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ABSTRACT

Provisioning of a shared server with guarantees is an im-
portant scheduling task that has led to significant work in
a number of areas including link scheduling. Fair Queu-
ing algorithms provide a method for proportionally sharing
a single server among competing flows, however, they do
not address the problem of sharing multiple servers. Multi-
server systems arise in a number of applications includ-
ing link aggregation, multiprocessors and multi-path stor-
age I/0. In this paper we introduce a new service discipline
for multi-server systems that provides guarantees for com-
peting flows. We prove that this new service discipline is a
close approximation of the idealized Generalized Processor
Sharing (GPS) discipline. We calculate its maximum packet
delay and service discrepancy with respect to GPS. We also
discuss its relevance to several applications, in particular,
Ethernet link aggregation.

1. INTRODUCTION

A large increase in networked services has been gradually
driving packet-switched networks to carry a much larger va-
riety of traffic. These classes of traffic range from simple
downloads of static web pages or file transfers to multime-
dia streams and real-time trading. This increased variety
is challenging the premises of the Internet’s best-effort traf-
fic, and demands different network requirements to be met
simultaneously over the same links. An example of this het-
erogeneity would be a network that must simultaneously
provide high bandwidth, low jitter and packet delay guar-
antees to ensure the correct performance of continuous back-
ups, video streaming and network data acquisition applica-
tions, respectively. In order to meet these diverse require-
ments, network resources must be appropriately scheduled.

Fair Queuing service disciplines address this scheduling
problem by allocating bandwidth fairly among competing
traffic, regardless of their prior usage or congestion. In par-
ticular, these disciplines do not penalize traffic for the use
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of idle bandwidth. Fair queuing algorithms are based on
the Generalized Processor Sharing (GPS), an idealized sys-
tem that serves as a reference model for the fair queuing
disciplines. GPS-based service disciplines are studied in the
context of providing fairness as well as more strict Qual-
ity of Service (QoS) guarantees. Fairness offers protection
from “misbehaving” traffic and leads to effective congestion
control and better services for rate-adaptive applications.
Strict QoS guarantees such as throughput or delays can also
be provided by restricting the admission of traffic. In [15], it
is demonstrated that GPS guarantees end-to-end delay for
leaky-bucket constrained traffic. A number of approxima-
tions and heuristics of GPS were devised over the years [8,
17, 11, 15, 9, 5, 10]. Implementations of this work, known
as Weighted Fair Queuing, can be found in current commer-
cial routers or switches as well as in some servers [6] which
provide differentiated qualities of service to distinct classes
of clients.

An increased dependence on network services and the
growing demand for bandwidth have generated the need for
incremental scaling techniques. Grouping multiple links into
a single logical interface has emerged as a popular bandwidth
scaling method for high throughput switches and servers
[3]. Numerous implementations of aggregation techniques
between servers, routers and switches are currently deployed
in industry [2, 16, 1, 12]. These existing implementations
already provide different techniques for load balancing the
traffic among the interfaces but none of them address the
provision of QoS over these aggregated links.

Although GPS based service disciplines are extensively
studied for scheduling a single link, they have not been ap-
plied to aggregated links. The provisioning of such systems
is naturally described as a function of the total link capacity
rather than for each of the links. This calls for a reference
system that consists of a single GPS server operating at a
rate equal to the sum of the the underlying servers’ rates.
In this paper, we study how packetized service disciplines
with multiple servers can closely approximate such a GPS
reference system. Many of the fair queuing results that were
previously obtained for single server systems do not directly
apply to multi-server systems. This is because the rate at
which the packetized multi-server system operates may vary
over time and thus differ from the rate of the reference sys-
tem. Furthermore, the packetized multi-server system may
reorder the packets to remain work-conserving.

The remainder of the paper is organized as follows. Sec-
tion 2 will give some background on the Generalized Pro-
cessor Sharing discipline. Section 3 will describe the sin-



gular properties of the multi-server disciplines. Section 4
and 5 will formally prove the maximum differences in packet
departure and per-flow service discrepancy with respect to
GPS. Section 6 will evaluate the fairness of the discipline
and propose MSF2Q , a fair queuing algorithm for multiple
servers. In section 7 we will introduce some applications that
closely follow the presented sharing model and describe how
they can benefit from the implementation of the new disci-
plines. Section 8 will outline some of the related work that
has been done in the area and in Section 9 we summarize
our conclusions and present future work.

