the definition of a
For example, flow f cannot be separated from flow d rate-proportional scheduler, since the packets of f will exit
since flow f is not an immediate constituent of flow d. the aggregator by their rate-proportional deadline.

Finally, in some cases, flows will be aggregated and Also_in Fhis case, ?t Is possible that the queue of g will
then directly forwarded to the output channel (Figure grow significantly, since packets of g arrive at a rate

3(a)), while in other cases, flows will be aggregated anggreater than R.g =_R'f *+ R.h. Thus, the packets of f_ will
then given as input to another scheduler before bein e delayed excessively at the scheduler, because in the

forwarded to the output channel (Figure 3(b)). In the queue of g there is an excessive number of packets of h in

latter case, both the aggregator and the next scheduler a'téetween any two packets of f.
in the same computer. The aggregator may be viewed as To prevent the ab_ove, the aggregator S.hOUId forward
having an output channel of infinite capacity, that makespackets from fand h in a fair manner. That is, the ratio of

. . bits forwarded from h to the number of bits forwarded
the packet forwarded by the aggregator immediately .
available to the next scheduler. from f should be kept as close as possible to R.h/R.f.

The above desired behavior for an aggregator is
captured succinctly by the following definition.

4. Fair aggregators

W dd h f behavior that i d c{)eﬁnition 1
€ now adadress t e type of be avior t_at IS NEEAEq ¢t 5 pe an aggregator, f be an aggregate input flow of s,
from an aggregator in order to retain quality of service

. and g be the aggregate output flow of s. Let g be an input
guarante_es to the constituent flows even though theﬂow of scheduler t. Furthermore, let packet p.f.i = p.g.j,
succeeding schedulers are unaware of them. i.e., the ith packet of f is the jth packet of g. We say that s

Consider Figure 4. The scheduler is not aware that g . e .
is afair aggregator iff s is a rate-proportional scheduler,
consists of two flows, f and h. Thus, the scheduler only ggregator prop

guarantees that it will forward the packets of g at a rate of

R.g, where R.g = R.f + R.h. D.tgjsD.tfi+p.s
Assume that packets from h arrive at a rate greaterfor some aggregating constdhs.

than R.g, and no packets are received from flow f. If the

aggregator simply forwards these packets to the scheduler



Thus, the rate-proportional deadline of a packet From Theorem 1 and s being a rate-proportional
increases by at mofs when the flow of the packet is scheduler,

aggregated _with other flows. Furthermore, since an D.tfi<D.sfi+ LinadRf+a.s
aggregator is a rate-proportional scheduler, packet p.f.i o
exits aggregator s no later than time D.s.fi.s. From definition of an aggregator,

We will see next how this ensures an upper bound on D.t.g.j<D.tfi+p.s

end-to-end delay similar to the upper bound when flows . . . L
: : Since p.f.i = p.g.j, from the assumption in the theorem,
are not aggregated. We first consider the case when a :
: . . and the above two relations
simple flow goes only through a single aggregator, i.e., _ _ _
the level of the root flow is at most one. We then consider E.u.f.i=E.u.g.gD.t.g.j+¢
the more general case when the root may have any level. <Dtfi+Bs+¢

Theorem 2 <D.sfi+ LipafRf+a.s +p.s+d

Let f be an input flow of a fair aggregator s with schedul-  Thus, the schedulers from s up to u, from the point of
ing constanto.s and aggregating constais. Let g be  flow f, may be viewed as a single rate-proportional sched-
the output flow of the aggregator, and let g pass through kuler whose scheduling constant equals
rate-proportional schedulerg, tp, ..., k. Then, LfmaxR.f+0a.s +B.s+

E.t.f.i<D.s.fi+ LimaYR.f+ (k-1)-L.gnaxR.g + From Theorem 1, we obtain the desired result.

