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Abstract— A computer network consists of a set of computing than to use one component with twice the capacity. In addition,
nodes interconnected via communication channels. It is com- parallel channels improve fault-tolerance.
monly assumed that, for each pair of network nodesu and Another technology that provides multiple channels between
v, there is at most one channel fromu to v. However, it is d is th tablish t of light-naths i divisi
often desirable to have multiple channels between nodes. That no e_s IS the esta |s_men of light-paths In wave- 'V',S'On
is, for every pair of network nodes v and v, there may be muItlpIexgd (WDM) thlca| n9tW0rk5_- Although the establish-
multiple channels from u to v. In this paper, we consider the ment of light-paths is usually semi-permanent, recent work
problem of providing deterministic quality of service guarantees allows the establishment of light-paths on-demand [14]. If
when there are multiple channels between nodes. We showinere is g significant load between two nodes in the network,

that any packet scheduling protocol that operates over a single ., . . . . .
channexll (?an be modified Ei’]opoperate over l:r)nultiple channels.gln it is possible that a single light-path may not provide enough

addition, this transformation increases the packet delay through Capacity between these nodes. In this case, additional light-

the node by only a small amount. However, having multiple paths may be established between them (for more examples

channels between nodes may cause packet reorder. This reorderof multi-channel systems, see [4].)

significantly increases the upper bound on end-to-end delay. We  paged on the evidence presented above, it is likely that

show how this increase in delay is avoided through the use of . . . .

efficient sorting techniques. mulﬂp_le cha_nnels betw_een_nodes will continue to exist. Ther_e-
fore, if quality of service is deployed on a global scale, it

will likely encounter network nodes with multiple channels

between them. Hence, the problem of scheduling packets over

multiple channels must be studied.

A computer network provides quality of service if there is an The first packet scheduling protocol that provides determin-
upper bound on the delay of packets through the network. Thésic quality of service over multiple channels is presented in
delay bound can be either probabilistic or deterministic. In thj4]. The scheduling protocol assigns timestamps to packets
paper, we focus on deterministic delay bounds. Researchinrthe same manner as weighted-fair-queuing [18], [21], and
packet scheduling protocols that provide deterministic del@ackets are forwarded to channels in order of increasing
bounds flourished in the previous decade (for a survey, s@mestamp. However, no other scheduling protocols were con-
[27]). Many of these protocols are based, one way or anothsitlered, and the end-to-end delay over a series of nodes was
on earlier work on task scheduling. In particular, they are baspdt determined.
on the techniques given in the landmark paper of Liu and In [10], we presented general techniques to develop schedul-
Layland on periodic task scheduling [19]. ing protocols for nodes with multiple channels. However, the

In [19], all tasks share a single resource. However, techniques were restricted to the case where all channels
the last few years, there have been breakthroughs in tfea node have equal capacity. In this paper, we generalize
scheduling of tasks ovemultiple resources [1], [2], [20]. the techniques to allow channels of different capacity. In
Even though task scheduling over multiple resources has bgumticular, we present two techniques to transform a scheduling
successful, there has been little work on packet schedulipgptocol that operates over a single channel into a scheduling
over multiple channels between network nodes. This is dpeotocol that operates over multiple channels. In addition, we
in part to the belief that multiple channels between nodesdsnsider the end-to-end delay of packets through a series of
either impractical or uncommon. However, there is significanbdes with multiple channels. We observe that the packet
evidence to the contrary. reorder caused by multiple channels may significantly increase

In a recent paper [3], it was argued that packet reorderingtiee end-to-end delay. We show how this increase in delay can
not a “pathological” problem, but rather a normal occurrencbe prevented through the use of efficient sorting techniques.
That is, packets are reordered not only due to route changes
(which are rare), but also due to parallelism in the network. Il. MULTI-CHANNEL SCHEDULERS
One reason for this parallelism is the aggressive deployment ofn this section, we define our network model and protocol
parallel channels between nodes. As stated in [3], in a survegtation. We begin with the usual network model where there
of 38 major service providers in 1997, only two had no parallé& only a single channel between nodes. We then extend our
channels between their nodes. One reason for parallel chanmetglel to multiple channels between nodes.
is that they often reduce equipment and trunk costs. That is, itA networkis a set of computers interconnected by point-to-
is often more cost effective to use two components in parali@bint communication channels. The network may be viewed

I. INTRODUCTION
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as a graph, where each computer is a node in the graph and ——> channel
each channel is a directed edge in the graph. Thus, we use
the terms computer and node interchangeably. A network is
a single-channel networlkf, for every pair of nodesu and
v, there is at most one channel fromto v. Nodesu and v

are neighborsiff there is a channel from: to v or there is a Xy
channel fromv to u. \/

A flow is a sequence of packets that traverse the network, <_f,x_ %
starting at the source node of the flow and ending at the
destination node of the flow. A network may be traversed by 78 fg

multiple flows. The network path of each flow is fixed, and
network resources are reserved for each flow. This reservation
of resources ensures a bounded end-to-end packet delay.
In a single-channel network, every output channel in a node
is equipped with a scheduler. From the input channels of @
the node, each scheduler receives packets from flows that
traverse the output channel of the scheduler. The scheduler
then chooses the transmission order and transmission time of
these packets over its output channel. input X
As an example, consider Figure 1. Figure 1(a) shows a channel | ™
network with five nodes. There are four flows in the network,
f, g, =z, and Y- Each channel is labelled with the_ rows_ output output
that traverse it. Figure 1(b) shows the center node in detail,
) . . channel channel
including the scheduler of each of its output channels, and th
path through the node taken by each of the four flows. fx gy
We say a packet iorwardedto the output channel when its g
first bit is transmitted over the output channel. We say a packet f
exitsa scheduler when the last bit of the packet is transmitted
by the output channel, and hence, the output channel becomes
idle at this moment. To simplify our discussion, we ignore
channel propagation delays, since they simply add a constant
delay to each packet. We say a schedulewdsk-conserving
if it does not allow its output channel to remain idle while its (b)
gueue is non-empty.
We adopt the following notation for each floyvand each Fig. 1. Output channels and their schedulers.
schedulers along the path off.

input | g
channel |

Ry rate (bits/sec.) reserved for floyu
pri " packet off, i > 1.

L¢; length of packep; ; (bits). output channels: . . _
LT maximum of L, ;, wherel < j < . A scheduler is said to be aulti-channel scheduleif

Lfrifm maximum packet length of all flows at it manages multiple output channels, or single-channel
° schedulerif it manages a single output channel.

As ¢ arrival time ofps; at schedules. ) )
E,s; exittime ofps, from s. For a multi-channel scheduler, we adopt the following

C, output channel capacity (bits/sec.) of scheduler notation.

