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Abstract— The emerging high-speed broadband packet- opportunity is proportional to its fair share of the bandwidth.
switched networks are expected to simultaneously support a va- These schedulers do not have to maintain a global virtual time
riety of services with different Quality-of-Service (QoS) require- function and also do not have to perform sorting among the

ments over the same physical infrastructure. Fair packet schedul- kets. Th d robi . d f the f based
ing algorithms used in switches and routers play a critical role in packets. € round robin service oraer or the frame-base

providing these QoS guarantees. Deficit Round Robin (DRR), a Schedulers reduces their per-packet work complexit (o)
popular fair scheduling discipline, is very efficient with an O(1)  with respect to the number of flows, rendering them attractive
dequeuing complexity. Using the concept ofatency-Rate(LR)  for implementation in routers and switches.

servers introduced by Stiliadis and Varma, we obtain an up- In recent work by Stiliadis and Varma [7, 8], the authors de-
per bound on the Iaten(;y of DRR and prove .that our bound is fine a general class of schedulers, calledency-Ratd£R)

tight. Our upper bound is lower than the previously known up- ' . !

per bound. This illustrates that the DRR scheduler has better S€rvers. The authors also develop and define a notion of latency
performance characteristics than previously believed, especially and determine an upper bound on the latency for a number of
for real-time applications where the latency plays a role in the schedulers that belong to the classia® servers. This notion
size of the playback buffer required. of latency is based on the length of time it takes a new flow to
begin receiving service at its guaranteed rate and therefore, is
directly relevant to the size of the playback buffers required in
real-time streaming applications.

A number of new applications such as video-on-demand DRR is one of the most popular frame-based fair schedul-
and distance learning rely on traffic scheduling algorithms ifng disciplines that is now employed in a number of real en-
the switches and routers to guarantee performance bounds aft@nments involving fair scheduling, including Cisco routers
meet the Quality-of-Service (QoS) requirements. Given muknd Microsoft's Windows NT. It is shown in [8] that the DRR
tiple packets awaiting transmission through an output linkscheduler belongs to the class HR servers. Stiliadis and
the function of the scheduler is to determine the exact s&arma report an upper bound on the latency of DRR [7], and
guence in which these packets will be transmitted. Scheduits derivation is detailed in [8]. In this paper, we obtain a lower
ing algorithms can be broadly classified into two categories value of the upper bound on the latency of DRR and thus show
sorted-priority schedulers and frame-based schedulers. Sort#ikt the scheduler has better performance characteristics than
priority schedulers such as Weighted Fair Queueing (WFQ@yeviously believed. We also show that our upper bound on the
[1], Self-Clocked Fair Queueing (SCFQ) [2], Start-time FaiDRR latency is tight.

Queueing (SFQ) [3] and Worst-case Fair Weighted Fair Queue-The rest of this paper is organized as follows. In Section 2,
ing (WF?Q) [4] maintain a global variable known as the virtualwe briefly introduce the DRR scheduling discipline. In Sec-
time or the system potential function. This variable is usetion 3, we present our analysis of the latency bound of DRR.
to compute the priority of each packet which is known as th8ection 4 presents a detailed comparison between our latency
timestamp. While they achieve good fairness and low latefpound and the previously known bound derived in [8]. Finally,
cies, they are not very efficient due to the complexity involve&ection 5 concludes the paper.

in computing the virtual time and the complexity of maintain-

ing a sorted list of packets based on their timestamps. On the [l. DEFICIT ROUND ROBIN

other hand, in frame-based schedulers such as Deficit Roun

. . ) qn this section, we present a brief overview of the DRR
Robin (DRR) [5] and Elastic Round Robin (ERR) [6], the.scheduler, a detailed description of which can be found in [5].

scheduler simply visits all non-empty queues in a round-robin Consider an output link of transmission rate access to
order. The service received by a flow in a round robin servicg, . 1, is controlled by the DRR scheduler. Letbe the to-

This work was supported in part by the NSF CAREER Award CCR-9984163"’1I number of flows and lqd)i be the reserved rate for floiv )
and U.S. Air Force Contract F30602-00-2-0501. Let p,.in be the lowest of these reserved rates. Note that since
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all the flows share the same output link, a necessary constraint [1l. L ATENCY BOUND OFDRR
is that the sum of the reserved rates be no more than the transy, deriving an upper bound on the latency of DRR, we bor-

mission rate of the output link. In order that each flow receiveg,, the technique used in [8] based on the concepf&E
service proportional to its guaranteed service rate, the DRByers first proposed in [7]. In the following, we provide some
scheduler assigns a weight to each flow. The weight assignggrinitions and review some others that will be useful in defin-
to flow i, w; is given by, ing the latency of guaranteed rate schedulers and our analysis
of the latency bound.
i Definition 1: DefineW as the sum of the weights of all ac-
@) tive flows that are being served by the DRR scheduler.
Definition 2: Define m as the size in bits of the largest
packet that is actually served during the execution of a schedul-
Note thatvi € n, w; > 1. ing algorithm. Definel/ as the size in bits of the largest packet

