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ABSTRACT

This paper considers the problem of packet-mode schedofiing
put queued switches. Packets have variable lengths, adi/ated
into cells of unit length. Each packet arrives to the switdthva
given deadline by which it must traverse the switch. A pasket
cessfully passes the switch if the sequence of cells comgris
is contiguouslytransmitted out of the switch before the packet's
deadline expires. A packet transmission may be preemptdd an
restarted from the beginning later. The scheduling poliag to
decide at each time step which packets to serve. The proldem i
online in nature, and thus we use competitive analysis tosoea
the performance of our scheduling policies.

First we consider the case where the goal of the switch policy
is to maximize the total number of successfully transmitiadk-
ets. We derive two algorithms achieving the competitivéosabf
(22v log L 1) andN +1, respectively, wheré is the ratio between
the longest and the shortest packet lengthssind the number of
input/output ports. We also show that any deterministi¢nenal-
gorithm has a competitive ratio of at leastn(|log L| + 1, N).

Then we study the general case in which each packet has an in
trinsic value representing its priority, and the goal is taximize
the total value of successfully transmitted packets. Wivean al-
gorithm which achieves a competitive rationf + 2/« + 1/2 +

2k++4/Kk+1/2+1 ) . )
=y + 3, wherex is the ratio between the maximum

and the minimum value per cell. We note that [4] gives a lower
bound ofQ2(x) on the performance of any deterministic online al-
gorithm. In particular, our algorithm achieves a competitiatio

of approximatelyl 1.123 for x = 1, which improves upon the pre-
vious best-known upper bound for this problem [17].

We complement our results by studying the offline version of
the problem, which is NP-hard We give a pseudo-polynorgial
approximation algorithm for the general case and a polyab#ai
approximation algorithm for the case of unit value packets.

Categories and Subject Descriptors

C.2.1 [Packet-switching networks, Store and forward network$;
F.2.2 Routing and layout,Sequencing and scheduling
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1. INTRODUCTION

The explosive growth of voice and video traffic in the Intérne
generates new Quality of Service (QoS) requirements. Qa$hme
anisms can generally be described as mechanisms for a fhetwor
satisfy the varied grade of service, such as maximum delayiror
imum bandwidth, required by different applications. In &lgs-
switched network, multiple traffic streams pass throughgaisece
of switches. Due to the high variability of the Internet figfsim-
ple scheduling strategies such as FIFO or Round-Robin might
guarantee the adequate QoS to all applications. The protldem
that packets of real-time applications such as voice anelovidn-
‘not be delayed outside of a small pre-defined time window, i.e
there is a maximum permissible delay of such a packet at arout
In addition, packets may have different priorities. Forrapée, a
packet carrying an Independent (I) frame of an MPEG videzastr
is more important than a packet carrying a Predicted (P)drah
though they have the same delay requirements. In this paper w
consider switch policies that take into account the peritrissle-
lay and the priority of the various packets.

We consider the input queuing (1Q) switch architecture, rehe
packets arriving from the input lines are queued at the ipputs.
The packets are then extracted from the input queues to ttress
switch fabric and to be forwarded to the output ports. An |Qtclwv
operates on fixed-size cells and the time that elapses betimee
consecutive switching decisions is called a time slot. Eativ-
ing IP packet is divided into cells at the input, and thesésaale
scheduled across the switch fabric separately. A majoeissthe
design of IQ switches is the scheduler that controls thessct®
the switching fabric in order to avoid contention at the inparts
and at the output ports. A large number of cell scheduling-alg
rithms have been proposed in the literature for the 1Q swatch
chitecture: these are PIM [2], IRRM [23], iSLIP [21], IOCFZR
RPA [20] and Batch [8], to name just a few. All the above men-
tioned works consider the scheduling problem on the cedlljglie
underlying architecture is such that the various cells aisinmg a
given IP packet are buffered at the output port, and whenedil ¢
comprising a packet are collected, the packet is re-asseharid
transmitted on the output line [9].

Cell-mode scheduling has a number of drawbacks. First, one
must keep a packet-reassembly buffer at each output partn8e



traditional cell-mode schedulers are typically unawaréhefexis-
tence of packets, and thus different cells of the same paunkgt
experience different delays. This may badly affect the Qe p
ceived by the user because the actual delay of a packet izkag d
of the last cell. As a resulpacket-modecheduling of input queued
switches, where the whole packet rather than a single cetirbes
the switching unit, has received considerable attentiarpalcket-
mode switching the scheduling policy is constrained to date=all
cells of a given packetsontiguously The main advantage of this
architecture is that the reassembly overhead is saved.ditiad

a packet-based scheduler, which is aware of the packey,entiy
use this information to provide better performance throsigfied-
uling. The works in [19, 24, 9] consider scenarios where pack
ets (with no specific deadlines) arrive to the switch ovetiend
study the throughput of the switch. Scheduling of packeth i
dividual deadlines in the context of a single buffer is cdeséd in
[15].

In the present paper we study the problem of packet-modelsche
uling in 1Q switches, where each packet has a length, a deablii
which it must be sent out of the switch, and a value. This mel
warranted by networks that guarantee end-to-end delayugmbst
different packet priorities (cf. the DiffServ model [5]). gchedul-
ing policy is presented with packet arrivals and has to spagk-
ets online, i.e., without knowledge of future arrivals. We bt
make any assumptions about the incoming traffic. To the Hest o
our knowledge, the present work is the first to consider tmegg
setting of this problem, where packets may have arbitralyeg
lengths, and deadlines.

A packet is said to successfully complete its transmisdian i
is contiguously scheduled for a number of time slots equatsto
length, and the last cell is scheduled by the packet’s deadlin
this case the packet value is accrued by the system. Thewdehed
may preempt the transmission of a packet and restart it fiaer
the beginning(The ability to preempt packets helps in situations
in which arriving voice or video packets require immediaevice
while the switch fabric is busy transferring a large datakesic The
aim of the system is that of maximizing the total value of the-s
cessfully transmitted packets. For the case of unit-vahekets,
the goal is that of maximizing the number of successfullpsrait-
ted packets.

We use competitive analysis [25, 6] to study the performanice
our algorithms. In competitive analysis, an online algontALG
is compared with an optimal offline algorith@PT, that knows
the entire input sequence in advance. The advantage of ¢empe
tive analysis is that a uniform performance guarantee igigea
over all input instances. Denote the benefit accruedilhy= and
by OPT on an input sequenceby VAL% (¢) andVOFT (), re-
spectively. We say that LG is c-competitive if for every sequence
of packetsr, VOFT (0) < ¢- VA% (5) + a, wherea is a constant
independent of.

