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Abstract. Fair-queuing schedulers provide clients with bandwidthabency
guarantees provided they are well-behavedthe requested service is always
within strict predefined limits. Violation of the service dnals results in nullifi-
cation of the performance guarantees of the misbehaviegtcli

In this paper we relax this notion of good behavior and preageneralized ser-
vice model that takes the current system load into condideraConsequently
clients may opportunistically consume more than their @aéd service without
losing future performance guarantees, if doing so will rerigdize well-behaved
clients. We present a new algorithm RFQ (Redemptive Faiuigg along with
a generalized traffic model called the Deficit Token BuckefBP RFQ incorpo-
rates the notion of redemption, whereby a misbehavingtfiey be rejuvenated
and regain its performance guarantees. We characterioetiuitions for rejuve-
nating a client, and prove that RFQ meets its performanceagtees in the DTB
model.

1 Introduction

The popularity of hosted application services, and bengfitost, energy, and man-
ageability of a shared infrastructure has spurred intéreserver virtualization and
storage consolidation technologies [1, 2]. This has cte#tie need for flexible and
robust resource management strategies for client isalatia QoS provisioning in
shared server systems [Besource scheduling used to provide each workload with
the abstraction of having its own dedicated server, whildllg sharing server capac-
ity to handle bursts or low latency requests. A client's paerfance requirements are
usually expressed by a combinationtbfoughputand latencyconstraints. Through-
put refers to the average rate of service completion, whtienicy or response time is
the interval between the arrival time of a request and the fintompletes service.
A database workload, for instance, may have strict resptim&requirements for its
transactions, whereas a back-up or other file transferegifmin might care more about
overall throughput than the latency of individual requests

The Service Level Agreement (SLA) of cliegithas three parameters;(p;, &): pi
is theaverage(long term) service demand of, the burst parameteio; specifies the
allowable instantaneous deviation frgom (as made precise later), addis a bound
on thelatencyof its requests. The scheduler aims to prowgda throughput ofp; and
a response time guarantee ®fas long ag; is well-behavedi(e. honors its SLA as



defined precisely later). In current models [4-6] a clientossideredvell-behaved

if in everytime interval of sizelT > 0, the total amount of service requested is upper
bounded byU (T) = i + pi x T. Such an arrival model is also known as the token
bucket model [7] with parameters and p;. Well-behaved clients restrict the amount
of service requested in any time interval (either volumjast by request dropping) in
return for receiving guaranteed response times.

A major drawback of current QoS schedulers is their fragilitth respect to errant
client behavior. If a client violates its SLA by requestingmatharlJ (T) service inany
intervalT, the deadline guarantees for the client are effectivellifrad. Unfortunately,
this nullification is not restricted to just the offendingjtests but can persist indefi-
nitely into the future. (See Example 1 in Section 2). In a pecatsetting this restriction
is unacceptable. When the server has unused capacity (siheeery client is sending
at the maximum rate at all times), it is desirable to allowts who can use the excess
service to do so, without penalizing them in the future f@itluse of spare capacity. A
robust model should distinguish between benign violathisput limits (as when a
client merely utilizes spare capacity) from critical vittans where the client should be
penalized to prevent it from encroaching on the shares @ratlents.

In this paper we make the following contributions) (ve define a dynamic traf-
fic model called the Deficit Token Bucket (DTB) model. DTB al® one to define
a weaker notion of well-behaved clients that distinguishesveen benign and crit-
ical arrival violations; ) we present a new scheduling algorithm RFQ (Redemptive
Fair Queuing) that provides performance guarantees uhteweaker model of well-
behaved clients, and includes mechanisms to acceleratelthbilitation of a misbe-
having client; €) we provide an algorithm for proportionate bandwidth aditian by
modifying certain parameters of RFQ. The resulting al¢ponitachieves the optimal
worst case fairness index [8], an important measure of tlaitgwf a fair-queuing
scheduler. Note that RFQ meets its deadlines in all sitnatichere the existing sched-
ulers do, in addition to situations where the latter do noé. bElieve this is the first
algorithm which can successfully distinguish between tpeind critical use of spare
capacity, that allows better server utilization and grefi¢ibility for the clients.