A flow is said to beactive during a certain time interval, thatmay potentially arrive during the execution of a scheduling
if it always has packets awaiting service during this intervaglgorithm. Note that)/ > m.
The DRR scheduler maintains a linked list of the active flows, Definition 3: An active period of a flow is defined as the
called theActiveList At the start of an active period of a flow, maximal interval of time during which it has at least one packet
the flow is added to the tail of thictiveList A roundis defined ~awaiting service or in service.
as one round robin iteration during which the DRR scheduler Definition 4: A busyperiod of a flow is defined as the max-
serves all the flows that are present in AwiveListat the out- imal time interval during which the flow is active if it served
set of the round. Each active flow is assignegliantunby the ~ €xactly at its reserved rate.
DRR scheduler. The quantum allocated to a flow is defined asThe active period is different from the busy period of a flow,
the service that the flow should receive during each round robif the sense that it reflects the actual behavior of the sched-
service opportunity. Le); represent the quantum assigned td/ler since the instantaneous service offered to the flow varies
flow i and letQ,.;, be the quantum assigned to the flow withaccording to the number of active flows. Ltnt;(t1,t2) rep-
the lowest reserved rate. The quantum assigned toiflggy ~ resent the amount of service received by fioguring the time
is given byw;Qmin. Thus, the quanta assigned to the flowsnterval (t1,¢). Let the time instanty; be the start of a busy
are in proportion of their reserved rates. In order that the workeriod for flowi. Lett¢ > «; be such that flow is contin-
complexity of the DRR scheduler is O(1), it is necessary thatously busy during the time intervad;, t). DefineS;(«;,t)
Q.min should be greater than or equal to the size of the large@$ the number of bits belonging to packets in flothat arrive
packet that may potentially arrive during the execution of thafter timea; and are scheduled during the time interial, ¢).
scheduler. Note that during some service opportunity, a flolWote that during this time interval, the scheduler may still be
may not be able to transmit a packet because doing so wofilrving packets that arrived during a previous busy period, and
cause the flow to exceed its allocated quantum. The schdiEnces;(a;,t) is not necessarily the same &asnt;(a,1).
uler maintains a per-flow state, tteficit countwhich records The reader is referred to [7, 8] for a detailed treatment of the
the difference between the amount of data actually sent thd#ferences between an active period and a busy period.
far, and the amount that should have been sent. This deficitDefinition 5: DefineT as the set of all time instants at which
is added to the value of the quantum in the next round as tffee scheduler ends serving one flow and begins serving another.
amount of data the scheduler should try to schedule in the neldie set of all time instants at which a scheduler begins serving
round. Thus, a flow that received very little service in a certaiflow i is defined asT;. Note that the seT is the union ofT;

round is given an opportunity to receive more service in théor all active flowsi.
next round. Definition 6: The latency of a flow is defined as the mini-

um non-negative constay; that satisfies the following for

A frame is def_ined as the sum of the quanta aII_oca_ted _to a[,_HI possible busy periods of the flow,
the active flows in a DRR round. Lét denote the size in bits Si(ant) > maz{0, ps(t — as — ©,)} @)
of a DRR frame. The upper bound of the latency of DRR is = e ! !
derived in [8] as(3F — 2¢;)/r, wherer represents the trans-  As defined in [7], a scheduler which satisfies Equation (2)
mission rate of the output link. In the following section, wefor some non-negative constant valuexfis said to belong to
prove a tighter bound on the latency. Our bound is tighter dube class oLatency RatdLR) servers. The above definition
to the use of a tighter upper bound on the deficit count of eaptures the fact that the latency of a guaranteed-rate scheduler
flow and also due to the fact that we make a distinction beshould not merely be the time it takes for the first packet of a
tween the size of the largest packet that may potentially arriilow to get scheduled, but should be a measure of the cumula-
at a scheduler and the size of the largest packet that actudile time that a flow has to wait until it begins receiving service
arrives during an execution of the scheduler. at its guaranteed rate.