Our results. The the sequel we use the following terms. The
slackof a packet is the number of time slots the scheduler may wait
before starting to transmit the packet so as to finish itstrassion
before its deadline expires. Thalue densitpf a packet is its value
divided by its length (in cells). Thenportance ratiox is the ratio
of the maximal to the minimal value density (the special cafse
x = 1 is called the uniform value density case). Tlaegth ratig
L, is the length (in cells) of the longest packet assuming timat
shortest one has just one cell.

ports. We also show a lower bound ofin(|log L] 4+ 1, N) on
the competitive ratio of any deterministic online algomith We
further give a stronger lower bound that pertains to a claskeo
terministic algorithms based on maximum length-weightedatm-
ing. Then we study the general case of variable value packets
We present an algorithm that achieves a competitive ratib:of

2k++/Kk+1/2+1 .
2 1/2 + —Y—""— + 3. We note that there is a lower
VE+1/2 4+ Ve +

bound of (v/x + 1)? in a related model [4], which holds in our
model as well. Forx = 1, the competitive ratio of our algorithm

is approximatelyl 1.123, which improves upon the previous best-
known upper bound of1.656 due to [17]. The work in [17] also
gives a lower bound o — ¢ on the competitive ratio of any on-
line scheduling algorithm for the continuous time modeldot 1.

This lower bound can be also transformed to our model. For the
special case of unit length packets, we show an upper bound of
2 while a result in [1] implies a lower bound of the golden ratio
¢ = 1.614 for this case.

We also analyze the offline version of the problem. For the cas
of variable value packets, we give3aapproximation algorithm.
The algorithm is pseudo-polynomial and fits the general mehe
introduced in [3]. For the case of unit value packets, weveeri
a3-approximation algorithm which is a simplification of theoak
algorithm and has a polynomial running time. We note our lenob
is NP-Hard even for the case of unit value packets &ne 1 (by
a reduction from the Partition Problem [11]).

Related work. The present paper is most closely related to the
work of Lee and Chwa [17], where they study the parallel com-
munication problem assuming the uniform value density (ite
value of a packet is proportional to its length). They présenr
competitive algorithm and establish a lower boundl &f for the
case of unit length jobs under the slotted model of time. Rer t
case of arbitrary length jobs, they derivd B656-competitive al-
gorithm and show a lower bound &f— e under the continuous
time model. In the present paper we extend their work to tise ca
of variable value density, but in contrast to [17], we coesidnly
the slotted time model. Some of our algorithms are in thatsgfir
[17], however, we try to maximize the totahluerather than the
total lengthof the successfully transmitted packets.

An enormous amount of research has been done on the single
processor scheduling problem. Baruah et al. [4] and Koreh an
Shasha [16] considered the preemptive version of the iaalgched-
uling problem and gave upper bounds ofind (v/x + 1) for
variable length jobs with uniform and non-uniform value sign
respectively. Baruah et al. [4] presented matching lowembs
showing that these upper bounds are tight. Lipton and Tosr{ii]
considered the non-preemptive version of the interval chalirey
problem in which jobs have zero slack and uniform value dgnsi
This model was later generalized by Goldman et al. [12] ttuihe
delays. Dolev and Kesselman [7] studied non-preemptivedidh
ing of tasks with uniform value density. Garay et al. [10] sioih
ered the effect of job interleaving by preemption on thelgigput.
Differently from the above works, in our model time is sloti@nd
each job (packet) requires two resources, namely the irggtiapd
the output port. We call this problem thé@artite schedulingrob-
lem.

The bipartite scheduling problem arises in many contexisa |
satellite switched time division multiple access (SS/TDWs-
tem, the goal is to schedule all traffic demands in a minimum-nu

First we consider the special case of unit value packets. We ber of time slots (i.e., minimize the makespan of the sctedul

derive two algorithms: the first algorithm achieves a coritipet
ratio of (22V'°¢% 4+ 1) and the second algorithm achieves a com-
petitive ratio of N + 1, where N is the number of input/output

Gopal and Wong [13] proposed heuristic algorithms for thisbp
lem. Jain et al. [14] studied parallel scheduling of I/O w@skhere
the set of disks must be matched to the set of I/O processors. |



contrast to these works, we consideline algorithms and try to DEFINITION 2.3. We define dransmission intervadf a packet
satisfy the deadline constraintsioflividual packets. p to be a maximal continuous interval in whiphs scheduled. We

Organization The rest of the paper is organized as follows. The say that a packet igvailableat timet if its deadline is at least
model is described in Section 2. We study unit and variableeva  t+1(p)—1 andp has not yet been successfully transmitted. We also
packets in Section 3 and Section 4, respectively. In Se&iore say that two packetsonflictwith each other if they share either the
consider the offline version of the problem. Due to spacetdimi  same input port or the same output port.

tions, some proofs are omitted from this abstract. . L. .
Note that a packet may have multiple transmission inte(ifits

transmission is preempted and then restarted). W.l.oggagssume

2. MODEL DESCRIPTION that an optimal offline algorithr® PT' never preempts packets.
We consider arV x N 1Q switch (see Figure 1). Packets arrive
at input ports, and each packet is labeled with the outptit quor 3. UNIT VALUE PACKETS
which it has to leave the switch. A packet is divided into a bem In this section we consider the case of unit value packetse No
of unit length cglls tha}t must be transmitted contiguou3iyne is that the goal of the scheduling policy is to maximize theltotan-
slotted and during a time slot, up to one cell can be removad fr  ho ot hackets successfully transmitted. First we show atow
each input and up to one cell can be transmitted to each o{mpiet bound as a function of the maximum packet lengthand the num-
that multiple cells can be transmitted in parallel as lonthay are ber of input/output portslV. Thus, in contrast to the related prob-
transmitted along a matching between input ports and opis). lem of single processor scheduling, a constant competititie is
Next we introduce some useful definitions. not achievable for our problem. Then we present two algorith
whose competitive ratios are given in termslodnd N.

SIn-e.. e 3.1 Lower Bound

In this section we present a lower boundfof= min{|log L| +
o 1, N} on the competitive ratio of any deterministic online algo-
’ .i' rithm. Given a deterministic online algorith LG, the input
PN N sequence toALG is created by the adversa®yDV (see Figure
””””””””””””” 2). All packets generated by DV have zero slack and thus each

Figure 1: An example of IQ switch packet has a unique possible scheduling interval.

Initialize:
used «— 1 [* used is a port used b LG .*/
DEFINITION 2.1. For a packetp, we denote by(p) thelength i1 I*i,i+ 1 are ports for whictd DV
of p, measured in cells, by(p) the valueof p, by r(p) the timep currently generates packets.”/
arrives tp the sw!tch, i.e., thelease timef p, by d(p) thedeadline For(=K—1,...,2,1)do
of p, byin(p) theinput portof p and byout(p) theoutput portof p.
We denote by(p) = w(p)/l(p) thevalue densityf p and byx the Release two packefs, andp,, with slack 0 such that:
ratio of the maximal to the minimal value density. We dengté b 1(pa) = U(py) = 2"
the ratio between the length of the longest and that of thetassio - . o . .
packet. For a set of packe we denote byv(S) the total value If ¢is 0dd: in(pa) = in(py) =i+ 1 out(pa) =
of the packets irf. out(py) = used;
Else ¢ is even): in(p.) = in(ps) = used ;
DEFINITION 2.2. We define theemaining lengtrof a packety out(pa) =i;out(py) =i+ 1;
that is being transmitted at timeto be the number gf’s cells that Wait one time slot;

have not yet been transferred to the output port. If (ALG scheduleg., of py) :

Note that the scheduling problem of an 1Q switch can be redluce used — { i if ALG scheduleg,
to a matching problem in a bipartite graph, i.e., in each tiog i+ 1 if ALG schedulegy;
the scheduler must compute a matching between the inputhand t 1—1i+1;
output ports. We represent the state of a switch at a givemdsan Else, wait2! — 1 time slots:

N x N bipartite graph. The set of nod&sU Vo corresponds to the
input and the output ports, and each pagketaiting in the queue End for;

of input: to be transferred to outpijtcreates an edgs, = (i, j).