Bstas+(+x:lsxsk:at) D.v.fi < D.sfi + 2-LnafR.f + 0.5 +B.S +0
Proof: .
Consider a packet p.f.i of f. Assume that p.f.i = p.g.j,

i.e., the jth packet of g is the ith packet of f. From the
definition of a fair aggregator

Corollary 1
Let f be an input to a fair aggregator s with scheduling
constanta.s and aggregating constafis. Let g be the

D.t1.9j<D.tp.f.i+B.s output of the aggregator, and let g pass through k rate-
Since the aggregator is a rate-proportional schedulerProportional schedulersytt, . .., k. After , fis sepa-
and from Theorem 1, rated from g and is given as input to scheduler v. Then,
D.t1.9j < D.tp.fi + B.s < D.sfi + LinadRf + D.vfi< D.s.fi + 2:.L.fjpayR.f + (k-1)-L.gna¥R.g +
a.s +B.s Bs+as+ (+x:1l<x<k:a.ty)
From Theorem 1, Proof
E.tx.g.j< D.t1.0.j + (k-1)-L.gna¥R.g + Let p.g.j = p.f.i. From Theorem 1,
(+x:1sx<k:a.ty) E.k.9.j<D.t1.0.] + (k-1)-L.ghayR.g +
Combining the above two relations, (+x:lsxsk:a.ty)
E.t..g.j < D.s.fi + LinadR.f + (k-1)-L.gnayR.g + From Theorem 3 (replacing t by and u by ).
Bs+a.s+ (+x:lsx<k:a.l) D.v.fi< D.s.fi+ 2-LfnaydR.f + (k-1)-L.gnayR.g +
¢ Bs+a.s+ (+x:1sx<k:o.ty)
Theorem 3 ¢

Let f be an input to a fair aggregator s with scheduling The crucial point of thetmve theorems is that glity
constanta.s and aggregating constais. Let g be the  of service may be provided to a flow even though it is ag-
output of the aggregator, and p.f.i = p.g.j. Let g passgregated with other flows. In particular, when flow f is
through multiple schedulers, the first one being t, and theaggregated into flow g, the end-to-end delay of a packet
last one being u. Also, assume p.f.i increases by Liga¥R.g + 0.tk after each scheduler

E.u.g.j< D.t.g.j+o¢ ty along the path. On the other hand, if flow f is not
If after u, flow f or flow g is given as input to scheduler v, 299regated, its delay increases bypefR.f + or.tx.
then Note that R.g > R.f, and assumephgk = L.Omax

Then,the delay using flow aggregation may actually be
smaller than the delay when flow aggregation is not used.
Proof Thus, this vyields the counter-intuitive result that

D.w.fisD.s.fi+ 2:-L.fpafR.f+0.s +B.s +¢



aggregating flows may reduce the packet delay incurred
due to long network paths, even though the scheduler isC__>scheduler q@B» aggregator O separator
unaware that an input flow is an aggregation of multiple

flows. f f g g
_»& >C D
Notice, however, that the delay increaseglsy due to S
the fair aggregator. However, s is not very large, and t 2 t3

the number of schedulers after the aggregator is signif- h h
icant, the overall effect may be a reduction in packet delay©<—<><—©(—.(—‘
when compared to the case of no aggregation. te tg ty

We next consider the general case when the root of a
flow may have any level.

Figure 5: Calculating exit times and delays.

Theorem 4
Let f traverse k schedulerg, tto, . . . , k, k= 2, any of

which may be an aggregator. Then, for anyd,ip

aggregated into flow g at aggregatgr &nd flow g is
aggregated into flow h at aggregatgr t
We next calculate Eff.i, D.tg.f.i, E.tg.f.i, D.tg.f.i.

Egfi<D.afi+ (+x:1sx<k:LixmadRx) + First notice that since there is a separator aftethen g
(+x:Exsk:aty)+ equals g, and not h. Thus, from Theorem 4,
(+x:Ex<k:B.t) E.tafi < D.ty.fi + 2-LinadRf + L.gmayR.g +

D.tifi < Dtpfi+ (+ x: 1 x <k-1: LkmaxR.Ix) a.fy +otz Fatg+ oty + B

+LfadRf+ (+ x:1sx <k:o.ty) + D.tg.f.i < D.tg.f.i + 3:-L.inaR.f+o.ty +a.tp +
(+x:Ex<k:B.ty) a.tg + B.to
where E.tg.f. < D.t.fi + 2-LinayR.f + 3-L.gnayR.g +

a) Iy is the root flow of flow f when f is the input to
tx, provided f does not go through a separator
betweeny and §+1,

o.tp +a.tp +a.tz3+a.tg +a.tg +a.tg +
Bta+PB.tg

D.tg.f.i < D.tg.f.i + 3:-L.fimayR.f + 2:-L.gnayYR.g +
o.tp +to.tp+atz+a.tg+a.tg +
Bta+PB.tg

b) ry is the root flow of f when f is the input t4t,
provided f goes through at least one separator
betweeny and §+1, and

c) B.tx=0ifty is not an aggregator. 5. Basic fair aggregators

In this section, we provide a simple and
straightforward technique to construct fair aggregators.