2 Relation to Previous Work

Formal work related to Fair Queuing algorithms for QoS-blasesource allocation
falls into two categories. First is a class of schedulingpetgms for proportionate
bandwidth allocation such as PGPS [9], Virtual Clock [LOF®@/[11, 12 WF?Q[8],
SFQ [13], SCFQ [14], Leap Forward Virtual Clock [15], Latgrate Servers [16],
Greedy Fair Queuing [17], Elastic Round Robin [18], and TBmare Scheduling [19],
which guarantee weight-proportional throughput to ckeby dividing up the server
bandwidth fairly between them. A fundamental limitationtbése algorithms is the
strong coupling between their throughput and responsedimeantees. The latency of
a client’s requests is fixed by its bandwidth allocationutésg in over-provisioning
for clients with low throughput and low latency requirengm corollary to this is the
inability of these algorithms to handle bursts effectivallie algorithms do not distin-
guish a client that sends its requests at a uniform rate frotieat sends the requests



in periodic bursts, as long as the average request ratek@asame. Both clients will
receive the same bandwidth allocation, but the bursty tiigt incur large latencies.
On the other hand, an algorithm with independent latencytlaraighput controls can
schedule the requests to be sensitive to the latencies.

The second class of scheduling algorithms [4-6, 20, 21] aencty-sensitive in
that both throughput and response time constraints maydependently specified pro-
vided certain capacity constraints are met. The fundarhesgalt in this regard is the
SCED [4, 5] algorithm to schedule workloads specified by &giset of service curves
that meet the capacity constraints. However, this soludiod its successors have the
fundamental drawback that a client that uses spare capaeyget starved in the fu-
ture when resource contention is high. We present a detedathple below to show
the issue of starvation and the possibility for indefinitep@nse time penalties in the
SCED algorithm. In the example tag refers to the value assigma request that is used
as a scheduling priority. Tags are spaced by the inverseedhtioughpup; whenc; is
backlogged; the scheduler dispatches requests to the gettre order of these tags.
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Fig. 1.c; is starved during [2,3] for using spare capacity during][1,2

Example 1 Consider a system with two clientg andc, with throughput require-
mentsp; = p2 = 50 req/s. Assume the system capacity is 100 reqg/s. Suppate; th
sends a burst of 200 requestg at 0, and then sends requests at its desired rate of 50
reg/s fromt = 2 onwards. Suppose thatis idle till t = 2, sends a burst of 100 requests
att =2, and then sends requests at a steady rate of 50 req/s-afieiThe input profiles
are shown in Figure 1.

Now in the interval [02], c; can utilizes the capacity unused éyand will receives
100 reg/s instead of its stipulated rate of 50 req/s. All¢h2B80 requests will complete
service byt = 2, but its tags (that are spaced apart Bp;t= 1/50) will have reached a
value of 200 x ¥50= 4 (much higher than the real time). Hence future requests of
arriving aftert = 2 will have tags beginning at 4 and increasing in incremehis/ 60.
Whenc, becomes active at tinte= 2, the 100 requests @} will receive tags starting
at 2 and spaced by/50; all these tags are less than the tags of the pending tsmfes
c1. Hencecp will get all the service, and complete its burst of 100 redgies1 second
att = 3, starvingc; of any service in this interval, After time= 3 the requests af;
andc; are interleaved, since the tags of botlandc, now begin at 4 and are separated
by 1/50. However, requests of have been pending sinte- 2 and therefore these and
all future requests af; incur a latency of at least 1 second.

A better schedule can be constructed as follows. Serve tBaafuests ot; in
the interval [02] as before. Fromh = 2 onwards, give botl; andc; their guaranteed



service rate of 50 reqg/s by interleaving the requests;céind c,. This ensures that
neithercy nor ¢, will be starved of service, and that all requestscpfarriving after

t = 2 will be served without delay. Note theg missing its deadlines is justified since
it is requesting more than its share during a period wherettseeno spare capacity in
the system. In contrast, in the traditional fair schedojenisses deadlines indefinitely
even though its only excess is to use unused service cajatitieeen [02]. Our recent
algorithmpClock [6] provided a solution to this problem, and showed eioglly that

it was able to avoid starvation in many cases. However, themdbconditions under
which spare capacity can be safely used were no strongeetiréer results.

3 Model and Definitions

The system provides shared service to a sehafients,c;,1 < i < m. Each request
brings in a demand for a specified amount of service (e.g. t@asts, CPU time etc.).
Clients’ requests are held in private queues, and are dispdtto the server one at-a-
time by the scheduler. The server capacity denoted by C isateeat which it provides
service. Time is represented by discrete time step®,1,2,---. The SLA parameters
of ¢; are denoted byd, pi, &). The size of the request made qyat timet is denoted
bys(t), 0< s(t) < g;. The total amount odervice requestebly ¢; in the interval[a, b],

is denoted by tharrival functionZ; (a,b) = S£_, s(t). The amount oervice provided
to ¢ in the interval f, b] is denoted by¥i(a,b). A client is backlogged at some time
instant if it has one or more requests pending in the queuerecemtly in service.