(Note that a packet is present in the queue until its trarsioniss Release packgt. with slack 0 such that:

complete.) I(pe) = 1:
The scheduler magreemptthe transmission of a packet at any N b )
time, and possibly restart it later. However, the transiois®f If iis odd: in(pc) = i, out(pc) = used;
that packet must start from the beginning, and thus the tjmeats Else ¢ is even):in(p.) = used, out(p.) = 1.
for the aborted transmission is wasted. A pagkés$ said to be
successfully transmitteil it has been contiguously scheduled for Figure 2: Adversary ADV for algorithm ALG.

l(p) time slots by timet = d(p). The system accrues the value

of a packet if the packet is successfully transmitted andsgab

value otherwise. The aim of the scheduling algorithm is tifat ADYV has two variables;sed ands. If ¢ is even (resp. odd) then
maximizing the total value of successfully transmittediets. the variablessed holds the input (resp. output) port that is currently



used byA LG while i andi + 1 are the output (resp. input) ports to
which ADV generates the next packets. In each iteratibbV
generates two packets, andp, with length (approximately) half
the remaining length of the packeturrently transmitted byl LG.
Packetp,, uses portgused, i) and packep, uses port§used, i +

1) (see Figure 3). Now all three packeisp., p» are conflicting
at the portused and ALG can choose at most one of them. If
ALG continues to schedule the longer packed DV schedules
to completion one of the short packets and then continueketo t
next iteration. IfALG schedules a short packet (resp.p,) then
ADYV scheduleg, (resp.p.), updatesused to bei (resp.i + 1),
increases by one and then continues to the next iteration (one
time step later). Thus, in each iteratigiDV adds one packet to
the set of packets that it can successfully transmit, whil& can
successfully transmit only one packet overall.

Iteration! (i is even).

Packet from previous iteration

used with remaining lengti2!+1 — 1

¢ Two new packets with
Py 1

I
it lenght2

Figure 3: ADV - basic step

In what follows we refer to a particular iteration by the \alof
the variablel during this iteration. First we show thatLG can
have at most one scheduled packet at any time and cannossticce
fully transmit any packet beford DV generates its last packet.

LEMMA 3.1. At the end of any iteratioh, ALG has not yet
successfully transmitted any packet, and has at most orlepac
that is being scheduled. gfexists then (1p has a remaining length
of 2! — 1, (2) if i is even therused = in(p), (3) if 7 is odd then
used = out(p).

PROOF The proof is by reverse induction én

Basis (= K — 1) . If ALG chooses not to schedule any packet,
the claim holds. Otherwised LG scheduleg,, or py,, both
of length2®X~—1 = 2! Denote the packet scheduled AY.G
by p. By the definition ofADV/, it waits one time unit, sets
used = in(p), increaseg by one and the iteration ends.
Thus, at the end of iteratioR’ — 1 the claim holds, since=
2, used = in(p) andp has remaining length & =! — 1.

Step : Assume that the claim holds for iteratiéon\We prove that
it holds for iterationl — 1. By the induction hypothesis, at
the beginning of iteratiod — 1 (i.e., at the end of iteration

) ALG has not yet successfully scheduled any packet, and

ALG has at most one scheduled packetnd if p exists, it
has remaining length df’ — 1. W.l.o.g., assume thatis
even at the beginning of iteratidn— 1. We obtain that at
the beginning of iteratioh — 1, the new packetp, andp,
require the input portised, andin(p) = used. There are
two cases:

e ALG scheduleg, (resp.py). First we note that in this
caseALG must preempp (if it exists). Now ADV
waits one time slot, updatessed to be the output port

of p, (resp. py) and increments. Therefore, at the
end of iterationl — 1, ALG has not yet successfully
scheduled any packet and the remaining length.of
(resp. ps) is 2!~ — 1, i is odd andused holds the

output port ofp,, (resp.ps), which yields the claim.

e ALG did not schedule eithep, or p,. In this case
ADV waits2' ! time slots (first, one time slot and then
another2'~! — 1 time slots). IfALG has a packep
scheduled at the beginning of iteratibn 1, then by the
induction hypothesis at the end of iteratibrn 1, ALG
has not yet successfully scheduled any packefparab
remaining length o’ —1—((2!~*—1)+1) = 2"~1 —1.
The claim holds for iteratioh— 1 sinceADV does not
changeused andi. Note that if ALG does not have the
packetp at the beginning of iteratioh— 1, the claim
holds trivially by the induction hypothesis.

O

Note that the packet generated 4DV in the last stepp., con-
flicts with the single packet that LG may have (by Lemma 3.1)
at the end of the last iteration. We get the following comlla

COROLLARY 3.2. ALG successfully transmits at most one packet
out of the sequence generatedHPV .

We now give a lower bound on the number of packets that can be
scheduled bY) PT'. The next lemma demonstrates tiiaP7T" can
gain at least one packet per iteration.

LEMMA 3.3. Consider iteratiorl that ends at time sldt There
exists a set of packefs s.t. |S;| = K — [ and all packets irf; can
be successfully transmitted. ilfis even (resp. odd) at the end of
time slott, then the input (resp. output) pofssed} U {i + 1, +
2,..., K} and the output (reps. input) por{s,i + 1,..., K} are
not used by the packets i) after time slot in this schedule.

The proof of the above lemma proceeds by reverse induction on
l. Itis omitted from this abstract.

Note that from Lemma 3.3 it follows that there is a $&t of
K — 1 packets that can be successfully transmitted without using
portsi andused after the end of the last iteration. Thus, the packet
p. presented in the last step dfDV does not interfere with the
packets inS; and therefore the sé U{p. } has a feasible schedule
and contaings packets. We obtain the following corollary.

COROLLARY 3.4. OPT can successfully transmi packets
out of the sequence generated PV .

We get that the competitive ratio gfLG is at least'. Note that
K cannot be larger thafv since during each iteratiocA DV may
need to use a new port. On the other hakidgannot be larger than
|log L| + 1, since in iterationk — 1, ADV generates a packet of
length2%—1,

THEOREM 3.5. The competitive ratio of any deterministic on-
line algorithm for the case of unit value packets is at least
min{|log L] + 1, N}.

3.2  A@*el 4 1)-Competitive Algorithm

The Length-Sort and Schedulé §S) algorithm is described in
Figure 4. At each time slot, we assign to an edgeepresenting
packetp a weight which is inversely proportional tés length. The
parameter- specifies the preemption ratio. Specifically, we multi-
ply the weight of a packet currently in transmission by adacif



Each time slot do the following:

Remove all packets that can no longer be fully scheduled by
their deadlines.