We next enhance the network model to include multiple Ns numbgr of ﬂ‘gtp“t channels managedspy

channels between nodes. Csi - CApacity ofi™ output channel of, 1 < i < N;.
A multi-channel networks a network in which there exists minimum Chjmfl capacity of, i.e.,

a pair of nodesy and v, such that the number of channels .. mm.{c“' [1<i< N} . :

from « to v is greater than one. An example of a multi-channel €s maximum channel capacity of i.e.,

network is shown in Figure 2(a). It is similar to the network in maz{cs,; | 1_ <1< N} ) N

Figure 1(a), except that there are two channels between each Cs  total capacity of scheduler, i.e., 3,7, ¢si-

pair of nodes. Figure 2(b) shows the center node in detail. We assume that each scheduler forwards the packets of
All output channels that lead to the same neighboring nodach flow in the order in which they are received. However,

are managed by a single scheduler. Therefore, all packets witite that packets from a flow may be reordered along their

a common next-hop node have a common scheduler. Becapath to the destination. To illustrate this, assume that multiple

all output channels of a scheduler lead to the same node, theput channels of a scheduler are idle. In addition, assume

scheduler distributes the packets of each flow among all ttsat packetgy ; andpy ;1) are forwarded to a pair of idle
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——> channel ¢ E capacity = G
g
h —>
X,y L capacity = Cs= G
. oy ¢ capacity = o
< ) g
< > h —>
f.g
Fig. 3. Multi-channel emulation of a single-channel scheduler.
@ _ _ _
have been developed [27]. The obvious question to ask is
. if existing single-channel schedulers can be transformed into
d:;ﬁ:;s multi-channel schedulers. In this section, we present a simple

technique by whichall single-channel schedulers can be

transformed into multi-channel schedulers.
Consider Figure 3. In this figure we have three schedulers.

Schedulert is a single-channel scheduler. Scheduteis a
single-channel scheduler whose output channel has infinite
capacity and whose input flows are the same as those of
y ay t. Schedulers is a multi-channel scheduler whose output

capacity equals the output capacitytof
scheduler The behavior of these schedulers is as follows. Scheduler
g/Y ay r forwards each packet at exactly the same time at which
the same packet is forwarded by Because the capacity of
r is infinite, oncer forwards a packet, the packet is received
f.g f.g immediately bys. Notice that after forwards a packet of size
L to s, it may not forward the next packet until at ledstC;
seconds later. Thereforejs not work-conserving. Finally is
input work-conserving. It simply queues the packets received from
channels r, and it forwards these packets in FCFS order to its output
channels. Schedulertreats all its output channels alike, even
(b) though their capacity may not be equal. Thus, if a channel
becomes idle, and the queue ©fs not empty, then the next
Fig. 2. Multiple output channels per node. packet from the queue is forwarded over this channel. In a
sense, schedulersand s emulate the behavior of scheduter
except that the packets are distributed over multiple channels.
We next compare the behavior of these two systems.
channels at the same time. &f;; > Ly 11y, thenpy ;i1 Theorem 1:Let ¢t be a single-channel scheduler with ca-
will arrive to the next node earlier thary ;, and hence, these pacity ;. Assume a single-channel scheduteras an output
two packets become reordered. channel with infinite capacity, andhas the same input flows
Due to reorder, we say a flow is derivedfrom flow f if ast. Let » forward packets in the same order asnd at
both flows have the same set of packets. That ig, éind f €xactly the same time as Assumes is a work-conserving,
differ, then they differ only in the order of their packets. ~ FCFS, multi-channel scheduler such tiat = C;. Let the
When the packets of a flow are received at a node, ti@wut of s be the output of-. Then, for all input flowsf and
node has two options before transferring the packets to théF all 4,
scheduler. The node may simply transfer the packets in the (N, —1)- L™ — L. Ly,
order in which they are received, or the node may sort the  Es i — Erfi < C : Crﬁin
packets back into their original order. We will consider both s s
of these cases in later sections.

output
channels

output
channels

f,x

f,x

o,

Proof:

Thechannel backlogf a scheduler is the sum of the number
of bits that remain to be transmitted from packets currently in
Single-channel schedulers have been studied extensivalghannel. Theotal backlogis the channel backlog plus the

in the literature, and a large number of these schedulepgeue size.

Ill. SINGLE-CHANNEL EMULATION
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If packet p,; arrives ats and is sent immediately to aWe argued thap < (N, — 1) - L7***. Therefore,
channel, (i.e., no queuing aj, then the extra delay suffered (N,—1)-L7™= L. Ly,

at s is at most E.ri—FE ¢; < !
Lyi Ly A A Cs cpin - C

cpin Gy

Reducing the above,

The desired result follows frorg, = C;. (Ny—1)-Lme® — L. Ly,

Assume now that whepy; arrives ats, all channels are Esti—FEif:i < c —
busy (i.e.,ps; is queued at). Let p, ; be the latest packet s Cs
beforep; ; such thatp, ; suffered no queuing at (i.e., there [ |
was one empty channel at the timg; arrives ats). Thus, all Corollary 1: Under the same assumptions as those in The-
channels are busy during the time interydl , ;, As ¢:). orem 1, plus the additional restriction that all output channels

Let 3 be the channel backlog afat time A, ;. Note that of s have the same capacity, i.ey** = cmin = 2
there is one empty channel at tiri , ; . Thus, the queue of for all input flows £ and for all4,

s is empty, and the total backlog is also equaptaNote also (N, —1)- L™ (N, —1)-L;,
that 3 < (N, —1)- L™, because there is one empty channel, E;; — E; f; < ~— c e c
and each channeI can have at mbgt** bits. s N

Let A be the total number of bits in the sequence of packets u

arriving ats during the time interva[A; , ;, As r;). Thatis, ~ Theorem 1 shows that we can implement a multi-channel
we start withp, ; and end with the packet previous jg ;. scheduler based upon any single-channel scheduler. The
Since packets arrive at at a rate of at most;, which penalty for doing so is an increase in the exit time of each
equalsCy, the length of the time intervdld, , ;, A ;) is as packet. Notice, however, that the increase is quite small. From
follows. Corollary 1, if the output channels efhave similar capacities,
(Asgj — As.pi) A then the difference in the exit times fromandt is less than

s the transmission time of two packets in a channed.cfhis is

Also, during the time intervalA, , ;, A, ;.;), since all chan- because the transmission time of a packet is at regt—.
nels are busy, the number of bits forwarded is equal to ~ This is not significant if the channel capacity is large.
The behavior of bothr ands can be combined into a single
Cs - (As,fi — Asigj) scheduler that emulates

From the above two relations, the total number of bits Definition 1: A- multi-channel schedulers emulates a
forwarded during the intervdi 1) is at least\. That single-channel schedulerif and only if all of the following
8,957 57 5T
is, it is at least the total number of bits arriving during th@Old
interval. Therefore, the total backlog at timig , , is at most ~ « Ci = C.

the total backlog at timel . i.e., at most3. « Scheduler forwards packets in the same order as sched-
The total backlog of3 bits preventp;; from being for- ulers. o

warded into a channel. We next consider the length of time* A Packet ins is forwarded only if it has already been

beforep;; is forwarded. Note that the worst delay fpf ; forwarded byt.

occurs when all channels finish clearing the backlog at thee An output channel ins cannot remain idle while there
same time. This is because if a channel finishes earlier than are packets iy that have been forwarded by

others, therpy; is forwarded via the idle channel. Because |
all channels are busy until;; is forwarded, and because the We next consider the specific case wherés a PGPS
backlog is cleared by all channels at time same timg;, scheduler. BelowjV, ¢(7) is the number of bits of flowf

begins transmission no later than time that schedulet has forwarded during the intervifl, 7].
38 Corollary 2: Let G be a fluid GPS server? be a PGPS
As i+ scheduler that simulates, ands be a multi-channel scheduler

Cs ) _ that emulatesP. Let all channels ofs have equal capacity.
In the worst case, the slowest channel is assigne@s{0 Then, for any timer, for any input flow f, and for anys,

Hence,E; ¢ ,, is as follows. i>1,
B, Ly N.Lme* (N, —1)- Ly,
Es.f,'<As.f.i+7+ 2 E...— F < s s fii
) 2 Js Cs C;nzn s, fyi G,fi = CS + CS
The additional delay compared to a single channel schedulerVa,s(7) = Wy ¢(7) < Ne- L{* +(Ng—1)- Ly,
is as follows. Proof: Note that the maximum packet size and total
38 Ly Ly capacity of P, GG, and s are the same, so we drop the
Eori—FEori <Agpi+ C. + cmm — (As 5 + F’Z) subscripts of these quantities. Consider first the exit time. The
s s relationship between the exit times frafhandG is as follows
Thus, B I I [18], [21].
Es,fz Et fse Li 2 L

i S Cq amin O, Epri—Eeri= —5
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From Corollary 1,
(Ny 1)L (No=1)- Ly,
C C
We combine the above two we obtain the desired result.