Definition 1. Thebacklog B;(t) of a client ¢ at time t is defined asiB) = %;(0,t) —
Z(0,t). Client g is said to bebackloggedat time t if B(t) > 0. A system busy period
is a maximal-sized time interval during which at least oniertdl is backlogged. The
maximum size of any request is denoted hyxRThe maximum service time of a
request is denoted bg/= Ryax/C.

Requests are classified as eitlgeod or bad based on two factors: (i) the total
amount of service requested by the client relative to its $lafameters, and (ii) the
actual rate at which the client has received service. Goqdests will be serviced
within their stipulated response time, while bad requeatsot be guaranteed. This is
the fundamental point of departure from previous schenmesatlier models only the
first factor is used to classify requests, while in our new elddde load of the server
is implicitly taken into account. If the server has suffidieapacity to absorb extra
service without hurting the other clients, then future regjs of this client are classified
as good, and compete fairly with the other clients.

In order to classify requests we use a modified form of a tokeskdst algorithm [7].
For a client with arrival parametessandp we refer to it as @, p)-DTB (Deficit Token
Bucket) model. Initially the bucket contairmstokens. A request of sizewill reduce
the number of tokens in the bucket &yf this results in the number of tokens becoming
negative the request is classifiedtast else the request ood The bucket is contin-
ually refilled with tokens at the constant rate@but the maximum number of tokens
is capped ao. In addition, at asynchronization pointhe number of tokens of a client
¢ with no current backlogs increased t@;. Intuitively a synchronization point detects



that there is unused server capacity and makes it availaldients. Clients that have
a backlog are still paying the price for past misbehavior tredtefore no tokens are
added to their buckets.

Each clientc; is controlled by its ownd;i, p;)-DTB. Figure 2 shows the number of
tokens as they change in DTB model. The solid line shows ttaé tomber of tokens
accumulated and the dotted line shows the total serviceestgd as a function of time.
The difference between the two is the tokens available attitn@ instant. If the total
service requested exceeds the cumulative tokemgskieyond timea), the number of
tokens will be negative. On the other hand, if a client geks ide number of tokens
will continue to increase at a rapg, but will be capped ady;.

tokens=0

___________

tokens= ¢;
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Fig. 2. DTB model for a client;

Definition 2. A request from icof size s that arrives when the number of tokens in its
bucket is at least s igood else the request ibad. Client ¢ is well-behavedin the
interval [a,b] if all its requests that arrive in the interval are good; elgés said to
misbehavein that interval.

Service guarantees can only be met if admission controlreaghat the system
has sufficient capacity to meet requirements of admitteshtdi Alower-boundon the
system capacity, referred to as thgstem Capacity Constraint is stated below. This
is derived by considering the situation in which all cliegtd <i < m, simultaneously
send their maximum burstgii) att = 0, followed by sending requests continuously
at their designated throughput ratgs)( If any of the inequalities in Definition 3 is
violated, at least one request in the above arrival set widknts deadline. The first
constraintis needed to ensure thatatlan receive throughppt. The second constraint
follows by noting that fok < i, ¢, must completegy + pk(& — &) amount of service
by & for it to meet its deadlines.

Definition 3. Let the clients be arranged in order of non decreasing laiesaepre-
sented by < & <--- < .
TheSystem Capacity Constraintis defined by the following equations:

yp=cC 1)
Vi
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In Section 5, we show that these conditions are alsficientto guarantee that no
good requests are delayed.

4 Scheduling Algorithm RFQ

The algorithmRFQ is based on tagging requests to reflect their schedulingifyrio
Each request receivesstart tagand afinish tag The start tags determine eligibility
of requests for scheduling; at any instant, only requestis start tags no more than
the current time are eligible. Among eligible requests the with the smallest finish
tag is chosen and dispatched to the server. Pseudo codeouitfalg is presented in
Algorithm 1 below.