SetS; = d);

if pE Stfl,
otherwise;

rl

Letws(ep) = {®

)

Scan the packets in order of non-increasinge ):
Add e, to S if possible;

Schedule the packets 8}.

Figure 4: Algorithm LSS(r).

r > 1. The intuition is that we try to avoid wasting time spent on
preempted packets unless much shorter packets arrive.

We now analyze the performance of th8 S algorithm. In what
follows we fix an input sequence. We consider the schedule of
LSS and that ofOPT. We denote byS™S and by S°F7T the
set of packets successfully transmitted/b§.S andOPT, respec-
tively. We also denote bypROP = S°F7T \ §L99 the set of
packets successfully transmitted ©®y°T and lost byL S S.

Next we introduce a few useful definitions. We denotertly®
the set of all transmission intervals of packets transihitteL.S'S.
For eachl € P55, denote byp; the packet which is transmitted
during I. For eactp € S°F7, denote byl9*" the transmission
interval ofp in OPT.

OBSERVATION 3.6. If LSS(r) preempts a packet scheduled
during transmission interval which ends at time slat— 1, then
there exists a packetscheduled during transmission intervale
P55 which begins at time slatsuch that: (1)p conflicts withg,

and (2)i(q) < l(p)/r.

For each packep and transmission intervdl of p which does
not end successfully, we denote pyeempt(p,l)the transmission
interval guaranteed by Observation 3.6. Note that there beay
more than one such intervals and we arbitrarily choose otieeat.

OBSERVATION 3.7. For everyp € DROP, there is a trans-
mission interval/ € P55 of a packety with the following prop-
erties: (1).J N IFFT # ¢, (2) p conflicts withg, and (3)I(q)/r <
U(p).

Note that if LSS(r) started a transmission @fand then pre-
empted it in favor of a packet thenr/i(p) < 1/I(q) and since
1 < r we have that(q)/r < ri(q) < I(p).

For eachp € DROP, we denote bylock(p)the transmission
interval guaranteed by Observation 3.7. Observe that thasebe
more than one such interval and we arbitrarily select onbeft

Now we define thdlame forestF’. The idea is to build trees in
which a vertex is the transmission interval of a packe®f** or in
DROP. The root of each tree ift' is the transmission interval of
a packet inS™**. To derive the competitive ratio dfS.S, we will
bound the number of packets fromMROP in such a tree. More
formally, the blame forest’ = (V, E) has the set of nodeg =
{vr|I € P*55} U {v,|p € DROP} and the set of edgeB =
{(vp,vr)|I = block(p)} U {(vr,v)|J = preempt(ps, I)}. For
each edg€v;,vy) s.t. J = preempt(p, I), we say thav is the
parent ofv; (or vz is a child ofv;). For each edgév,, vr) s.t.
J = block(p) we say thaw; blocksv,.

CLAaiM 3.8. F = (V, E) is a directed forest.

PROOF Since the outdegree of all vertices is at most 1, we need
to show that there are no cyclesih Assume towards a contradic-
tionthatthereisacycle;, vo, ..., vk, v1 in F. By the definition of
E andblock(p), we have that’p € DROP, v, is aleaf and there-
fore the cycle contains only vertices of the forms.t. I € PX55,
Let I1, I, ..., I be the intervals inP%%* corresponding to the
verticesvt, va, . . ., vk, respectively. Since the outdegree of all ver-
tices is one, the cycle must be directed. Lek j < k be index
such thatl(pr;) is minimal. But by the definition of7, the exis-
tence of edgél;_1, I;), implies thatl; = preempt(pr,_,, Ij-1)-
Observation 3.6 implies thdtp;, ,) < I(ps;)/r, which contra-
dicts to the minimality of(pr,) . [

CLAIM 3.9.VI e PE55: (1) there are at most two different
intervalsJ, J' preempted by and (2) there are at mo2r packets
in DROP blocked byr.

PROOF. By Observation 3.6, the intervals preempted/byust
end exactly at the time slot befofestarts. They also must share at
least one port witly;. Therefore,I preempts at most two intervals.

By Observation 3.7, each packgblocked byl must have length
of at least(q)/r. Moreover, all packets blocked Hymust share at
least one port withy;. Therefore,I blocks at mosgr packets. [

LEMMA 3.10. The number of vertices, s.t. p € DROP in
each treel’ C F'is at most2rL EHo) .

PROOF LetT be atree inF'. Recall thafl" contains vertices;
s.t. I € PX%9 and verticess, s.t.p € DROP. By the definition
of E, every vertexv,, is a leaf inT. Let us consider the sub-tree
T’ C T that contains only vertices of the form. By Claim 3.9,
each vertexo; has at most two children and by the definition of
E andpreempt(pr, I), vi has at most one parent. According to
Observation 3.6, ifu; is the parent ob; thenl(pr) < I(ps)/r.
Thus, the depth of” is at mostlog, L and the size off” is at

1 . . .
most2'°s- () — [ Te@ . Claim 3.9 implies that each vertex i
blocks at mos®r verticesv,, and therefore the number of vertices

vp S.t.p € DROP in T is at mostrL 520 . Od

THEOREM 3.11. LSS(r) is (2rL1°g1<T) + 1)-competitive.

PrROOF Note that the root of each trée € F' corresponds to
a packet transmitted successfully B)y5.S. By the definition of
F, for each packet il ROP there is a vertex irF". Obviously,
|SOFT| < |IDROP| + |S*%%], and by Lemma 3.10DROP| <

1
2r L1050 |SE59| Thus we obtain that

ISOPT| < (1+ 2r L 78 )| S559) .
O

For a givenL, we can optimize the value of We obtain that the
competitive ratio off.SS(r) is minimized when- = 2vi°s L,

COROLLARY 3.12. LSS(2V°8 L) is (22VI°e L+1 1 1)-competitive.

3.3 A (N +1)-Competitive Algorithm

The Shortest Remaining Time First RT' F') algorithm is pre-
sented in Figure 5. Th8 RT'F algorithm always gives priority to
packets with the closest completion time. The idea behiagtbof
is that every packet successfully transmitted®¥T" and lost by
SRTF must share the last time slot of its transmission interval
in OPT with some packep successfully transmitted by RT .
Hence,OPT can schedule at mosY packets per every packet

scheduled bys RT'F'.

The proof of the next theorem is omitted from this abstract.



Each time slot do the following:

Remove all packets that can no longer be fully scheduled by
their deadlines.

SetS; = .

Scan the packets in order of non-increasing remaining hengt
and add them t&, if possible.

Schedule the packets given$a.

Figure 5: Algorithm SRTF.

THEOREM 3.13. SRT'F'is (N + 1)-competitive.

3.4 Lower Bound for Length-Oriented Algo-
rithms

In this section we define a class of algorithms that genasliz
the algorithms given in this paper. We give a lower boundliose
algorithms which is stronger than the general lower bournygnt
above for the case of unit value packets. We characterizgetho
algorithms in the following way. In each time slot the algionn
assigns a weight for every packet and determines a schealule f
the next time slot by selecting packets greedily or by coingua
maximum matching based on the weight function.