Esfi—Epfi <

Esi— Eagi
(Ns _ 1) . [maz N (Ns _ 1) . Lf,i [ max

C c T

N, - L™ (Ny—1)- Ly,
C C
We next conside#V . For terseness, we define
_WNe—1-Lmem  (Ne—1)- Ly
- C /0o
Also, for simplicity, we assum&/(7) =0 if 7 <0.
Consider the difference betweélp ¢(r) and W ¢(7).
From Corollary 1, every packet exits from no later than
the corresponding exit time fron? plus «. Notice that the

IV. BOUNDED APPETITESCHEDULERS

A disadvantage of the emulation of a single-channel sched-
uler by a multi-channel scheduler is that the latter is not work-
conserving. For example, assume the channels of the multi-
channel scheduler are idle, and two packets are received at
the same time. After forwarding one of these packets, the next
packet cannot be forwarded unfil/C' seconds later, wherg
is the size of the forwarded packet antthe total capacity
of the scheduler. Another disadvantage is that the scheduler
must have a timer that expirds/C' seconds after transmitting
a packet of sizeL. This may increase the implementation
complexity of the scheduler.

In this section, we investigate the transformation of a work-
conserving single-channel scheduler into a work-conserving
multi-channel scheduler. We desire two properties of this
transformation. First, it must encompass a large number of
single-channel schedulers. Second, the resulting multi-channel

output channel o has grater capacity than the single Outplﬁcheduler should be as close as possible to the original single-
channel over which the same packet is sent.itence, any channel scheduler.

bit of a packet will exit froms no later than the time it would
exit from P plus «. Hence,

Wp (1 —a) < Wi ¢(7)
The following is a well known result of PGPS [18], [21].
WGJ(T —a) < Wp’f(T —a)+ LM

Thus,
WG,f(T — O() — L < Ws7f(7') Q)

Furthermore, in the worst cas€& has only packets off
gueued, and thus it can transmiC' bits from f in o seconds.
Hence,

ng(T)—WG,f(T—a)Sa'C (2)

Combining (1) with (2),
WG’f(T) — Ws,f(T) <a-C+LM*

The right hand side is as follows after replacingby its
defined value.

<(Ns —1). Lme= + (Ng—1)-Ly,;

C C
Simplifying we obtain the desired result.

N - L™ + (Ns - 1) : Lﬁi

>.C+Lmam

We consider schedulers that assign deadlines to packets and
forward packets in order of increasing deadline. The deadline
of packetp;; at schedulers is denotedD;, ;;. Assigning
deadlines to packets can be done by assigning a timestamp to
each packet, and then forwarding packets in order of increasing
timestamp. However, the timestamp need not be exactly equal
to the deadline. For example, in self-clocking fair queuing [16]
and weighted fair queuing [18], [21], the timestamp assigned
to each packet is not equal to its intended deadline. However,
we require that if a packeiy; has a timestamp greater than
the timestamp of another packgf ;, then the deadline qi; ;
is greater than the deadline pf ;.

We say that a scheduler deadline orderedf it forwards
packets in order of increasing deadline. Without loss of
generality, we assume théls ¢; > A ¢;.

We next consider the exit time from a work-conserving,
deadline ordered, multi-channel scheduler. To guarantee that
packets exit by their deadlines, we must bound the occurrence
of deadlines. We use the bound introduced in [12].

Let Zs(a,b) be the total number of bytes that arrive 40
during intervalla, b] and whose deadline is at mdstThat is,

Zs(aab) = (Z fiira< As,f,i A Ds,f,i <b: Ls,f,i)

Definition 2: A schedulers with capacityC satisfies the
bounded appetite propertipr a constant if and only if, for

The multi-channel emulation of a PGPS server yields afll intervals[a, b] in which Z,(a,b) > 0,
algorithm that is somewhat different from the multi-channel
PGPS algorithm presented in [4] (called MSFQ). Nonetheless, Zs(a,b) < ((b—a) - Cs—0)
the same bound on the exit time of a packet given in Corollary -

2 is precisely the same lgound give_n for_ MSEQ in [4]. The Theorem 2:Consider a multi-channel,

bound on the number _of bits served is a little higher, howev%{eadline-ordered scheduler Let s have b
Nonetheless, as mentioned above, the result of Theorem meq
not restricted to emulating PGPS servers. It can be applied
the emulation ofany packet scheduler, regardless of type. For
example, the theorem can be applied to the emulation of first-
come-first-serve, weighted round-robin [22], rate-controlled
static-priority [29], or the emulation of any scheduler in the

family of rate-proportional servers [23].

work-conserving,
ounded appetite
constantd. Then, for all input flowsf and for all 4,
ofe of the following holds.

Ns . L;naz - Ls,f,i -0 Ls,f,i

min
Cs cn

Es,j',i S Ds,f,i +
Lyi

C?un

Espi < Asypit
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Corollary 3: Under the same conditions as Theorem 2, with
Proof: The proof is similar to that of Theorem 1. Assumehe additional restriction that all channels efhave equal
that when packep; ; arrives ats, there is an idle channel andcapacity, ¢ = ¢7* = C=  for all input flows f and all

N,
Py, IS immediately forwarded. Then, 1, one of the following holds.
Lfi N..[Lmaz _§ (N—l)-L .
Eeri <Agpit+ — E,ri < Dyt 25 + s s,fi
S:J52 SsJ5% cmin s,fyi s, fyi C, C,
Consider now that whepy ; arrives ats, all channels are g A 4 Ls,p.i
. . 4 . s, f,i < s, fyi + min
busy (i.e.,ps; is queued at). Let 7 be the latest time, but Cs

no later thanA, ¢,, such that one of the following holds: [

1) A packet p,; was forwarded directly to an output Theorem 2 shows an upper bound on the exit time from
channel g, ; has no queuing delay a) and all packets a multi-channel, work-conserving, deadline-ordered scheduler
forwarded in the intervalr, A, ; ], includingp, ;, have with bounded appetite. Notice that it is possible that the multi-
deadlines at mosb; ; ;. channel scheduler simply assigns to each packet the same

2) A packetp, ; was forwarded, wherd, , ; > D, i, deadline that a bounded-appetite single-channel scheduler.
all packets forwarded in the intervdlr, A, ;;] have Thus, the multi-channel scheduler may assign deadlines in the
deadlines at mostD; ;;, and all channels are busysame way as any of the following protocols, all of which have
during this interval. been shown to have bounded appetite [12]: virtual clock [25],

Consider the first case. Any packet forwarded before time-shift scheduling [8] weighted fair queuing [18], [21],

must arrive after time- and have a deadline of at mast ;;. stop-and-go [158] and the whole family of rate-proportional
This is because, ; has no queuing delay at time, and servers [23].

furthermore, only packets with deadlines at méxt;; are  We next consider the specific case where the packet times-
forwarded during the intervelr, A, ;. tamp of a multi-channel scheduleris the same as the packet