2. BACKGROUND

Generalized Processor Sharing (GPS) is a service disci-
pline defined for sharing a server proportionally among a
set of flows [15]. A GPS server operates at a fixed rate r
and is work-conserving. A positive real number ¢; is as-
signed for each flow . Let F denote the set of flow indices.
At any given time, a flow is either backlogged or idle. A
flow is backlogged at time t if some of the flow’s traffic is
queued at time ¢. Otherwise, the flow is idle. Let W;(7,t) be
the amount of traffic for flow i served in the interval [r,¢].
Then, a GPS server is defined as one for which

Wi(Ta t) ﬂ
Wj(7,1) = b5’ )

holds for any flow ¢ that is continuously backlogged during
the interval [r,¢t].

The weight of a flow determines the proportion of the
server bandwidth that a flow receives when it is backlogged.
During any time interval [7,¢] when the set of backlogged
flows, denoted by F(7,t), is unchanged, a GPS server guar-

antees to a flow i, i € F(,t), a rate of «——2i——r. We
2 jeF(r,t) b

denote the instantaneous rate of a flow ¢ by r;(t).

If we are to provide strict QoS guarantees, then an admis-
sion mechanism is required so as to limit access and band-
width shares. For example, by fixing the set of flows, a GPS
server can guarantee to each flow ¢ a minimum service rate
of r;:
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GPS is an idealized discipline that cannot be implemented
since it assumes that the server transmits more than one
flow simultaneously and that the traffic is infinitely divis-
ible. GPS serves as a model for sharing a server among
flows with respect to their weights. A number of packetized
approximations to GPS have been devised [8, 17, 15, 9, 5,
10].

Ty =

3. PROPORTIONAL SHARING OF MULTI-
SERVER SYSTEMS

In this paper, we study proportional sharing of systems
with multiple servers. There are numerous applications uti-
lizing multi-server systems that can benefit from service

guarantees. For example, the use of multiple network adapters

for connecting a web or file server to a switch is becoming
increasingly popular. Similarly, attaching a host to a RAID
server via multiple I/O channels is emerging as the preva-
lent approach to increase I/O bandwidth between hosts and
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RAID servers. Such network and storage connections can
be modeled as a packet system with multiple servers.

The problem of sharing multiple servers can be approached
by partitioning the flows among the servers and scheduling
them separately within each partition. One of the disadvan-
tages of this technique is that bandwidth fragmentation can
easily occur when the sum of the flow weights is not balanced
across all partitions. Moreover, aside from the fragmenta-
tion problem, this technique also has drawbacks in handling
sporadic flows. For example, it is quite common for a large
number of applications to frequently switch flows between
backlogged and idle states or to make extensive use of rela-
tively short-lived connections. This partitioning approach is
also cumbersome to deal with in the case where weight as-
signments result in bandwidth shares for a flow that exceed
the rate of a single server. In this paper, we concentrate
on an alternative approach to sharing multi-servers where a
packet of any flow can be serviced at any of the servers.

Our system model consists of N servers each of which op-
erates at a fixed rate of r. Our goal is to study packetized
scheduling disciplines for multi-server systems that closely
approximate the ideal case of a single GPS server with a
rate of Nr (see Figures 1 and 2). We will refer to this GPS
server as a (GPS, 1, Nr) system denoting 1 server with an
output rate of N7 being scheduled with the GPS discipline.
Comparing the packetized disciplines against such a system
allows the flows to be guaranteed a proportion of the total
server capacity regardless of the value of N. This allows the
proportions to remain valid without intervention when in-
creasing the number of servers in the packetized system. For
example, adding new interfaces to the link aggregation group
of a high throughput web server will not change the propor-
tions in which the different classes of services are served and
will allow for the expansion of their minimum guaranteed
rates.

As is customary in related literature, we assume that
the arrival process to the packetized scheduling discipline
is identical to that of the GPS discipline. We denote the
arrival time of a packet p by a,.



3.1 A Packetized Fair Queuing Discipline for
Multi-Servers

In this section, we investigate the use of the WFQ pack-
etized fair queuing service discipline, which is defined for a
single server in [8, 15], in a multi-server system consisting of
N servers each with a rate of r. We refer to such a system
as a (MSFQ ,N,r) system. In the remainder of the pa-
per, we will use GPS and MSFQ systems/servers to denote
the (GPS,1,Nr) and (MSFQ , N,r) systems respectively,
without explicitly stating their number of servers and their
rate.

When a server is idle and there is a packet waiting for
service, MSFQ schedules the “next” packet. The “next”
packet is defined as the first packet that would complete
service in the the (GPS,1, Nr) system if no more packets
were to arrive.