DEFINITION 3.1. Let ALG be an online deterministic algo-
rithm. ALG is length-orientedf it works in the general scheme
described in Figure 6 and for each packetthe weightw, is a
function ofl(p) and/or the remaining length @f. The weight func-
tion is a non-increasing function of the remaining lengtte (ithe
weight of a packet cannot decreases while it is being tratied)i

Each time slot do the following:

Remove all packets that can no longer be fully scheduled by
their deadlines.

Assigns a weightv,, to every packep.

Compute a schedule for the next time slot as a maximum
weight matching or as a greedy selection of edges.

Figure 6: Length-Oriented Algorithms, general scheme.

We start by showing some properties of length-oriented-algo
rithms.

LEMMA 3.14. Let ALG be ac-competitivdength-orientedl-
gorithm. Letr = |2¢+ 1|. Suppose that there are three packets
p, q, s eligible for scheduling such that:

e the remaining length gf andgq is ¢,
o I(s)=[L/r],

in(s) = in(p) # in(q),

out(s) = out(q) # out(p),

there are no other packets conflicting withg and s.

ThenALG schedules, and rejecty andg.

PrROOF Assume thatALG does not schedule. In this case
it must schedulep and q. Consider the following scenario. In
the next time slot arrives a set of packetsss, . . ., s, such that
Vi = 2,...,7in(s;) = in(s),out(s;) = out(s),l(si) = I(s)
andd(s;) = £. Note that all these packets conflict withand g.
Since ALG is length-orientedthe weight ofp andg can only in-
crease over time and therefoe.G continues to schedule and
g. Now observe that it is possible to schedslands., .. ., s, se-
quentially because |¢/r] < ¢. Thus,OPT schedules packets,
namelys andsa, . .., s», while ALG schedules only two packets,
namelyp andq. Therefore ALG has a competitive ratio of at least
r/2 =|2c+ 1] /2 > ¢, which contradicts our assumption[]

THEOREM 3.15. The competitive ratio of ankength oriented
algorithm for the case of unit value packets is at least

min{%(Q‘/l"gL - 1),N} .

PROOF Let ALG be ac-competitivelength orientedalgorithm
and letr = [2c + 1]. Letk be the largest integer such izt < N
andY_*_ 7' < L. For0 < i < k we define sef" of packets:

Si:{p§|0§j§2’“*i—1}.

The parameters of packpj are defined as follows:

Upj) = 210 rtin(ph) = 14 j2°, out(p}) = (j + 1)2° and
r(pj) = 4. All packets have zero slack and thus we do not specify
their deadlines.

Attimet = 0, ALG will schedule all packets fror§°. Note that
every packepj~ in the setS* s.t. 1 < i < k, conflicts with exactly
two packets in the sef’~", namelyp; ', andpj; . In addition,
packetspy. ', py; ' andp] satisfy the condition of Lemma 3.14
as the packets, ¢ ands, respectively. Therefore, at time= 1,
ALG schedules the packets §i and preempts the packets from
S, In this way,ALG successfully transmits only one pacit
overall. On the other hand) PT schedule®” packets, namely all
the packets frons*. We get that the competitive ratio fLG is
at least”.

If the value ofk was determined by the constraitft < IV then
¢ > 28 = N. If the value ofk was determined by the constraint
L > Zf:o r® then, sincek is the largest integer for which the
constraint holds, we get that = |log, (L(r—1)+1)| =1 >

1
log,.(L) — 1. Hence2F > 1 L= . SinceALG is c-competitive,
it must be the case thaf < ¢ and thus%Lloglﬁ‘) < ¢. There-

fore,log L < log(r)(1 + 1o§(c)). Assigningr = |2c+ 1] gives
log L < log(2c + 1)(1 + log(c)), andlog L < log?(2c + 1).

Finally, we obtain:

%2m71 <ec.
Therefore,
c> min{%@m - 1),N} .
O

4. VARIABLE VALUE PACKETS

In this section we consider the case of variable value packet
Thus, the goal of the scheduling policy is to maximize thaltot
value of the packets successfully transmitted.

In Figure 7 we describe the preemptive maximum weight match-
ing (PM V) algorithm. Each edge representing a packet is assigned



a weight equal to the value of the packet. The paramespecifies
the preemption ratio. Namely, we multiply the weight of anlge
representing a packet currently in transmission by a faifter The
intuition is that we allow the preemption of a packet trarssitn
only if ‘significantly more valuable packets’ can be scheduhf-
ter the packet is preempted, thus justifying the time wakiethe
aborted transmission.

Each time slot do the following:

Remove all packets that can no longer be fully schedule
their deadlines.

|

Compute a maximum weight matchiid;.

i by

if pE Mtfl,
otherwise.

7 w(p)

Let we(ep) w(p)

Schedule the packets corresponding to the edgés:in

Figure 7: The PMV (r) algorithm for variable length packets.

Next we analyze the performance of th&\/V algorithm. In
what follows we fix an input sequeneeand let the latest deadline
of a packet inc be d;. We consider the schedule &MV and
OPT. We denote bys”™" and byS°F7T the set of packets suc-
cessfully transmitted by MV and OPT, respectively. We also
denote byDROP = S°FT\ SPMV the set of packets success-
fully transmitted byO PT and lost byPMV'. Let DROP; be the
set of packets fronD RO P that O PT starts to schedule at tinie

The following claim states that wheD PT" starts to schedule a
packetp from DROP;, some packets with non-negligible value
that conflict withp are being scheduled by M V.

CLAIM 4.1, Consider a packep € DROP; and letS be the
set of packets conflicting with that are scheduled by MV at
timet. We have thatw(S) > w(p).

PROOF Observe thah is available taP MV attimet. If p itself
is scheduled at time we are done. Otherwise, suppose towards a
contradiction thatw(S) < w(p). In this case the weight af/,
can be increased by removing the edges corresponding tetsack
in S and adding:,,. That contradicts with the fact th&\ 'V com-
putes a maximum weight matching[™

Note that the packeh may be itself in the sef. In the next
claim we consider the situation in whidAM 'V preempts a packet
transmission.

CLAIM 4.2, Consider the set of packefspreempted byP MV
at timet and letS be the set of new packets th&f\/V starts to
schedule at time. We have thatv(S) > r - w(R).

PROOF. Suppose towards a contradiction thetS) < r-w(R).
We argue that in this case the weight/d} can be increased by re-
moving the edges corresponding to packetsSiand adding the
edges corresponding to packetsRnwhich contradicts the maxi-
mality of the matching computed ByM V. Note that packets iR
do not conflict with the rest of the packets that have beendsdbd
by PMV attimet — 1. [

We now introduce the following definitions.

DEFINITION 4.1. Consider the transmission intervdl of an
OPT packetp. For a time slott € I, let p;(p,t) be the packet

conflicting withp at the input that is scheduled MV at timet
if any, or a dummy packet with zero value otherwise. Sinyilave
definep, (p, t) w.r.t. the output op.