Since the deadline of a packet is greater than its arrival tintepestamp of a PGPS scheduler.

only packets arriving in the intervét, D, ; ;] can arrive after ~ Corollary 4: Let G be a GPS server an#® be a PGPS

7 and have a deadline of at moBY, ¢,. From the bounded scheduler that simulateS. Let s be a multi-channel, work-

appetite property, the number of bytes in these packets adcdttmserving, deadline-ordered scheduler that assigns the same

at most timestamp to each packet &3 does. LetC, = C,, and all
(Ds,fi—71)-Cs— 0 (3) channels ofs have the same capacity. Then, for any time

. [ j, 1>
Note that both packets, ; andp;,; are counted in (3) above.for any input flowf, and for anyi, i > 1,

Also, note that only the packets in (3) and the channel backlog Ng - L7 n (Ns—1) - Lg;
at time 7~ preventpy; from being forwarded. The channel Cs Cs
backlog at timer~ can be at mostN, — 1) - L7*** bits, since  Wq s(1) — Wy p(1) < Ng- LI+ (Ng—1)- Ly,

there was an empty channel whgp, arrived. . ' e .
Py Bl Proof: Consider first the exit time. In [12], it was shown

From the definition ofp, ;, all channels are busy ungily ; ; : .
is forwarded. The case that delayg; the most is when all that PGPS is 3 boundeql-appetlte scheduler Wita 0 and
’ Dp’fyi = EG,f,i . Thus, SlnceDs,f,i = Dp_’fyi = Egyf_’i, and

channelsat the same timdinish transmitting their packets. — co— ¢ s al bounded it hedul ith
Hence,p;; has an exit time as follows. sinces = L'p, 5 1S alSo a bounded appetite scheduler wi

S,/ 0J s

A

Esyfi—FEcfi <

Espa = 74 Cs E¢i <Egqjf:i+ N L7 + (Vs = 1) - Lo g
(Ns _ 1) . L;nax Ls,f,i CS CS
A cmin which is the desired result.
Reducing we obtain ° The proof of the bound oV is the same as that in
' Corollary 2. [ ]
Eus < Dagi+ (Ng—1)- L7 —0 — Ly 4 Ls.g.i The assignment of deadlines in a multi-channel scheduler
RO Cs cmn as given in Corollary 4 yields the same algorithm as MSFQ

A simi [ i . in_.
imilar reasoning applies to the second case. The maqulme-shift scheduling was shown to be a member of the rate-proportional

difference is that in the first cas®; , ; < Ds 1., and hence, tamily of schedulers [5].

Dg.; 1S counted in (3). This is no longer true in the second case?2Although stop-and-go is not work-conserving, it defines an eligibility time
Hence, packets in the channel backlog at timéincluding for each packet. After the eligibility time of the packet has elapsed, the packet

. is scheduled according to its deadline. Thus, if we consider each packet as
pg,j) plus those packets counted in (3) may @(meforep}"»i arriving into the multi-channel scheduler at its eligibility time, then Theorem

is forwarded to a channel. The backlog at times at most 2 also applies to stop-and-go deadlines.
N . L;’ww_ Hence, the exit time is as follows. 3Although not shown in [12], it is easy to show that all rate-proportional
schedulers have bounded appetite. The deadline is the time at which the system
N - Ly —0— Lo i Ls g potential reaches the potential of the packet.
C, cmin 4Although P does not computellg ¢ 4, the timestampsP assigns to
s packets ensure that packets are forwarded in order of their exit time from
B G[12].

Esfi < Dspi +
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[4]. The bound on the exit time of a packet given in Corollary Theorem 3:Let s be a start-time schedulef, be an input
4 is precisely the same bound given for MSFQ in [4]. Th#ow of s, andt be the next scheduler after Then, for alls,
bound on the number of bits served is a little higher, however.

Nonetheless, as mentioned above, Theorem 2 is not restricted St.pi < Ss.pi + Ds g
to GES deadllnes_,. It can be applied to any assgnmentv%ereAS’f?i = max {0510 ). -
deadlines that satisfy the bounded appetite property. 1<z<i

This bound was shown in [7], [13], and it also follows from
the results in [28]. From induction and the definition of a start-
time scheduler, we can obtain the following end-to-end exit

In this section, we review the end-to-end quality of servideound.
model of a single-channel network. We base our model onCorollary 5: Lett,t,...,t; be a sequence @f start-time
the models of [6], [13]. We present the end-to-end quality sichedulers traversed by floyt For all ¢,
service model of a multi-channel network in Section VI. o1

Con5|d¢r schedules and an input flowf of s. We define Seepi < Sepi+ ZA%N
the start-time S, ; of packetpy; at schedulers as follows
[6], [13]. Assumes were to forward the packets gfat exactly
R; bits/sec.. ThengS; ;; is the time at which the first bit of By pi < St i 4 Ot i
py,: is forwarded bys. More formally, -

V. SINGLE-CHANNEL END-TO-END DELAY

x=1

Notice that the above bounds are independent of the par-

Ssp1 = Asra . ) . .
> ticular scheduling technique, and the capacity of the channel

Lyi-

i between the schedulers. The only requirement is that the
f

Ss,fﬂ' = Mmax (As,f,ia Ss,f,(i—l) +
schedulers are start-time schedulers.

for everyi, i > 1

The first equation above is obvious. For the second equation, VI. MULTI-CHANNEL END-TO-END DELAY
the first bit of packep ; begins to be transmitted after packet
Py (i—1) EXits s, that is, after timeS, ¢ ;1) + Ly 1)/ Ry.

The start-time is measured assumindorwards the bits
of f at exactly the rateR;. However, the true forwarding
rate may be different. Nonetheless, on averagerwards the
packets off at a rate of at leasR¢. Therefore, the exit time
of packetp;; from s is close to its start time§, ;. If s has
this property, we say is astart-time schedulef6], [7], [13],
[17].

Definition 3: A schedulers is astart-time scheduleif and
only if, for every input flow f of s, and everyi, i > 1,

As discussed in Section I, a multi-channel scheduler may
reorder packets. Therefore, even if the scheduler is a start-
time scheduler, we cannot apply Theorem 3, because this
theorem assumes no packet reorder. We next present some
general results about a scheduler that reorders packets. We
then apply these results to the reorder introduced by a multi-
channel scheduler.

We begin with a lemma that bounds the start-time of packets
in the presence of limited reorder.

Lemma 1:Consider a start-time schedulerthat may re-
order packets. Lef be an input flow ofs, andg be the output

Eg i< Sspi+0ssi flow of s derived fromf (i.e., g is f with some reorder). Let
' pg.j = py.i» that is, thej'™ packet ofg is thei'” packet off.
for some constani; ;. Finally, let¢ be the next scheduler after
] .
. 1) Assumep;; is the last packet of flowf. Then,
We refer tod, ;; as thestart-time delayof packetpy; at ) P, P W
schedules, and we refer t&5, r; + 45, ¢,; as thestart-time exit Stgi < Ss i+ Ds ri

boundof p; ; ats. We assume the values &fare such that the .
exit bounds are increasing. That is, for &llS, f; + 0, 5 <  2) ASSUMEPy (i) IS the last packet of flowf. Then,