We compare how well a (MSFQ ,N,r) system approxi-
mates a (GPS, 1, Nr) system. To do so, we calculate: i) the
worst case delay that a packet experiences under MSFQ rel-
ative to GPS and ii) the discrepancy between the amount of
traffic served for a flow under MSFQ and the amount under
GPS. In order to prove these two quantities, we first need
to establish a number of properties of MSFQ .

3.2 Preliminary Properties

Although MSFQ and its single-server counterpart WFQ
are both based on the same policy for selecting the next
packet to be serviced, MSFQ does not share some of the
useful properties of WFQ. As a result, delay and service
properties of MSFQ do not trivially follow from the single
server case.

The first obstacle pertains to the busy periods of MSFQ
with respect to GPS. While WFQ busy periods coincide with
those of GPS, this property does not hold for MSFQ . To
illustrate this, take the case of a busy period consisting of
the transmission of a single packet. While GPS will be able
to transmit the packet at full rate, Nr, the MSFQ server
will only be able to use one of its N servers so the packet
would be transmitted at a rate of r. In this case, by the
time GPS has finished the job (end of GPS busy period),

the MSFQ server still has the last % last bits of the
packet left to transmit.

When GPS is busy, MSFQ is busy. However, the converse
is not true. Thus for any 7,

w(0,7) > W(0,7), )
where W (0,7) and W (0, 7) denote the total number of bits
serviced by GPS and MSFQ , respectively, by time 7. Since
GPS and MSFQ busy periods do not coincide, in order to
simplify the presentation, we will use the term busy period to
refer to a busy period in the reference (GPS, 1, Nr) system.
Furthermore, because they do not coincide, work from
previous busy periods can accumulate under MSFQ . This
may happen either at the beginning or in the middle of a
busy period. Figure 3 depicts a case in which the backlog is
being accumulated in both cases. In this example the pack-
ets arrive sequentially to the system such that there is al-
ways one packet at the GPS server being transmitted at full
rate. This example raises the need to investigate whether
the amount of work accumulating at MSFQ is bounded.
The following theorem shows that such a backlog is indeed
bounded. Let Lyq. denote the maximum packet length.
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Figure 3: Example of backlog accumulation in multi-
server packetized disciplines.

Theorem 1: For any 7,

W(0,7) —W(0,7) < (N —1)Lmaa.

Proof: The slope of W alternates between Nr (when a busy
period resumes) and 0 (between two consecutive busy peri-
ods). Since the slope of W is at most Nt at any given time,
the difference W (0,7) — W (0, 7) reaches its maximal value
when a busy period ends under GPS. Let ¢ be such time.
Case 1: At most N —1 MSFQ servers are busy at t: Since
MSFQ is work-conserving, if a server is idle, we know that
there is no packet waiting for transmission. Let k be the
number of servers that are busy at time 7, 0 < &k < N —
1. In the worst case, all the k servers have just started
transmitting a packet of maximum length. Thus,

W(0,t) — W(0,t) < kLmaz-

Case 2: All MSFQ servers are busy at t: Let [to,t] be the
largest interval in which all MSFQ servers are busy. Since
in the interval [t,,t] the slope of W is Nr,

W(07 t) - W(O7 t) < W(O,to) - W(Oa to)‘
If t, = 0, then

W(0,t) = W(0,t).
Otherwise, if t, > 0, we know from Case 1,
W(0,t,) — W(0,t,) < (N — 1) Limaz-

Thus, the theorem follows. a
This theorem is also important in order to calculate buffer
requirements for multi-server systems. For example, buffer
requirements of a GPS system servicing leaky-bucket shaped
flows are studied in [15]. To provide similar guarantees to
such flows under a multi-server packet system, this theorem
implies the need for a buffer space of (N — 1)Lmaz-
Another difference between multi-server and single-server
schedulers is the discrepancy of packet departure times with
respect to GPS. Let d, be the time at which packet p de-
parts from (GPS, 1, Nr) system. MSFQ packets may not
depart in increasing order of d,. The order in which pack-
ets depart under MSFQ may be different than the order in
which MSFQ schedules (i.e., begins transmitting/servicing)
packets. This is because packets of a flow may be concur-
rently in service at different servers of MSF(Q . This type of
reordering does not occur in the single-server case. A second
reason for reordering is due to “late” arrival of packets. Sup-
pose that a server becomes idle at time 7. The next packet
to depart under GPS may not have arrived at time 7. Since
the server has no knowledge of when this packet will arrive,
MSFQ cannot be both work conserving and also schedule



packets always in increasing order of d,. This type of re-
ordering also exists in the single-server packetized systems
but the problem is intensified in the multi-server case.