DEFINITION 4.2. Consider the transmission intervdl of an
OPT packetp and a transmission interval’ of a PMV packet
p’" conflicting withp at the input. We define thaverlapping input
transmission intervadf I and I’ to be their intersection, if any, or
an empty interval otherwise. Similarly, we define tverlapping
output transmission interval.r.t. the output op.

DEFINITION 4.3. Consider a sub-interval’ of the transmis-
sion intervalI of an O PT packetp and let the length of’ be /.
We say thaO PT gainsthe value of - p(p) onI’.

We will show that the competitive ratio d? MV is at mosr +
2k + % + 1 (recall thatr is the preemption factor and is
the importance ratio). We will assign the value of all paskiet
DROP to the packets successfully transmitted B/ V" so that
eachPMV packet is assigned at mast + 2x + Z£2¢ times its
value, and show that such an assignment is feasible.

The assignment routine is described in Figure 8. Consider a
packetp € DROP; and let] be its transmission interval. (Re-
member that by our assumption ea©PT packet has a unique
transmission interval.) At Sub-Step 1(a) we assign theevghined
by OPT on all sub-intervals of which overlap at the input or at
the output with a transmission interval BfMV'; at Sub-Step 1(b)
we assign the rest of the value gained ®yT on I; at Step 2
we re-assign the value currently assigned to the packetsmied
by PMV. Note that at iteratior, we may assign some value to
packets scheduled by MV at timet’ > t.

The following claims demonstrate that only packets thasare
cessfully transmitted by’ MV are assigned some value and that
the assignment routine is feasible and the total value esgigs at
leastw(DROP).

CLAaIM 4.3. After the assignment routine finishes, the total as-
signed value is assigned to packets that are successfatigiritted
by M PV.

PROOF Note that at iteration of the assignment routine, only
packets that are scheduled BW/ V' at timet’ > ¢ are considered
for assignment. In case a packet is preempted at somet tinadi
the value that has been assigned to it due to its currentiasi®on
interval is re-assigned at when Step 2 of the assignment routine
is executed. This value is assigned to new packetsRidl” starts
to schedule at*. Thus, when the assignment routine finishes, no
value is assigned to packets that are not successfully sited
By the finiteness of the input sequence, the total assigniee Vs
assigned to packets that are eventually successfullyrigies! by
MPV. O

CLAIM 4.4. The assignment routine is feasible and after it fin-
ishes, the total value assigned is at leagtD RO P).

PROOF Observe that the value of any packein DROP; is
processed by the assignment routine at iteratidincep is avail-
able toPMV at timet, we have thato(p;(p, t)) + w(po(p,t)) >
0. Thus, the assignment is well-defined and the value wfll be
fully assigned by steps 1(a) and 1(b) of the assignmenteuti]

The following lemma establishes an upper bound on the total
value that can be assigned taPa\/ V' packet that is successfully
transmitted.



For t = O up tod; Do:

1. For each packep from DROP; Do:
Let I = [ts = t,ts] be the transmission interval pfin
OPT.
(@) Fort' =t, up tots Do:
If w(pi(p,t')) + wpo(p,t)) > 0 then assign

w(pi(p:t')) ) ’
PP oG rute ey 1 Pilp,t) and the
to po(p, t').

w(po(p,t))
value of p(p) e ) Tty )

(b) If pi(p,t) is successfully transmitted, let(p,t) be
pi(p,t). Else, ifpi(p,t) is preempted, lep;(p,t) be

with value of at leastw(p;(p,t)) whose overlapping
input transmission intervals with areconsecutiveand
non-empty In a similar way, we defing,(p,t) w.r.t.
to the output ofp. Let the value ofp minus the value
already assigned at Sub-Step 1(aybdf v > 0 then

) w(pi(p,t)) 5,
assign the value of "5 Brmss 10 Pi(p, t)

w(po (p,t)) A
D) Fulre D) ©Po(Ps)-

and the value ob

2. Consider the set of packeis preempted byP MV at time
t and the sefS of new packets thaP MV starts to scheduls
at this time. Lew be the total value assigned to packetgiin
due to their current transmission intervals (*) anddebe the
total value of packets it5. Assign to each packetin S the
value ofw(p) - v/v’.

D

(*) For a transmission interval of a PMV packetp, the value
assigned te gue tol is the total value assigned toin the context
of atime slott € I.

Figure 8: The assignment routine for variable length packes.

LEMMA 4.5. After the assignment routine finishes, R3/V
packet that is successfully transmitted is assigned meane2h +
2k + 25 times its value for any > 2.

PROOF. Consider atransmission intendak [t,,ts]ofaPMV
packetp. Letv be the value assigned todue to! by Step 1. We
will show that if p is successfully transmitted duringthenw is
bounded by 2r+2x)-w(p) and ifp is preempted thenis bounded
by (r + 2+) - w(p).

Clearly, the total value assignedidy Sub-Step 1(a) is bounded
by 2k - w(p) since the sum of the lengths of the overlapping in-
put and output transmission intervals bfvith that of packets in
DROP is bounded by2!(p). (Note that transmission intervals of
packets inD RO P conflicting with each other cannot overlap.)

Now let us consider Sub-Step 1(b). We claim thatan be
assigned fully or partially the value of at most two packetsrf
DROP conflicting withp at the input and at the output, namely,
the two packets oD ROP whose transmission intervals overlap
with the last time slot of . To see that, consider a packiefrom
DROP conflicting withp at the input whose value has been as-
signed top by Sub-Step 1(b). Lef = [i,, ] be the transmission
interval of p in OPT. Suppose towards a contradiction thatoes
not overlap with the last time slot df. Obviously, ifis > ¢, the
value of p cannot be assigned tosincel and do not overlap.
Thus, assume that < t;. If £, > t, then the value of is com-

the last packet in the sequence of preempting packetﬁ

pletely assigned by Sub-Step 1(a) sidds contained irf. In case
s < ts, the only way that the value gf can be assigned i@ by
Sub-Step 1(b) is thatis the last packet in the sequence of preempt-
ing packets whose overlapping input transmission interwath 7
are consecutive and non-empty. However, in this case the v
pis still completely assigned by Sub-Step 1(a) becdlsentirely
covered by the transmission intervals of tRd/V packets in this
sequence. We get a contradiction to our assumption. Thexefo
overlaps with the last time slot df

Let p’ be theOPT packet whose transmission internél =
[ts, ] overlaps with the last time slot dfat the input, if any, or a
dummy packet with zero value otherwise. Similarly, we defifie
andI” w.r.t. the output op.

By Claim 4.1, the total value of packets conflicting with at

me ¢, when OPT starts to schedule it is at least(p’)/r. It
follows that if p does not take part in a sequence of preempting
packets (in this casg > t.), it can be assigned at mastimes its
value whery’ is processed by Sub-Step 1(b)plfs the last packet
in a sequence of preempting packets (in this ¢ase t;), by the
definition of Sub-Step 1(b), the value pfis greater than or equal
to that of the packet scheduled BAV at the input ofp at time
t.. Hencep can still be assigned at mastimes its value whep’
is processed by Sub-Step 1(b). A similar analysis can be fione
p”. Therefore, in casp is successfully transmitted during it is
assigned at mogr times its value by Sub-Step 1(b).