Ss.f,6i+1) T Os. £,(i4+1). i+m

The start-time delay is broad enough to represent the delay St < Sspi+Ds it Lk=itl Ik
provided by many scheduling protocols. For example, by By
choosingd, ¢; = Lys;/R¢ + L% /Cs, 0s,5,; becomes the [

delay of virtual-clock and weighted-fair-queuing protocols The proof Lemma 1 is given in the appendix. This lemma
[21], [25]. Another example is the real-time channel modeimplies that if no packet afte; ; is reordered wittp; ;, then
[11], [28] where each flow has constant packet size am@e start-time increase of;; is the same as in Theorem 3.
constant packet delay. This is represented above by havingthermore, if packets f.(i+1) UP 10Dy (i4.m) are reordered
ds.rq and Ly; be constant for ali. with p;;, then the start-time of;; increases in proportion
We next consider the delay of a packet across a sequeggehe number of bytes in these packets. We next apply this
of schedulers. Because the start-time of a packet determingdma to the limited reorder introduced by a multi-channel
its exit time from a scheduler, a bounded end-to-end delagheduler.
requires a bounded per-hop increase in the start-time of therheorem 4:Let s be an multi-channel start-time scheduler,
packet. This bound is as follows. f be an input flow ofs, and¢ be the next scheduler afterLet
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g be the output flow ok derived fromf, and letp, ; = py,;. 1) Let s emulate a start-time single-channel scheduler
Finally, letc! = ¢™™. Then, Then, s is a start-time scheduler, where
Lyi N o L WNe 1) L7 — Ly Ly
Li 5 en Os,f.i = Orfi + c i
Stgi < Ss i+ A »+7cgﬂm - ) )
b9:d = s, fid s/ Ry 2) Lets be a deadline-ordered server with bounded appetite
and constand. Then,s is a start-time scheduler, where
Proof: Notice that a multi-channel scheduler reorders Ng- L —Lg¢i—0 Lgy;
Os,fi = Ds,git ‘ = i s,

packets, but with limited reorder. That is, while packet;
is being transmitted in a channel, packets frgmvith index
greater than could be transmitted. For a given channel, for
these packets to arrive befgrg;, their transmission must take
less time than the transmission of ;. In the worst casey; ; Ly, _ % on
is transmitted over the slowest channel of capacjty. Thus, cmin =S
: . o _ . S, <8 A g s =2
it takesL; ;/c™" seconds to transmit this packet. During this b9, = P,k L
time, channel. can transmit a total of

Lyi  »

min s
Cs

C. cmin

3) In both cases above, the start-timegf; at scheduler
t is as follows.

VIl. SORTING SCHEDULERS

bytes of packets whose index is greater thamence, the  We next attempt to reduce the end-to-end delay bound of a
packets with index greater thanthat arrive tot beforep;; series of multi-channel schedulers. This large delay bound is

can add to at most caused by the reordering of packets through multiple channels.
Ly N . To reduce the delay bound, each scheduler must restore the
cmin Z Cs original order of the packets of each flow. In this section, we
* n=2 present three techniques to restore this order. We first consider
bytes. an obvious sorting technique, and show how it fails to reduce
The result follows from Lemma 1. m the delay bound. Then, we introduce two additional techniques

Corollary 6: Under the same conditions as in Theorem 4hat, although more complex, are effective in reducing the

except that all channels of have the same capacity, thedelay bound. o _
increase in start-time is as follows. Assume the index of each packet is included in the packet’s

header. |.e., packei;; contains: in its header. The obvious
M technique to order packets is to sort them as they arrive.
Ry Therefore, the queue of each flgiis sorted by packet index.
Furthermore, the next packet $to be forwarded is the packet
th the smallest index. However, note that the scheduler may
t always forward the packets ¢fby increasing index. For
ample, assume that packet ;) arrives to the scheduler

St,g,j S Ss,f,i + As,f,i +

Assume a flow traverses a path of multi-channel schedulefd
The start-time of a packet of the flow increases at each h

thi -hop i is gi - ] ) .
and an upper bound on this per-hop increase is given abo R instant before packat;... It is possible thatp; (1) is

Thus, the exit time of the packet is just the start-time of th 0 be f ded by th heduler i diatel
packet at the first scheduler, plus the increase in start-timeCap>ct 0 be forwarded by the scheduler immediately upon
val, and thus, it is forwarded befogg ; is received.

each hop, plus the start-time delay at the last scheduler of FH%': o ; : .
or simplicity, we consider the virtual clock protocol. Given

path. : ; :
Corollary 6 shows that the packet reorder introduced bytg\at packets.amve out of order, the timestamp gSS|gnment
X . m«tathod of virtual clock cannot be used. In particular, the
multi-channel scheduler affects the start-time of each packe

: o timestamp of a packet is not fixed, because it may change with
at the next scheduler. The impact of this increase dependsth)g arrival of packets of the same flow with a smaller index
the values ofV, and Ly ;/R;. Itis likely that N, will be quite b )

small, with only a few channels between nodes. However, tE?us, to simplify our presentation, we make two assumptions.

L - rst, each flowf has a fixed packet sizé;. Second, the
term Ly,;/ Ity may be significant, and for some apphcatlonsécheduler uses flow timestamps [9], as opposed to packet
even a per-hop delay equal oy ;/ R is too large. Thus, the b ' pp P

impact of packet reorder is significant. In Section VII, we Sho\}\llmestamps. With flow timestamps, a packet does not receive

- L a timestamp when it is received. Instead, a single timestamp
how packets can be efficiently sorted to prevent this increase, L : >
in start-time. ¥ is maintained for each floyi. We explain flow timestamps

. . . in more detail below.
We conclude this section by combining Theorem 4 above.l_he flow timestam; is updated as follows.

with the results of Sections IIl and IV. . . . :
Corollary 7: Let s be an multi-channel schedulef,be an o When a packet frony is received and inserted into the

input flow of s, andt be the next scheduler after Let g queue off: ) )

be the output flow ofs derived from £, and letp, ; = py.. — If the queue Ofo is empty, Ty is updated to

Finally, letc! = ¢min, max(Ayzi, Tr) + 7%
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Thus, the exit time of; ;43) and ps ;44 is slightly

f less than this.
Note that schedules maintains the queue of sorted by
index. Nonetheless, the exit time pf; from s is 7 + %

Fig. 4. Sorting schedulers example. ie., % larger than its exit time ifr were a single-channel
scheduler.
A similar sequence of events may occur at schedylas
— If the queue of f is not empty, 7 remains un- follows. First, we assume packets ;1) andpy ;o) departt
changed. soon after they are received. Next, we consider pagkets s)

« When the packet at the head of the queue is forwarde@Pd Py, (i+4)-

— If the queue off is empty,T; remains unchanged. Becausepy (j+s) andpy,i+4) anive tot beforepy,, the
_ If the queue off is not empty, Ty is updated to queue of f is empty at this time. We may therefore assume
T 4 L oS they are forwarded immediately upon arrival. Furthermore,
f TRy

_ . recall thatp; (;1s) andp;. ;4 arrive at timer + 22, Thus,
It is easy to show that if a flow has a non-empty queue, th@\ﬂwenpf (7,+35 becomes the head of the queuefo
the exit time of its next packet is at mo$t, + L™ /C. o

five have
Furthermore, it can also be shown that this exit bound is at Toy w7+ 4-Ly

most the exit bound of the virtual clock protocol [9]. Ry

We next consider an example to show that, even though tRext, whenp; ;+4) becomes the head of the queuefofwe
gueue off is maintained sorted by index, the end-to-end delayave
bound is similar to that given in Section VI. T,;~7+ 5-Ly

Consider the schedulers in Figure 4. Flgwraverses sched- Ry

ulersr, s, andt. The index of each packet gfcorresponds to Packetp;; arrives afterp; .3y andpy, ;14 are forwarded.

the order in which the packet was created, and not the ordgfus, wherp;; becomes the head of the queuefofve have

in which it arrives at a scheduler. Schedulerand s have
, 6Ly

three channels. Two of these channels have equal capacity, Top~T+—F—

and the remaining channel has a capacity slightly lower than Ry

the other two. Since is a multi-channel scheduler, it mayHence,ps; may be delayed at until this time.

reorder packets while forwarding them #o We have shown that the per-hop delaygf; is actually
3-Ly;

Consider the following sequence of events at scheduler =3-*, as opposed to the per-hop delay%ff in single-channel

1) Scheduler forwardspy ;. pf is1), andps ;4o at the SC edulers. Therefore, simply sorting the queue of each flow
same time. Packet;; is forwarded over the channelby index is insufficient. To overcome this, we present two
with lesser capacityf more advanced sorting techniques.