Note that even though the definition of the latency is basgurogress at time instamt or which ends exactly at time instant
on flow busy periods, in practice it is easier to analyze schedut;. Let the time instant;, mark the end of roundkq + h — 1)
ing algorithms based on the active period of a flow. tebe and the start of the subsequent round.
an instant of time when flow becomes active. Let > 7; Let Sent;(s) represent the total data transmitted from flow
be some time instant such that the flow is continuously activein rounds of the DRR scheduler. Also, 1d0C;(s) represent
during the time intervalr;,¢). Let ©} be the smallest non- the deficit count of flow following its service in round. It is
negative constant such that the following equation is satisfigetoved in [5] that for any flow in any rounds,

for all ¢, 0 < DCi(s) <m-—1 5)

Sent;(1;,t) > max{0, p;(t — 7, — O})} 3) Sent;(s) = wiQmin + DCi(s—1)— DCyi(s) (6)

Even though(;, ) may not be a continuously busy period forNOte that the upper bound @?C;(s) is @, as used in [8] in
flow i, it is proved in [7] that the latency, as defined by (2){he derivation of the DRR latency, only @; = M = m.
is bounded byo’. This allows one to determine the Iatency'n all other situations, the upper bound on the deficit count as

bound of a scheduler by considering only those periods durirg€cified by Equation () is a tighter bound.
which a flow is continuously active. As illustrated in Fig. 1, assume that the time instant when

Theorem 1: The DRR scheduler belongs to the clas<a flow i becomes active coincides with the time instant when
servers With. an upper bound on the laten@y, for flow i some flowu is about to start its service opportunity during the
given b)’/' ’ " ko-th round. LetG, denote the set of flows which receive ser-

vice during the time intervalr;, t1), i.e., after flow ¢ becomes
1 w active. Similarly, letG, denote the set of flows which are

©; < - <(W = Wi)Qmin + (m = 1) <wz +n- 2)) 4)  served by the DRR scheduler during the time intetvgl ;),
i.e., beforeflow i becomes active. Note that floiis not in-

wheren is the total number of active flows ands the trans- cluded in either of these two sets since flowill receive its
mission rate of the output link. first service opportunity only in thék, + 1)-th round. If the
Proof: Since the latency of ad’R server can be estimated time instantr; coincides with the time instamt, which marks
based on its behavior in the flow active period, we will provenhe end of the-th round and the start of t{é + 1)-th round,

the theorem by showing that, then the seG, will be empty and all thex — 1 flows will be
included in the se6,. Note that in this case, flowwill be the

e < 1 ((W = w)Qmin + (m —1) <W +n— 2)) last to receive service in the + 1)-th round and all subse-
r Wy guent rounds during the time interval under consideration.

The first step towards analyzing the latency bound involves
o[btaining an upper bound on the size of the time interval
7:,7F). This time interval can be split into the following three
sub-intervals:
1) (7i,t1): This sub-interval includes the part of the-th
round during which all the flows belonging to the &t
will be served by the DRR scheduler. Summing Equa-

tion (6) over all these flows,

Let flow ¢ become active at time instant. In deriving an
upper bound on the latency of DRR we consider a time interv
(7:,t) during which flows is continuously active. Then, we
obtain the lower bound on the total service received by flow
during this time interval. Lastly, we express the lower bound
in the form of Equation (3) to derive the latency bound.

In [9], in the context of deriving the latency bound of Elas-
tic Round Robin [6], it is proved that if the upper bound of

latency is met exactly during the active peri@dg, ¢), then the 1 P
following two conditions are satisfied: h=m = = j; {w; Qumin +
1) 7, T and “. o _
2) teT, + DCj(ko —1) = DCj(ko)}  (7)

It can be easily verified that these conditions are applicable in 2) (t1,t): This sub-interval includes — 1 rounds of the
the analysis of the latency bound of all round robin schedulers ~ DRR scheduler starting at round, + 1). Consider
including DRR. Letr} be the time instant marking the start of the time interval §,,t,+1) when round(ko + h) is in
the k-th service opportunity of flowi. Note thatr* belongs to progress. Summing Equation (6) over alflows and
the sefl;. From the above, to determine a tight upper boundon  sincelV is the sum of all the flow weights, we have,
the latency of the DRR scheduler we need to only consider time

: o > w

intervals(r;, 7¥) for all k. Fig. 1 illustrates the time interval thi1 —th = 7(Qmm)

under consideration for a given Note that the time instant Lo

7; may or may not coincide with the end of a round and the 4+ Z{ch(ko +h—1)— DC;j(ko + h)}
,

start of the subsequent round. Ligtbe the round which is in =1
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Fig. 1. Anillustration of the time interval under consideration