If pis preempted, at least one of the new packets conflicting with
p that PMV starts to schedule at this time has value greater than
or equal tow(p); denote this packet by . To see that, observe that
otherwise the weight of the matching scheduledMdy?V" can be
increased by removing the edges corresponding to the nevesac
conflicting withp and inserting back,, since by our assumption
r > 2. By the definition of Sub-Step 1(b), the unassigned value of
eitherp’ or p” will be assigned tg’ (or maybe to another packet
that preempt®’). Thus,p can be assigned by Sub-Step 1(b) only
the value of on& PT packet. This value is at mostimes its own
value, as we argued in the previous case.

Now let us proceed to Step 2 of the assignment routine. Seppos
thatp is successfully transmitted duridg Note thatl is considered
by Step 2 only once, namely at timg Let R be the set of packets
preempted by? MV and letS be the set of new packets thaf\/ V'
starts to schedule at tintg. By Claim 4.2,w(S) > r - w(R). If
any packet inR has been assigned at mgstimes its value due to
its current transmission interval then by the definition &2, any
packet inS is assigned at mogt/r times its value. Since initially
any preempted packet is assigned at most2x times its value by
Step 1, we obtain a geometric progression whose sum is bdunde

by Z£2%, which yields the lemma. [J

Now we are ready to prove the main theorem.

THEOREM 4.6. The competitive ration aPM 'V (r) is at most
(2r + 2k + ZE22 4 1),

PROOF Obviously, w(S°*T) < w(DROP) + w(STMV).
Lemma 4.5, Claim 4.3 and Claim 4.4 imply tha{ DROP) <
(2r + 26+ ZE22) - w(STMY). We obtain thatw (ST < (2r +
2k + ZE2 4 1) - w(SPMY), which establishes the theorem[]

For a givenx, we optimize the value aof obtaining that the com-
petitive ratio of PMV is minimized whenr = 1 4+ /x + 1/2.
Observe that > 2 sincex > 1 and the condition of Lemma 4.5 is
satisfied.

COROLLARY 4.7. The competitive ratio dP MV (1++/k + 1/2)

is at most2rk + 2\/k + 1/2 + 2“*”7\/:_11/;“ +3.



We note that forx = 1 we get a competitive ratio of approxi-
mately 11.123, which improves upon the results of [17]. We also
observe that for the case of unit length packB&/V' (1) is 2-
competitive. Observe that in this case packets are not gieen
which significantly simplifies the analysis.

THEOREM 4.8. The competitive ratio aPMV (1) is at most2
for the case of unit length packets.

5. OFFLINE ALGORITHMS

In this section we consider the offline version of our problem

The problem is NP-hard even for the special case of unit value

packets andV = 1, which is also known as theequencing within

intervalsproblem [11]. We present a pseudo-polynonia@pproximation

algorithm for the general case. This algorithm falls inte general
framework introduced in [3]. We note that [3] also givesl—ig\g-

approximation algorithm with running time polynomialirie. For
the case of unit value packets, we deriv8-approximation poly-
nomial time algorithm based on our algorithm for the geneask.

5.1 Variable Value Packets

The input to our algorithm is a set of packets To define our
algorithm we first define a new set of packéts For each packet
p € S, we define a set of packetip(p) that includes zero slack
packets corresponding to all possibilities to schegul®pecifically

s(p)
dup(p) = | J{a@lr(¢:) = r(p) +i,d(q:) = r(g:) + 1(q:)} -
=0
Wheres(p) is the slack of a packet and is definecsgs) = d(p) —
l(p) — r(p) + 1. The new seP is defined as = |, g dup(p).
Note that the the number of packetsfrdepends on the slack of
the packets it and thus is pseudo-polynomial in the ingt
The algorithmSCH ED(P, w) is described in Figure 9. Since
all packets inP have zero slack, for every € P there is ex-
actly one possible transmission intervalmofl,,. If the algorithm
SCHED(P,w) selects some packgte P to be scheduled, this
means that in the actual solution the packet S s.t. p € dup(q)
will be scheduled on the transmission interyal
We define the set'(p) to contain all the packets iR that cannot
be scheduled ip € P is scheduled (including itself). There
are two types of such packets, packets that arup(p) and are
actually just duplications of the original packet fré@imand packets
that are conflicting wittp and share some time slot wif). More
formally, we defineC'(p) as follows:

C(p) = {q € P|I, NI, # ¢ andq conflicts withp} U dup(p) .

With slight abuse of notatiorjup(p) for p € P meansdup(s)
such thats € S andp € dup(s).
Next we analyze the performance of our algorithm.

LEMMA 5.1. Consider a sef” of packets with zero slack and
an arbitrary weight functionv. Letp be a packet with the earliest
deadline selected b CHED(P,w). Then a feasible solution
that includes and a feasible solution to whighcannot be added,
are both3-approximation w.r.t. the weight functian; (as defined
in Figure 9).

PrROOF Observe that only packets i(p) contribute positive
weight to the solution. Sincg has the earliest deadline and all
packets have zero slack, each paaket C(p) \ dup(p) conflicts
with p and its transmission intervdl, contains the last time slot
of p's transmission interval,,. Therefore, any feasible solution
w.r.t. the weight functionv; can include at most three packets from

Remove all packetg with w(p) < 0 from P;
If P = ¢returng;
Select a packet in P with the minimald(p).

Letw:(z) = { 760(17) vz € C(p),

otherwise;

Letws(z) = w(z) — wi(x);

T = SCHED(P,ws);

If T'U {p} is a feasible solution theR = T'U {p};
Else,R =T;

ReturnR.

Figure 9: Algorithm SCHED(P, w).

C(p): at most one packet frortup(p), and at most two packets
from C(p) \ dup(p). Thus, the weight of an optimal solution w.r.t.
the weight functionu, is at mosBw(p). If pis in the solution, then
the weight of that solution is at least(p). If p cannot be added
to the solution, then there is a packéte C(p) which is in the
solution. Howeverw: (p’) = w(p). We obtain that both solutions
are3-approximation. [

We are now ready to prove the main theorem.
THEOREM 5.2. The algorithmSC H ED( P, w) is a 3-approximation

w.r.t. the weight functiom.

PROOF The proof is by induction on the recursion depth.

Basis: Trivial.

Step: Denote byO PT; an optimal solution w.r.t. the weight func-
tion w1 and byOPT5, an optimal solution w.r.t. the weight
function wo. Note that the solution returned by the algo-
rithm, R, falls within one of the two categories considered
in Lemma 5.1 and therefore: (R) > 3w:(OPT1). By the
induction hypothesis we have that (7') > 3w2(OPT3).
Therefore,

w(R) = wi(R) + wa(R)
> wi(R) + w2 (T)
> 311)1(OPT1) + 3ws (OPTQ)
2 311)1(OPT) + 311)2 (OPT)
= 3w(OPT).

O

THEOREM 5.3. The running time o6CH ED(P, w) is poly-
nomial in|P|.