2) Packetspy(;11) and py ;40 arrive ats at time 7. Our sorting techniques require that packets have a small
Assume these two packets are forwarded immediatégditional delay when entering a scheduler. Therefore, we
upon arrival. LetT, ; be the flow timestamp of ats. assume that, for each packef; at schedulers, there is

Let an eligibility time G, ;;. Schedulers will not forward py ;
T — 7t Ly before this time. Since a packet has not truly “arrived” to the
sf =T scheduler until its eligibility time, we redefine the start-time
as follows.
whenp; ;+1) became the head of the queue fofand I
9.1, Ss,f,i = max (Gs,f,ia G p(i-1) f];l)>
Top=7+—727 ’
f We place the restriction that packets should become eligible
whenpy ;1) became the head of the queuefof in their sorted order, that iy, ;; < G 5 (41 for all 4.
3) Let py,; arrive ats at time 7 + €. Since the queue of
f is empty at this time, timestamp; ; is updated as A. Jitter-Reduction Sorting-Schedulers
follows. 3.1 The first technique is a jitter reduction technique, similar to
Ts =174+ R A the technique in [26]. Ifs is a start-time scheduler, then each

Ry packet is labelled with the difference between its exit time and
4) Letpy ;43) andpy ;14) arrive ats afterpy ; and before its start-time exit bound. That is, each packey; is labelled
Py, is forwarded. with the value), ;;, where
5) Let psi, s (i+3), andpy ;14) be forwarded froms at o ‘ o ‘
the same time, whergy ; is forwarded over the channel Asifi = Ssipa +0spa = Bsga
with lesser capacity. Let the exit time pf ; from s be |If ¢ is the next scheduler after then the eligibility time is as
follows.

Ry G =Avfi+ Xs i = Eo g+ X pi = Ss, 10 + 05,10
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(I) (lp ZFP | | nl@ queues (see Figure 5(b)).
[ I I I I I ) Each flow has a regular queue of packets, independent of
ii AN mtervalf the interval queues. This regular queue is sorted by packet
iqrtjelaijg;isbloe index (or equivalently, by eligibility time). The packet with

the smallest index is located both in the regular queue and in
an interval queue. All other packets of the flow are only in the
regular queue.

Note that since each interval queue has at most one packet
from each flow, each interval queue has at mbbtpackets,
and the output queue has at maddgtleaves.

output When a packet from the output queue is transmitted, the
interval queue  packet is removed from its interval queue and from the regular
queues of gueue of the flow. Then, the packet at the head of the regular
eligible queue of the flow is examined. If this packet is not eligible, it is
packets added to the queue of the appropriate interval. If it is eligible,
b) it is inserted into the output queue as an interval queue of size
one.

Fig. 5. Output queue of scheduler with eligibility times. Receiving a packet is similar. Whepy; is received, its
eligibility time is computed. Ifp;; does not have the smallest
index of f, it is simply inserted into the regular queue Hif
Otherwise, letp; ; be the packet off in an interval queue.

By using the above technique, each packgt becomes This packet is removed from its interval queue. Theryjif
eligible att precisely at its start-time exit bound ati.e., at is eligible, it is added to the output queue as an interval queue
time S, r:+ds 1. In all start-time scheduling protocols in theof size one. Ifp; ; is not eligible, it is added to the appropriate
literature, the start-time exit bounds increase with each némterval queue.
packet of the same flow. Hence, packets will become eligibleNote that this technique introduces an additional delay of
att in sorted order. to the incoming packets. Therefore, the per-hop delay bound

From the above, we can represent the behaviorarid the of each flow grows by). However,¢ can be kept small, close
additional delay\ by a single-channel schedul€r where the to the transmission time of a packet.
start-time delay is the same aands’. That is, 05 r; = s 4, The above technique of sorting packets based on their
for all f andi. Each packep; ; exits s’ precisely at its start- eligibility time has a couple of disadvantages. The first disad-
time exit bound. This implies that when a flow traverses a pavntage is that the per-hop delay of packet at s is d 7.,
of multi-channel jitter-reduction schedulers, this is equivalefigégardless of how lightly loaded the scheduler is. This prevents
to traversing a path of single-channel schedulers. In this ca88, application from taking advantage of a low per-hop delay
the end-to-end delay is simply obtained from Corollary 5. during light network loads. Another disadvantage is that the

One problem to be addressed is that upMopackets can timestamp of each packet must be computed upon arrival,
become eligibleat the same timewhere M is the number of before the packet is inserted into an interval queue. This
flows at the scheduler. Since inserting a packet into an outgiiestamp should be the timestamp the packet would receive
queue ordered by timestamp tak€glog M) time, it takes if it arrived precisely at its eligibility time. Although this is
O(M - log M) time to process all the packets that becomossible with flow timestamps [9], it is not possible in all
eligible. This overhead is too large for a high-speed netwogkotocols. For example, in protocols such as WFQ [18], [21],
implementation. To resolve this, we present a technique simite timestamp that a packet receives when it becomes eligible
to the one presented in [24]. This reducesCtfog M) time ~cannot be computed at the time of the packet’s arrival. This is
the overhead of managing the eligibility of packets. We assuriecause the timestamp of the packet depends on packets from
that each packet is assigned a timestamp, and packets @iher flows, and these packets may not have yet arrived to the
forwarded in order of increasing timestamp. scheduler.

The data structures needed are shown in Figure 5. Time _ .
is divided into small intervals of constant size, as shown f- Fixed-Delay Sorting-Schedulers
Figure 5(a). Each time interval has a queue of packets. WeOur second technique remedies the shortcomings of the first
refer to these queues awterval queuesEach interval queue technique. Here, a packeg ; at schedulet becomes eligible
contains packets that become eligible during its interval, am¢hen all other packets; ;, i < j, have already been received
these packets are sorted by timestamp. Furthermore, at naist and are eligible. By delaying packets in this manner, we
one packet from each flow can be in an interval queue. have the following increase in start-time.

Let ¢ be the size of the time intervals. At time- ¢, the Theorem 5:Let s be a start-time multi-channel scheduler,
queue of interval((n — 1) - ¢,n - ¢] becomes eligible, and f be an input flow ofs, and¢ be the next scheduler gf after
its interval queue is transferred to the output queue of tikeln addition, we assume the following.
scheduler. The output queue has the form of a balanced search Eligibility times at ¢ are non-decreasing, i.e., for all
tree. The leaves of this tree are the roots of elapsed interval Gy f; < Gy g (iv1)-

packets
a)
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for n =2 to oo,
wait until clock > n - ¢4
for every f, where Q; s (,—1) # 0,
Stpi < S50+ Ds pi + while Qy f,(n—1) # 0, ] o
let p;; have the smallest index in interval— 1.
let ps ; have the smallest index in interval

» There exists a); such that for alk, G ¢; — A¢ i < 9x.
Then, the start-time atis as follows.