Request Arrival;

Lett, be arrival time, of requestfrom ¢;;
UpdateNumtokens();
ComputeTags();

B W N P

Request Completion:

Lettc be time the current request completes;
AdjustTags ();

Dispatch();

A WN P

Algorithm 1 : RFQ algorithm

There are two actions performed by the scheduler on a regrrestl: UpdateNum-
tokensmplements the DTB model by updating the number of availéditens for this
client; ComputeTagassigns start and finish tags to the request to be used byshe di
patcher. When a request completes service two actions aie@gjuiredAdjustTagss
used for synchronizing tags with real time and rejuvenatifents as necessary, while
routine Dispatchis used to select the next request to send to the server. Thagso-
nents are detailed in Algorithms 2 and 3.

UpdateNumtokens For each client;, the routine maintains a variabi@mtokens
that tracks the amount of tokens in its bucket at an arrivstiaint. The initial value
of numtokensis set tog; at the start of a system busy period. The amount of tokens
increases at the uniform rate pf Hence in an interval oA seconds it will be incre-
mented byA x pj, but the total amount of tokens is cappedat

Compute Tags: This routine assignstart andfinishtags § andF' respectively)
to the request arriving from¢;. The value assigned to the start t§gdepends on
whether the request is good or bad. Let the size of the redpesst If the request is
good flumtokens> s), § is set to the current time The start tag of a bad request
is set to a time in the future, specifically the earliest timhevhich the bucket would
have accumulatesl tokens if there are no further withdrawals. If there mte O tokens
currently in the bucket, the additiona ¢ n) tokens required will be accumulated in a
further (s — n)/p; time. The conditiom < 0 signifies that there are pending requests
with start tags beyond the current time; the request neeeartts tokens and join the



end of the queue of pending requests. This is done by se#tstgiit tag ta /o beyond

the largest start tag af at this time.F" is set to the sum o and the latency bound.

The count of tokens for the client is decremented by the semgquired ), and the
number of pending requests for the client is updated. Thabi@sMinS andMaxS
track the smallest and largest start tags;aEspectively, and are updated as necessary.

UpdateNumtokens:
On arrival of request of sizes from clientc; at timety;
LetA =ty — the arrival time of the previous request®f
numtokens+=A x pj;
if (numtokens> a;) then

numtokens= gj

ComputeTags:
On arrival of request of sizes from clientc; at timety;
if (numtokens> s) then
=ta;
else
if (numtokens> 0) then
§ =ta+ (s —numtokeng/pi;
else
§ =Max§+s/p;

Max§ =Y§;
Fr=9+d;
numtokens= numtokens—s;
backlog = backlog + 1;
if (backlog = 1) then
Min§ =§

Algorithm 2 : Components of RFQ algorithm at request arrival

AdjustTags: The routine checks for the condition where the start tagslqiend-
ing requests are greater than the current tign&Ve call this asynchronization point
Rather than allowing the tags to keep running ahead of need {ivhich is the funda-
mental cause for starvation; see Example 1 of Section 2)aldaithm synchronizes
the backlogged clients and the idle clients. At a synchiaion point, the algorithm
shifts the tag values of all requests at the server by a fixeabatmso that the smallest
start tag after the adjustment coincides with the currem¢ ti. The relative values of
the tags are not changed: they just shift as a block by antaftpeal to the difference
between the smallest start tag in the system and the cuiment$ince new clients will
begin their tags from the current time as well, all clientmpete fairly from this point
on, avoiding starvation. Note that an implementation juestds to maintain an offset
value equal to the the shift amount, and does not need tocitkphlter each tag.



The occurrence of a synchronization point also indicatasttiere is spare server
capacity that can be reallocated without risking futurergogees. Hence the routine
also checks if there are any clients that can be rejuveniditedent ¢; at a synchroniza-
tion point has a backlog of zero, then it can be rejuvenatédtamnumber of tokens is
changed ta;.

Note that this shift in tag values and infusion of tokens huvenation raises the
possibility that some clients may now miss their deadlirs#sce more requests are
pushed into a given time interval. However, as we show in Témdl the readjustment
of tags does not result in any missed deadlines, since ittlgxe@mpensates for the
spare capacity detected by the synchronization point.

Dispatch: This routine is invoked on the completion of each requéstelects a
pending request to dispatch to the serteis the set okligible requestgonsisting of
the requests whose start tags are less than or equal to ttrenictime. Note that the
AdjustTagsoutine guarantees thitis not empty as long as there is at least one request
in the system, by forcing a synchronization if necessargnithe eligible requests,
the one with the earliest finish tag is selected for servide Aumber of pending re-
quests lpacklog) and minimum start taginS) of the selected clienty are updated
appropriately.