PROOF In each iteration we remove at least one packet ffldm
and therefore the number of iterations is boundedM)y Finding
the minimald(p) can be done in tim&©(|P|). Updatingw; and
wo takesO(1) time per packet and in each iteration we have at
most|P| updates. Checking wheth@ru {p} is a feasible solution
can be done iO(|T']) < O(|P]) time. Therefore, the time com-
plexity of each iteration i€ (| P|) and the total time complexity is
o(PP?). O

We thus have &-approximation pseudo-polynomial time algo-
rithm for the variable value case.



5.2 Unit Value Packets

For the unit value case, we will modify our algorithm in thé-fo
lowing way. Note that when we use algorith$fC £ H D on unit
value packets, in each iteratioiC' 2 H D removes a packet and
all the packets i (p) completely. Therefore, the solution returned
from the recursive call will not contain any packetGi{p), and we
can always adg to this solution. Thus, we can instead adn-
mediately to the solution, and then proceed to the recursille
Instead of creating the séup(q) for a packetg, we maintain the
time window in which it can be scheduled and shrink it if neces
sary to avoid interference with the packets already scleeldulhe
algorithm is presented in Figure 10.

For eactp € S setr’(p) = r(p).

While S # ¢ do

Remove all packets ifi that can no longer be fully scheduled
by their time windows.

Select a packet in S with minimal v’ (p) + I(p).
Schedulep during the time windowr’ (p), ' (p) + 1(p)].
Removep from S.

For eachg # p with v’'(p) < r'(q) < 7'(p) + I(p) that
conflicts withp
Setr’(¢) =r'(p) + l(p) + 1.

Figure 10: Algorithm SCHED — 1(S).

LEMMA 5.4. The running time o§C'H ED — 1(S) is polyno-
mial in |S].

PROOF In each iteration we remove at least one packet ffom
and therefore the number of iterations is boundeddjy Finding
the minimalr(p) + {(p) can be done in tim&(|S|). Updating
a time window for a given packet requir€y1) time and in each
iteration we have at mogfS| updates. Therefore, the time com-
plexity of each iteration i®©)(]S|) and the total time complexity is
o(lsP*). O

6. REFERENCES

[1] N. Andelman, Y. Mansour and An Zhu, “Competitive
Queueing Policies for QoS Switche3he 14th ACM-SIAM
SODA Jan. 2003.

[2] T. Anderson, S. Owicki, J. Saxe and C. Thacker, “High shee
switch scheduling for local area network&®CM Trans. on
Computer Systempp. 319-352, Nov. 1993.

[3] A.Bar-Noy, R. Bar-Yehuda, A. Freund, J. Naor and B.
Schieber, “A unified approach to approximating resource
allocation and schedulingJournal of the ACMVol. 48(5), pp.
1069-1090, 2001.

[4] S.Baruah, G. Koren, D. Mao, B. Mishra, A. Raghunathan, L.
Rosier, D. Shasha, and F. Wang, "On the Competitiveness of
On-Line Real-Time Task Schedulingfhe Journal of Real
Time System8$/0l. 4(2), pp. 124-144, 1992.

[5] D. Black, S. Blake, M. Carlson, E. Davies, Z. Wang and W.
Weiss, “An Architecture for Differentiated Servicesjternet
RFC 2475 December 1998.

[6] A. Borodin and R. El-Yaniv, “Online Computation and
Competitive Analysis,Cambridge University Pres4998.

[7] S. Dolev and A. Kesselman, "Non-Preemptive Real-Time
Scheduling of Multimedia TasksJournal of Real-Time
Systems\vol. 17(1), pp. 23-39, July 1999.

[8] S. Dolev and A. Kesselman, "Bounded Latency Scheduling
Scheme for ATM Cells,Journal of Computer Network¥ol
32(3), pp 325-331, March 2000.

[9] Y. Ganjali, A. Keshavarzian, and D. Shah, “Input-Queued
Switches : Cell Switching vs. Packet Switchingfoceedings
of INFOCOM 2003

[10] J. A. Garay, J. Naor, B. Yener and Peng Zhao, "On-line
Admission Control and Packet Scheduling with Interleaying
Proceedings of INFOCOM 2002

[11] M. R. Garey and D. S. Johnson, “Computers and
Intractability: A Guide to the Theory of NP Completeneds/,”
H. Freeman San Francisco, 1979.

[12] S. Goldman, J. Parwatikar and S. Suri, "On-line Schiedul
with Hard Deadlines,Journal of Algorithms\Vol. 34, pp.
370-389, 2000.

[13] S. Gopal and C. K. Wong, "Minimizing the Number of
Switchings in a SS/TDMA SystemlEEE Trans. Commun.
Vol. COM-33, pp. 497-501, June 1985.

[14] R. Jain, K. Somalwar, J. Werth, and J. C. Browne,
“Heuristics for Scheduling 1/0 OperationdEEE Trans. on
Parallel and Distributed Systemsol. 8(3), 1997.

[15] A. Kesselmanm, Z. Lotker, Y. Mansour, B. Patt-Shamir, B
Schieber and M. Sviridenko, “Buffer Overflow Management in
QoS Switches,Proceedings of STOC 200dp. 520-529.

[16] G. Koren and D. ShashaD°"“": An Optimal On-Line
Scheduling Algorithm for Overloaded Uniprocessor Reahdi
Systems,'SIAM J. ComputVol. 24(2), pp. 318-339, 1995.

[17] J. H. Lee and K. Y. Chwa, “Online Scheduling of Parallel
Communications with Individual Deadlines?toceedings of
ISAAC 1999pp. 383-392.

[18] R. Lipton and A. Tomkins, "Online Interval Schedulihg,
ACM-SIAM Symposium on Discrete Algorithmp. 302-311,
1994.

[19] M. A. Marsan, A. Bianco, P. Giaccone, E. Leonardi, and F.
Neri, "Packet Scheduling in Input-Queued Cell-Based
Switches,"Proceedings of INFOCOM 200pp. 1085-1094.

[20] M. A. Marsan, A. Bianco, E. Leonardi and L. Milia, “RPA:
A Flexible Scheduling Algorithm for Input Buffered Switchig
IEEE Transactions on Communication®l. 47(12),
pp.1921-1933, December 1999.

[21] N. McKeown, “Scheduling Algorithms for Input-Queued
Cell Switches,"Ph. D. ThesisUniversity of California at
Berkeley, 1995.

[22] N. Mckeown and A. Mekkittikul, “A Starvation Free
Algorithm for Achieving 100% Throughput in an Input Queued
Switch,” ICCCN 96 Oct. 1996.

[23] N. McKeown, P. Varaiya and J. Walrand, “Scheduling €ell
in an Input-Queued Switch!EEE Electronics Lettersp.
2174-2175, Dec. 1993.

[24] H. Moon and D. K. Sung, "Variable Length Packet
Scheduling Algorithm for IP Traffic,Proceedings of JCCI
2001, April 2001.

[25] D. Sleator and R. Tarjan, “Amortized Efficiency of List
Update and Paging RulesACM 28 pp. 202-208, 1985.