Summing the above ovér — 1 rounds beginning with Solving for(k — 1),
roundkg + 1,

W —w;
(k—1) > ——(tF—7)— i
tk—t1 = ?( - 1)Qmin WQmi” w
1 <& _WQ ; (n_l)(m_l)
+ = 37{DC) (ko) — DC;(ko + k — 1)}8) min
"= + Voo DCi(ko+k—1)  (11)

3) ](Ct’“’hl ) TZ'ZSUb 'mehrvil |n"cllrj1deﬂs the Ealrt of thiey + h Note that during the time interval under consideration, ),
)t round during which all the flows elonging to theq, ; receives service itk — 1) rounds starting at roungk, +
setG, will be served by the DRR scheduler. Summlng1 Hence, using Equation (6) over the§e— 1) rounds of

(6) over all these flows, service for flowi, and since the deficit count of a newly active
i 1 flow is O, we get,
=t = = {w;Qmin
" jea, Sent;(1;,7F) = wi(k — 1)Qumin — DCi(ko + k — 1) (12)

+ DCjlko +k — 1) = D (ko + k)}O) Using (11) to substitute fork(— 1) in (12), we get,

Combining Equations (7), (8) and (9) and siriéeis the sum & wir, w;
of the weights of all the: flows, we have, Senti(ri, 777) 2 W (7" = 7) = W(W = Wi)Qmin
wi w;
——(n-1(m—-14+—=DCij(ko +k—1
e = = 0@+ () Qo (- Dlm = U g PG+ k= 1)
r —DCi(ko+k—1) (13)
1
+ r Z (DCj(ko — 1) = DCj(ko + k — 1)) Now, since the reserved rates are proportional to the weights
. J€Ga assigned to the flows as given by (1), and since the sum of the
4+ 2 Z (DC; (ko) — DC;(ko + k) reserved rates is no more than the link ratere have,
JEGY i < %7’ (14)

1 <
+ =(DCi(ko) — DCi(ko + k— 1)) (10) W
" Using Equation (14) in Equation (13), we have,

Now since flow: becomes active during rourig), its deficit . N i
count at the end of they-th round,DC; (ko) is equal to zero.  Senti(7i, 7)) = il —7i) = = (W — w;)(Qumin)

Using this fact and the bounds on the deficit count from Equa- pi
tion (5) in Equation (10), we have, - ?(” —1(m=1)
pi (W —w;
- = DCi(ko+k—1) (15
7_1',k -7 < K(‘l{: - 1)szn + <W w2> szn r < Ws ) ( ’ ) ( )
r

Simplifying further and noting that the latency bound reaches

(n—1)(m—-1)
+ - . ;DCi(kO +hk-1) the upper bound wheC;(ko + k£ — 1) equals(m — 1) we



get, bits before flow: receives its second service opportunity. Dur-
ing this service opportunity, flow will be able to transmit at
1 least a minimum ofv;Q.,,;», bits, and will thus start receiving
k k 1 mn H
Sent(r;, 7") 2 maz{ov pi (Ti - <(W —wi)Qmin  service at its guaranteed rate. Referring to Fig. 2, we have,

(L)) o et nr W e

Now, sincep; = w7, simplifying further, we have,

As discussed earlier, floawwill experience its worst latency
during an interval;, 7F) for somek. Therefore, from Equa- (m—1) (W —w;
tion (16), the statement of the theorem is proved. O Y="— < o > (19)

We now proceed to show that the latency bound given by ’
Theorem 1 is tight by illustrating a case when the bound is aSubstituting forX andY from Equations (17) and (19) in
tually achieved. Assume that flonbecomes busy at a certain Equation (18), it can be easily verified that the latency bound
time instantr;, which also coincides with the start of a certainis exactly met.
round (ko + 1). Since the other flows in thactiveListwill
be served first, flow becomes backlogged instantly ands IV. ADISCUSSION OF THENEW L ATENCY BOUND
also the start of its active period. Assume that for any time in-
stantt, ¢t > 7;, a total ofn flows, including flow:, are active.
Let F represent the set of all flows. Also, assume that the
summation of the reserved rates of all thélows equals the

output link transmission rate, Hencep; = 7. Since flow

In this section, we present a brief but detailed comparison
of the latency bound of DRR derived in Theorem 1 with the
latency bound derived in [8]. L& represent the latency
bound derived in Theorem 1. Hence,

i became active at timg, its deficit countat the start ofround ~ ~ * (W — )Qpin 1 W