In the previous section, we mentioned that if flows f
. and h are aggregated into a flow g, then the aggregator
L.rxmaxR.Ix + a.ty + B.ty at ez_ach hop, wherg fis the should not forward packets from flow f faster than R.g if
root of flow f at schedulert Without flow aggregation,  ihere are no packets available from flow h. In addition, if
the delay would increase by é/R.f +a.tx. packets from both flows are available and the aggregator

Note that it will often be that Ri>>R.f, and hence, a forwards packets at a rate faster than R.g, then the
much lower end-to-end delay is possible using flow packets of both f and h should be forwarded in relative

aggregation, provided lgfax = L.rymax Note also that ~ proportion to their rates.

the end-to-end delay increasesfbty for each aggregator hLet gl be the Ouftplﬁt flow of the %ggéeg:to_r, alnd thﬁ
tx. This is not significant if there are several network channel capacity of the aggregator be C. A simple tech-

nique to construct an aggregator that satisfies both of the
hops between aggregators, and furthermpr, can be  5p4ve requirements is the following. Consider &tfiis

very small. For example, we show in the next section howrate-proportional scheduler whose output channel has ca-
to construct a fair aggregator whose aggregating constanpacity R.g and has the same input flows as the aggregator.
B is small, namely, faax/C. The aggregator forwards the packets in the same order as
We next present an example of the application ofthe fictitious scheduler. However, after the aggregator
Theorem 4. Consider Figure 5. In this example, flow f is forwards a packet of length L, the aggregator does not

14

The proof of Theorem 4 is deferred to the full paper
due to space restrictions.

The end-to-end delay of a packet of flow f increases by



forward another packet until L/R.g seconds later, even For the induction step, we are given that

though the pacl_<et takes only L/C seconds to transmit. D.t.g.(k-2) - At.g.(k-1 L.g.m/C - L.g.(k-1)/C
We call a fair aggregator constructed from thewve ) o o
technique ebasic fair aggregator. Note that the above Again, from the definition of a basic fair aggregator,
actually defines a whole family of basic fair aggregators, Atgke Atg.(k-1) - L.g.(k-1)/C +
one family member for each possible type of rate- L.g.(k-1)/R.g + L.g.k/C

proportional scheduler emulated. E.g., we could define a
Virtual Clock basic fair aggregator, a Weighted Fair
Queuing basic fair aggregator, etc..
Note that the first of the two requirements is met since D-.t.9.(k-1) - A.t.g.ks D.t.g.(k-2) + L.g.(k-1)/R.g -
the packets are forwarded at a rate of R.g. In addition, (Atg.(k-1) - L.g.(k-1)/C +
since the aggregator does not forward packets at a rate L.g.(k-1)/R.g + L.g.k/C)
greater than R.g, the second requirement is irrelevant. From the hypothesis, D.t.g.(k-2% A.t.g.(k-1) +
Finally, since the aggregator forwards packets in the same g.m/C - L.g.(k-1)/C. Thus,
order as a rate-proportional scheduler with output channe
capacity R.g, then the aggregator is also a rate-proporb't‘g'(k'l) -AtgksAtg.(k-1) + L.g.m/C-
tional scheduler with the same scheduling constant. L.g.(k-1)/C + L.g.(k-1)/R.g -
We next prove that a basic fair aggregator satisfies the L(Agt(lgf)(/li)g iﬁékk}g:/)c *

fair aggregator property. We begin with a lemma.
Finally, reducing we obtain,

Since D.t.g.(k-1) = D.t.g.(k-2) + L.g.(k-1)/R.g, we
have,

Lemma 1
Let g be the output flow of a basic fair aggregator, and D.t.g.(k-1) - At.g.ks L.g.m/C - L.g.k/C
t be the scheduler after the aggregator. For allk, k >0, ¢
D.t.g.(k-1) - A.t.g.k &< LijayC Theorem 5
Proof Let v be a rate-proportional scheduler with scheduling