AdjustTags:

Let A be the set of currently backlogged clients at tige

if (Vj € A, Min§ > t) then
mindrift = minjea {MinSj —tc};
V] € A, Subtractmindrift from MinSj, Max§ and allstartandfinishtags;
V| ¢ A, numtokeng= aj;

Dispatch:
On completion of request from client at timetc;
Let E be the set of pending requests with start tags no moretghan
FromE, select the request with minimum finish tag and dispatch it to the server. Let
the chosen request be from cliemnt
backlog = backlog —1;
if (backlog > 0) then
Let the start tag of the next pending requestiobe §;

MinS = §;

Algorithm 3: Components of RFQ algorithm on request completion

5 Proof of Correctness

In this section we provide a proof of the scheduling guarstd RFQ. We will show
that if the system capacity satisfies the constraints natBefinition 3, then every good
request will meet its deadline. Note that the definition adgoequests includes clients
that may have misbehaved in the past, but have since beeenajied.



Definition 4. A synchronization point is a departure instant t at which all start tags
are greater than t. Immediately after the synchronizattbe,minimum start tag is t and
every flow with zero backlog at t is rejuvenated so that it amkens.

Lemma 1. If a good request completes service before the finish tagyasdito it by
RFQ, then the request meets its latency bound.

Proof. Consider a requestof ¢; that arrives at some time instanSSince the request is
good, RFQ will set its start tag to the arrival timand the finish tag to+ &. Hence if
r finishes service by its finish tag, it meets its latency bound.

Lemma 2. Consider an intervala,a+ 7] in which a is a synchronization point and
there are no more synchronization points between a a#d aFor any g, the amount
of its service that is assigned start tags in the inteffgah + 7], is upper bounded by
Oi + 1T X .

Proof. (Sketch) Within the interval there is no adjustment of tagadulition of tokens
through rejuvenation. Recall that start tags are assignéukd a request has to pay for
the service it requests by either getting the tokens fronbtloket or delaying the start
tag till it generates the required number of tokens, at theega Since there are at most
o; tokens initially in the bucket, the result follows.

Lemma 3. For any time intervala, b] in which a is a synchronization point and there
are no synchronization points between a and b, the total amnofiservice with start
tags greater than or equal to a and finish tags less than or egul, is no more than
Cx (b—a).

Proof. Without loss of generality, let the clients be indexed in 1t@etreasing order of
their latencies so that for any two cliergisandcj, 1 <i < j < mimplies that§ < §;.
Letn < mbe the largest index such that< b—a.

Consider a client;,i < n. Since there are no synchronization pointsarbf, tags
are not changed by AdjustTags at any time during this inteSiace a request af;
with finish tag less than or equal bmust have its start tag no more thanr- &, we
must bound the amount of service @fwith start tags in the intervab[b — &]. From
Lemma 2, the amount of service with start tags in the inteisvalpper bounded by
g + (b— & — a)p;. For clients with index > n, the amount of such service is 0.

Summing the bounds over all the clients, the amount of sefgibounded by:

n

Zl(ai +pi(b—a-43)) ®3)
i=
Now from the Capacity Constraint equation 2 applied to treeca- n we have:
n n
> okt Y (=) <Cx & 4)
K=1 K=1

Applying equation 1 of the Capacity Constraint to the nogat&e intervab —a— &,
we have

S (b—a-&)pc<Cx (b—a—&) ©
k=1



Combining equations 4 and 5 we get:

n

ZakJrZ(b—a—ék)pkng(b—a) (6)
K=1 K=1

Hence, the service required (Equation 3) is bounde@ ky(b — a).

Theorem 1. Consider the set of requests gftbat arrive during an interval in which
it is well behaved. The irrespective of the behavior of ottiEnts, all these requests
have a latency bounded y+ €.

Proof. We will prove the theorem by contradiction. LEtdenote the set of requests of
¢i that arrive in the interval. Since all requests in this iné¢are good the finish tag and
the deadlines are the same. Assume to the contrary that astaq@r with a finish tag

tg completes later than tintg + €.

Letty be the start of the system busy period in whighccurs. Let be the last time
instant beforey during which a request having finish tag greater than or etqugl
begins service. If there is no such request it follows thakgjuests that are serviced in
the interval {o,t4] have finish tags no more thag Since the start tags of these requests
are greater than or equal tg from Lemma 3 we know that all these requests can be
serviced in the interval{, tq], which contradicts our assumption proving the theorem.