Corollary 8: Let ¢1,t9,...,t; be a sequence of start- if ¢ < j, then
time schedulers traversed by flofv Each of these schedulers forward p;; to the scheduler
satisfies the conditions of Theorem 5. Then, for:all else
k—1 forward py ; to the scheduler
Steti < Stpit+ > Doy i +Wry) end if
=1 end while
end for

Etkvfﬂ; < Stlmf,’i + 6tk7f,’i end for

. . . Fig. 6. Transferring packets from their interval queues to the scheduler.
Proof: Sinces is a start-time scheduler, we have 9 9P a

Avgi < Soupi + 0.1 In some cases, we may reduce the time when becomes
We are given thaG; ;; < A; . + 1. Hence, eligible as follows. Recall thaty ; is received during interval
n. Assume packeiy , j < k, is received during interval —1.
Grpi < Sspi+0s.0+ ¥ ) This implies that by timen - ¢;, all packets with index less
Because a packet is not eligible unless it is received, aHtnk have been received. Hence, by time ¢;, all packets
since eligibility times are increasing, the packetsfdiecome With index less thary have also been received. _
eligible in order of their index. Furthermore, from (4) above, W& combine the two observations above to determine when
schedulers plus the delay at before the packet becomes? Packety, ; becomes eligible, as follows.
eligible has the same behavior as a single-channel start-timd) Let n be the interval during which packet ; arrives.
schedulers’, wheredy ;; = &5 ;. + ¢y Therefore, the start-  2) If the current time is at leastn + 1) - ¢y, thenpy,; is
time att follows from Theorem 3, and the end-to-end delay  eligible.
follows from Corollary 5. ] 3) If the current time is at least- ¢;, and there is a packet
The above technique, although not work-conserving, allows Py that arrived during intervah — 1, such thatj < ,
a flow to take advantage of a lightly loaded network. In this  thenpy ; is eligible.
case, the packets of a flow may be forwarded at a rate greatefhe sorting technique is therefore as follows. When a packet
than the reserved rate of the flow, and with a per-hop del@yreceived, it is inserted into the appropriate interval queue.
lower than the start-time delay However, the technique mustAt each timen - ¢,, wheren > 1, eligible packets are
be implemented efficiently and with a small valuewf We removed from their interval queues and are transferred to the
next consider a specific implementation. scheduler. The algorithm to determine which packets become
At schedulert, time is divided into intervals of constanteligible is shown in Figure 6. Since a packet cannot become
size. Letg; be the length of an interval. We requige to be eligible during the interval in which it is received, inserting
at least the maximum transmission time of a packet, that ignd removing packets from an interval queue do not interfere
[ maz with each other. Thus, inserting and removing packets from
> interval queues can be done in parallel.
A packet truly “arrives” at the scheduler when it is removed
Let interval n denote the interval(n — 1) - ¢, n - ¢¢]. from its interval queue. It is at this time that the scheduler
Each flow has a queue of packets for each interval. Tpeocesses the packet in the usual way. E.g., the scheduler
queue of flowf for intervaln is denoted?), ;. Packets off assigns a timestamp to the packet and inserts the packet into
that arrive during intervah are stored inQ); ;.. In addition, the output queue. Note that delaying packets in the above
Q+,r,» is ordered by packet index. Note that the maximum sizeanner does not affect the scheduling algorithm in any way,
of Q¢ fm is ¢ - Cs. except for a small additional delay in the arrival of packets.
In order to determine the eligibility time of a packet, wélhus, the output queue of the scheduler is unaffected by this
must determine whether all packets with lesser indices haeghnigue.
been received or not. We next address this issue. The overhead introduced by the sorting technique is very
Let py ; be the packet of with smallest index that arrived small. The interval size, is approximately the transmission
during intervaln. Consider any packet; ;, wherei < j. Due time of a packet. In addition, notice that the processing time
to reorder,py; may arrive during intervah + 1. However, of each packet increases only by a constant amount. This
py,: cannot arrive during interval + 2. This is because of the is because interval queues are bounded. Finally, let us make
limited reorder and of the lower bound eh. Thus, at time the sensible assumption that packets can be inserted into the
(n+1)- ¢, all packets off with index less tharj have been interval queues and transferred from the interval queues to
received. the scheduler as fast as packets are received. Then, the total

by >

min
CS
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additional delay introduced by the sorting technique is at most
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(1]
VIIl. CONCLUDING REMARKS
(2]
In this paper, we have considered the problem of providing

deterministic quality of service guarantees in a network withs3]
multiple channels between nodes. We have shown that any
single-channel scheduling protocol can be converted into g
multi-channel scheduling protocol without significantly in-
creasing the delay at the scheduling node. This technique is iit]
herently not work-conserving. In addition, we have shown thag)
for schedulers with bounded appetite, any work-conserving
single-channel scheduling protocol can be converted to a work
conserving multi-channel scheduling protocol. In addition, dugy
to multiple channels between nodes, the packets of a flow may
be reordered. This in turn significantly increases the uppegg
bound on end-to-end delay. We have shown that this increa é
in delay can be eliminated through the use of efficient sortirigp]
techniques.

There are several possible topics for future work in multj11]
channel scheduling protocols. We discuss a couple of topics
below. [12]

We have restricted ourselves to the design of multi-channel
schedulers based on existing single-channel schedulers. '[EI%?
bound on the packet exit time of our multi-channel schedulers
is very close to the corresponding bound of single-channel
schedulers. Thus, we do not believe that a significant reductiéf!
in exit time is possible by designing protocols specifically tai-
lored for multiple channels. Nonetheless, a slight improvemens$]
may be possible.

In our network model, the packets of each flow are dige]
tributed among all the output channels of the schedul&¥/]
Another approach would be to have a scheduler for each
output channel, and have the packets of each flow be forwardes
over a single output channel. Thus, the problem of multiple
channels has been reduced to the well-known problem 3¢
scheduling over a single channel. However, we have th®]
additional problem of choosing the output channel for each
flow. An incorrect assignment of flows to output channels may)
waste network resources.

Consider the following two examples. First, it is possible
that no channel has enough capacity to support a new flqy\é]
yet the sum of the remaining capacities of all the channels may
be enough to support the flow. As another example, consi 2e3r]
those protocols that allow flows to temporarily exceed their
packet rate (e.g., WFQ [18], [21]). This allows some flows to
make use of capacity unused by other flows. With multiplé4l
channels, it is possible that a channel has high utilization, but
other channels, although fully reserved, have low utilizatiofes]
If a flow is forwarded only over a single channel, this prevents
the flow in the high utilization channel from taking advantag
of the unused capacity in the other channels.