We need only to consider D.t.g.(k-?) At.g.k. Let constanio.v and output channel rate R.g. Let s be a basic

p.g.i, . .., p.gk i <k, be a sequence of packets of flow gfair aggregator with output flow g and output channel
such that D.t.g.i = A.t.g.i + L.g.i/R.g, and for each j, i <j capacity C (R.¢c C), and s emulates v. Then,
<k, a) s is a rate-proportional scheduler

D.t.g.j = D.t.g.(-1) + L.g.j/R.¢ b)a.s =a.v

c)B.s= C
That is, A.t.g.< D.t.g.(j-1). Let p.g.m, € m < k, be the )P L
largest packet in the sequence. We will show that Proof
Because s forwards each packet after L.p/R.g seconds
D.t.g.(k-1) - Atg.ks L.g.m/C - L.g.K/Cs LmaxC elapse from forwarding the previous packet p, and the

The pI’OOf is based on induction on k. Consider k = i+1 output channel rate of v is R.g, then each packet p is
for the base case. Packet p.g.i is chosen for transmissiofbrwarded by s at exactly the same time it is forwarded by
at the aggregator L.g.i/C seconds before arriving at t, and,. Furthermore, since R.g C, p will exit the output
from the definition of a basic fair aggregator, p.g.(i+1) channel of s no later than the exit time of p in v, and thus
begins transmission at the aggregator at least L.9.i/R.G js also a rate-proportional scheduler, argi=a.v.
seconds after p.g.i is chosen for transmission, and arrives | et t be the scheduler after s, f be an input flow of s,

tot L.g.(i+1)/C seconds later. Thus, and p.f.i = p.g.k. |
A.t.g.(i+1)= A.t.g.i - L.g.i/lC + L.g.i/IR.g + L.g.(i+1)/C If k=0, then alsoi=0, and
We are given that D.t.g.i = Att.g.i + L.g.i/R.g, and D.tg.0 = A.tg.0+Lg.0/Rg
hence, = Atf0+L.fO/R.Q
D.t.g.i- Atg.(i+1)< Atg.i+ L.g.i/R.g - < ’S'tt":;%* LEORT
(At.g.i-L.gi/lC+L.gilRg+ B e
L.g.(i+1)/C) If k> 0, then from Lemma 1,
Eliminating terms, D.t.g.(k-1) - A.t.g.k€ LmaxC
D.t.g.i- A.t.g.(i+1)< L.g.i/C - L.g.(i+1)/C Since D.t.g.k = max(D.t.g.(k-1), A.t.g.k) + L.g.k/R.g

Since L.g.i< L.g.m, we obtain the desired result. and the above,



Note that for any packet p.fi,

D.t.g.k< At.g.k + L.g.k/R.g + I}a¢C

Since R.g > R.f, and p.g.k = p.f.i,

D.t.g.k < Atfi+ LLI/RF+ LmaxC
D.tf: Atfi +

L.f.i/R.f. Thus,

¢

D.t.g.k < D.t.f.ii + LinaydC

Thus,B.s = Lina¥C.

Note that if the aggregator is internal (as in the case of

aggregator 2 in Figure 3) then &% andp.s = 0.

6. Future work

(8]

El

(10]

(11]

(12]

(13]

The advantages of flow aggregation are simplified [14]

scheduling and management of flows, and in some cases,
a reduction in the end-to-end delay. The disadvantage is

that an aggregate flow may only be separated into its

immediate constituents. In the full version of the paper, [15]

we will present a more flexible way in which flows may

be aggregated and separated.

[16
Some scheduling protocols (e.g., [5,19] among others)

guarantee to each flow f a per-hop delap.ff chosen by

the source of f, rather than the usual per-hop delay of

L.fma¥R.f. This is accomplished by enhancing the [17]
scheduling algorithm to take into consideration thie

per-hop delay, and accepting a new flow only if it passes a
schedulability condition. In the full paper, we will show

(18]

how a more flexible delay of this type can be guaranteed[lg]
to a flow even in the presence of flow aggregation.
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