Otherwisety >t > tp. Since a request with finish tag greater than or equaj} to
begins service at time it implies that there were no eligible requests with finishets
less tharty att.

Partition the requests &f into two sets. LeP be the set of eligible requests at time
t (i,e having a start tag less than or equal)taandQ be the set of request with start tags
greater than. The request scheduledtamust be fromP and since it has a finish tag
greater thaty, either this was the only requestior all requests ol must have finish
tags greater thaty. In both these cases, no additional requed®? cin be scheduled
beforety. This is because in the first case there are no more requedts the second
case it would contradict the definition of tint€i.e. the last instant beforg when a
request with deadline aftéy is scheduled). Hence the only requests scheduled between
t andty are one request frof and requests fror®. Since the requests f have start
tags greater thanthe service required by the requestgpivith deadlinety or less, is
bounded byC x (ty —t) by Lemma 3. The service required by the reque® tfat was
scheduled at is no more tharC x €. Adding this to the service bound @, the total
service required aftéris no more thai€ x (tg —t + €). Hence all of these requests will
finish byty + € — a contradiction.

5.1 RFQ as a Pure Bandwidth Allocator

We now show how to modify RFQ to act as a pure bandwidth al@c#te ignoreo;
andnumtokensand assigy = s/pi, wheres is the size of the current request of client
¢i. We simplify ComputeTag$o ignore the different conditions based namtokens
and instead to always assign tags as follo§s= maxta, MaxS}, K" = § + & and
MaxS = § +s/pi. Similar as before, the scheduling is done using the minirfinish
tag from the set of eligible requests.



In this case, the latency encountered by any request (eeféor as thentrinsic
delay) should ideally depend on the total service in its queudyiing this request)
and its guaranteed rate of service only, and not on the ofieett€[8]. We show below
that RFQ meets these bounds.

Theorem 2. The intrinsic delay of a request r from client arriving at time 7 is
bounded byé&vp + &, where wis g's share of system capacifye. wi = i /(S vj Pj),
Qi(1) is the amount of service pending in queue;ddfctimet, ande; is a parameter
independent of the other clients in the system.

Proof. (Sketch) Let the total service of all pending requests; aficludingr be Q;(1).
From the assignment it can be seen thatill get a finish tag no more tham +
Qi(1)/pi +s/pi, weres is the size of last completed request ®f We count the
total amount of pending service from clierds j # i, with finish tags no more than
T+ Qi(1)/pi +s/pi. Now either all the start tags from other clients are higthent
T — Rmax/C (which means that no one was eligible for scheduling) or thistiitags are
> 1+ 5s/pi. In the first case, the total service requested by cligmtith finish tags in
the interval is bounded hy; x (Qi(T)/pi +S/pi +Rmax/C). At most these requests will
be serviced beforecompletes. The total amount of service from the tagged =gué
all clients is bounded by (Qi(7) +s)/pi) + Rmax/C) Zjpj < (Qi(T) +5S)/Wi + Rmax
The time required to service this is bounded (9;(7) + Rmax)/(CW) + Rmax/C. Thus
we get a bound for the maximum delay &8{1)/(Cw) + &, whereg; = Rmay/ (Cw) +
Rmax/C.

In second case we know that all the requests with finish<tag+ s /p; will be
able to finish by the time + s /p;, becaus€ > Sy px. Thus the total amount of finish
tags in the intervallt +s/pi, T+ Qi(1)/pi +s/pi] from all clients is again bounded by
(Qi(1)Zj+ipj- The overall bound in this case would @T)/(Cw) + Rmax/ (Cw).

6 Conclusions

We presented a novel algorithm RFQ to provide independemdviath and latency
guarantees to multiple clients sharing a server. Our algorimproves upon previous
schemes significantly by differentiating between benigad ewitical overuse of server
resources. In doing so, we presented the DTB traffic modédicftieoken bucket) and
the RFQ scheduling algorithm, that provide a more relaxetadterization of client
behavior. In this model a misbehaving client can be forgfeeexceeding its contracted
limit on service requests, if the system determines thatlitnet affect the guarantees
made to any well-behaved client. This flexibility allowsetiis to use spare capacity
without fear of penalty, increasing system utilization gmdviding greater scheduling
flexibility. We provided a formal model to characterize thishavior analytically. We
also show its superior properties over existing schemesraalfy in [6] and in the full
version of this paper.
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