(ko + 1) is 0. Let the deficit count of all the other flows at the ©7“" = ——— = + —(m —1) (w tn— 2) (20)
start of round ko + 1) be equal tdm —1). From Equations (5) ’

and (6), a flowj can transmit a maximum af; Qy,in +(m—1) Let ©9¢ represent the latency bound of DRR as derived in

bits during a round robin service opportunity. In the worst casgg]. We have,

before flow: is served by the DRR scheduler, each of the other Qold _ 3F —20Q;

(n — 1) flows will receive this maximum service. Hence, the v r

cumulative delay until flow receives serviceX, is given by,  |n the above equationf” denotes the size of a DRR frame
which is equal tolW Q,,.;», the summation of the quanta of

(21)

. (Za‘;j; w;)(Qmin) + (n—1)(m — 1) all the active flows. Substituting faF in Equation (21) and
N r simplifying we have,
(W - wi)(Qmin) + (n - 1)(m — 1)
= , 17 Qold — (W — wi)Qmin i (2W — w;i)Qmin (22)
1 T r'«

Even though X represents the time for which flotas to wait o

until its first packet is scheduled, Equation (2) does not holtjote that both©7** and ©7“*” are represented as a summa-
true whenX is substituted a@i_ This is because in the time tion of two terms of which the first term is identical. Recall
interval (r;, 7; + X ) flow i has not yet started receiving servicethat Qm:» > M and thatM > m. Therefore it can be easily

at its guaranteed rate. We assume that the latégig given  Vverified thato7< is less thar®7'¢, demonstrating that the la-
by, tency bound of DRR as proved in this paper is a tighter bound.

0,=X+Y (18) Also note that the expression f@i‘;ld_does not distinguish be-
tweenm and M. In most networks including the Internet, the

A plot of the service received by flowagainst time is illus- vast majority of the packets in the traffic are of much smaller
trated in Fig. 2. Assume that the total service received by flosize than the maximum possible size [10,11]. Therefore, since
¢ during its first service opportunity i8;Q ;i —(m—1). Note  m << M, we havemn << Qin. Thus, in situations with
that from (5) and (6), this equals the minimum service that flowmall numbers of flows and whene < A, ©7¢* can be much
i can receive during any service opportunity. At the end of thewer than©¢'<.
(ko+1)-th round, the deficit count for flowis (m—1) whereas In order that the reader can fully appreciate the difference,
the deficit count for all the other flows is zero. In the worstve provide a comparison of these two latency bounds of DRR
case, during théky + 2)-th round, each flowj from amongst within the context of a practical example. Let us assume that
the other(n — 1) flows will transmit a maximum ofv;Q..;»,  the DRR scheduler is controlling access to an output link with
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Fig. 3. Comparison of the latency bound

rate,r = 150 Mbps. Assume thad/, the size of the largest reveals tha®}*" is a tighter bound.
packet that may potentially arrive during the execution of the

DRR algorithm is equal to 576 bytes. Also, ., be equal

to M. Let p,in be equal to 0.1 Mbps and let the number of V. CONCLUSION

flows, n be equal to 100. Also assume that the output link is ] )
completely utilized, i.e3"", p; = r. Note that this implies In this paper, we have derived an upper bound on the la-

that the sum of all the weights 150,/0.1 = 1500. We compare tency of Deficit Round Robin (DRR), a popular fair scheduling
the two latency bound€?/¢ and®?<® for flow i as a function d|SC|pI|ne that hgs found usein a r_1umber of cpmmermal prod-
of its reserved ratey;, for two values ofn: (a)m = M, (b) ucts mgludlng Cisco routers qnd Mlcros'oft's Windows NT. Our
m = M/2. Fig. 3 illustrates a plot of the latency bounds ofoound is lower than the prewously_ belle_ved upper bound. We
flow i for both values ofn. Note that expressions f@7ev also show that our upper bound is a tight one. The latency

ande?'? depend on the sum of the weights of all the flows buXPerienced by a flow captures the length of time it takes a

not on the distribution of the weights among all the flows othe?€W flow to begin receiving service at the guaranteed rate,

than weighti. Therefore, the weights of flows other than flow@nd therefore, it is directly relevant to the size of playback

i are not discussed in the context of this illustration. Fig. Suffers needed for real-time applications. This paper shows
that the DRR scheduler has better performance characteristics,



and thus, is more suitable for both best-effort and guaranteed
services environments than previously believed.
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