Research Program through grant number 009741-0139-1999.
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APPENDIX Because in the reordered flow ; is the packet

previous topy ;_1), from the definition ofS,
PROOF OFLEMMA 1

: S si—1) = Avf.(i—
We present a couple of lemmas before presenting the proof t.f,(-1) t.f,-1)

oftemmal o Fygi-1) = AusGon +Leg-n/Rs  (6)

Lemma 2:Consider a schedulérwith input flow f. If for o
any packety; ;, wherel < j < i, we modify A, ;; to be at In the ordered flow, from the definition &,
most its previous vglue, thes, ¢ ; cannot in_crease. Fis; = Sip;+Lsj/Ry

Proof: We will reduce the arrival time of packet ’ - F’ ’ ’L

incrementally and show thaf; ;; cannot increase. = Fopg-n+Lei/Ry

Consider first reducingl,, s ;, but without reducing it below = SirG-1) +Lyp-1)/Rf + Ly;/Ry
Ay ,(j—1)- From the deflnltpn ofS, reducing the arrlva.I time > Aygj-1)+Ly-1/Rr+ Ly, /Ry
of a packetpy; does not increase; ;;, and by a simple . . .
induction on the definition of), it does not increass; ; for Hence, combining the above with Equation (6),
anyi, i > j. Fop -1 < Frgj-

Consider reducing nowd; ; ; below A, ;_;) but not  2) Apyj> Fy r.-2)
below A, 7 ;_2). For simplicity, we keep the same indices in Since in the reordered flow; ; is the next packet after

both cases, i.e., in the reordered cgsge; arrives tot before Py, (j—2), from the definition ofS,
Py, (i-1)- ) & — A,

We use a hat accent to denote the values after the reduction t.f.0 = .
in Ay y; and we use nqn—accented values to denote Fh_e values Fyrjj=Ars;+Lsi/Ry @)
without the reduction ind; r ;. Thus, A ¢ ; is the original
arrival time of p; ; and A ;; is the reduced arrival time of Within, this case, we have the following two subcases.
Pij- L , a) Ary-1 < Fipj

From the definition ofS, and ps ;1) being the packet In the reordered flow, sincgy ;_1) follows py ;,
previous topy (;11) in the reordered flow, from the definition ofS,

Stop,G+1) = maz(Fy g, -1y, Av1,(41)) Sir-ny = Fiypj

Without reorder, from the definition of, = {from Equation (7)

Ay gj+Ly;/Ry

Also from the definition ofS,

Se.p.G+1) = max(Fy 5.5, Ay f.41)

From the above, we must show thBf ;1) < Fy ;. We
have four cases to consider. Ft,f,(jq) = At,f,j + Ly /Ry + Ly 1y/Ry
1) Avyg < Frpg-2

In this case, in the reordered flopy ; is the next packet In the ordered flow, from the definition & and

after py ;o). Hence, from the definition of, F,
Sy =Frpiion Forg = Supg+Lyi/Ry
B F FLyi/R 5) 2 Fig-1+Lri/Ry
AT = SupG-u T Lpgon/Br+ Ly By
Within this case we have the following two subcases. > Ay g1+ Lpgo1/Rs+Ls;/Ry
a) Ar -1 < Fiypj .
Because in the reordered flow ; is the packet Note thatA, s ;_1) > A¢,; (due to the reorder),
previous top;,(;_1), from the definition ofS, and hencel r; > Fy 5 (j—1)-
g B b) Avsi-1) > Fif .
6F(G=1) T S In the reordered flow, sincgy ;) follows py ;,
Ft,f,(j—l) _ Ft,f,j + Ly -1)/Ry from the definition ofS,
From equation (5), St.1.G-1) = At £,(-1)

Fy -1 = Fopg-2) +Lypj/Re+ Ly -1/ Ry FypG-1 =AvsG-1 + Ly-1)/ Ry
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In the ordered flow, from the definition o, We next consider the increase tfor packets aftep; ;.

From the definition ofS, for all 7,7 > 1,
Forg > Fiorg-v
= Sung-n+Lpg-n/Ry St = maw(Sf i + Lyc-n/ By A7)
At g -1+ Ly j—1)/Ry If S}?,(i_l) increases by a value, then S} ; increases by at
mosta. We have shown tha; ; increases by at mogt, /2.
Hence, by a simple induction proof, for alli > j,5%,

Y

Hence,F} ;. ;1) < Fi 5.

_ _ B increases by at most,/R; [
Lemma 3:Consider a schedules and an input flowf. We next present the proof of Lemma 1.
Assume we insert an additional packeinto f after packet Proof: Consider first part one. Let correspond to a
py,(j~1) and before packepy,;. Then, the start-time opr: possible output ofs, where each packet of is delayed its
for all ¢, i > j, increases by at modt,/R;. maximum. That is, for alf, pj, ; = py., and
Proof: Even though we insert a packet intp, for ' ’
simplicity, let us maintain the packet indices as before the A i = Ss 10+ 0s, 1

packet was inserted. Therefore, the sequence of packet arri
iS ps,(j—1): ¢ Py.;- Values corresponding to the case where

is inserted have a hat accent. Non-accented values eltherC asing. Also, note that for all packetsgfthe corresponding

hot Chaf?ge W't.h the |nsert|or_1 af or correspon_d to the Casepacket ofh arrives no later than the packet @f Furthermore,
wheregq is not inserted. We first show thé’t}’j increases by from the results of [6], [13], for ali

at mostL,/Ry, i.e.,

m‘clfice that packet order is preserved, since we made the
agé%umption in Section V that start-time exit bounds are in-

S?J S S]SCJ + L(I/Rf t.h, 2fs ,f
We manipulate flowh until we obtain our desired flovy.

We have two cases. Each manipulation cannot increase the start time of packet

D FfGoy <47 Pri
From the definition of5, Only packetg, ; up top, ; affect the computation of; , ;.
g; = max(F} (), A3) Thus, we assumg simply consist_s of packets, ; up topg.;-
M Let 7’ be obtained fromk by deleting all those packets which
Since Ay < A} andF} ;) < A}, are not ing. |.e., h’ contains only packets, 1 up top, ;. Note
Ao s thatpy ;, which isp, ;, is the last packet of. Also, since we
Sq < A¥ assumed thapy; is the last packet off, it is also the last
Thus, for packepy ; which follows g, packet ofs and /. ' . .
) ) It is obvious from a simple induction proof and the def-
S3; = maz(Fy, A} ;) inition of S, that removing any packet from a flow cannot
= max(ﬁ; + Lq/Ry, A% ;) increase the value of for any packet in the flow. Hence,

the start-times of the packets bf have not increased beyond

< maz(Ap; + Lo/ Ry, A ) those of the corresponding packetsiof
= Aj;+Le/Ry Next, note that the packets af and 4’ are not in the
Note that sinceFs ., < A3, in f, then without same order. Through a repeated application of Lemma 2,
insertingq, ™ ’ we can reduce the arrival times of the pgcketshb(except
S3, =A% the last onepy ;), and make their arrival times equal to the
. ’ corresponding packets gf This results in flowh”. From the
Hence,S} ; < 5%, + Lq/Ry. lemma, the start time af;; in 2" does not increase.
2) Ff i1y = A Finally, the arrival time ofp;; must also be reduced to
In tﬁqis case, from the definition of, the arrival time ofp, ;. From the definition of5, reducing the

, s , , arrival time of a packet does not increase its start-time. Hence,
St = maz(Fy 1), A7) = Ff 1)

. - ;< ; < ; ;
Since A; < A5 < F} from the definition ofS, Stg.5 = Suni < So it Bogi

fiG=1)
. . ) N Consider now part two. If no packet aftgf ; is reordered
Sg =max(F§ ;_1), A7) = F} ;_1y with p; ;, the start time op;; att is the same as in part one.
For the next packep; ; afterg, However, them packets aftemp,; could be reorde_red_ with
) o ps,: and arrive tot beforepy ;. By a repeated application of
S, = max(F}, A3 ;) Lemma 3 and part one we obtain,
= max(S; + Lq/Rf, Ajc’j) Z?;T_,'_l Lf,k
= maa(F} ;1 + Lo/Ry, 43;) Stigd S Suni S Sagi+ Bogit =g T
= Fj_1+L¢/Ry [

Hence, combining with the abovéfc’j < S%,+Lq/Ry.