We will use the following lemma in a number of theorems.
Lemma 1: Let ax and by, be respectively the arrival time
and scheduling time of packet k under any work conserving
service discipline over N servers each with a rate of r. Let
P be the set of packets scheduled before packet k since time
ak, including the packets in service at ar. Packet k will be
scheduled no later than:

ZieP Li
b <ar + N
Proof: Given a load that must be scheduled before packet
k, a work conserving service discipline schedules packet k
latest, if the load is equally divided among the N servers
such that all of them finish the work at the same time. O
Having established these new multi-server features, we are
now ready to prove the two main properties of the new al-
gorithm: maximum packet delay and per flow service dis-
crepancy.

4. PACKET DELAY

Let d_p be the time at which packet p departs from the
the (MSFQ , N,r) system. Let Ly,q, denote the maximum
packet length. The following scenario is possible.
Example 1: All the N servers are idle before time t. N
packets of flow 1, each with a length L,qz, arrive at time t.
Packet p of flow 2 arrives immediately after t. Let g2 >> ¢1.
Thus, d, is slightly after a, + %, where L, is the length
of packet p. However, d,, is slightly before a, + @ + %
This is because when packet p arrives, each server under
MSFQ is transmitting a packet, which arrived before packet
p whose GPS finishing time is after d,. Thus, dj, —d,, is close
to XDy | Loz O

The next theorem shows that the case in the above ex-
ample is indeed the worst case delay a packet experiences
under MSFQ compared to GPS.

Theorem 2: For all packets p,

N-1Ly Lmas
Nr + r o

—dy <

Proof: Let py be the k'* packet that is scheduled under
MSFQ , and ag, bx and dj respectively be the arrival time,
scheduling time and the departure time of pr under MSFQ
. We now show that

Lmaz

L (N =D)L

1, <
dr < di + Ny

for k=1,2,---.

Case 1: There is an interval [t,by], t < by, in which at least
one MSFQ server is continuously idle: If one of the MSFQ
servers is idle before and until MSFQ schedules pg, then
pr. must have arrived at that moment. That is, b = ag.
This is because MSFQ is work conserving. In this case,

di > ar + Lk and dr = ar + L—T’“ Thus,

Nr
(N = 1)Ly
Nr

Case 2: There is an interval [t,by], t < by, in which all
MSFQ servers are continuously busy: Let g be the smallest

di < dy +
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integer, such that all MSFQ servers are busy between b, and
bx. Let m be the largest integer greater than or equal to g
that satisfies both ¢ < m < k —1 and d,, > di. Thus, for
m <1<k,

dm > di, > d;

Then, packet p,, is scheduled before packets pm+1,- - , Pk
under MSFQ but p,, departs after all these packets under
GPS.

Case 2.1: No such integer m exists: pg,Pg+1," - ,Dk—1 are
all scheduled before p; under MSFQ and all leave the GPS
server before pi. Since MSFQ is work conserving, py must
have arrived at b,. Since MSFQ schedules packets py+1, pg+2,
-+, pr after py and is work conserving, pg+1,Pg+2, - Pk
arrive at or after I_)g. Thus, ag < a; for g < ¢ < k. This
implies

k

deangZ

i=g

Under MSFQ , at time ay at most N — 1 other pack-
ets can be in service. Thus, before scheduling pr, MSFQ
must service at most N — 1 packets of length L., and
Dg,Dg+1, "+ ,Pk—1. From Lemma 1, the earliest time MSFQ

(N=1)Lmaz+S 51 L,
m‘;\; =9 "' Thus,

L;
-

N 3)

will schedule pg is b <ag+

Li

Jkgag-l— -

k—1
(N —1)Lmae L;
Nr + ; Nr + (4)

Equations 3 and 4 imply

(N = 1)Lomaz

Nr

Case 2.2: Such an integer m exists: Packet p,, begins trans-
mission under MSFQ at by, = dyn — LT"’ Under GPS, the
relative order, in which two packets p and p’ depart, is in-
dependent of the other packets arriving after max{ay,,a, }.
Since MSFQ schedules packets in the increasing order of
GPS packet departure times and since the departure time
of p,, under GPS is greater than the departure times of
Pm+1, ", Pk,

(N — 1)L

di < dy + N7

Jr

. = L
min{am1, ..., ax} > dm — —=.

Lm
T

Since pmy1,--- ,Pr_1 arrive after d,, — and depart before

pr does under GPS,

k
o L; _
szmel 4 dm _

i Nr r

>

()

Since MSFQ decides to service pm at by, it must have
served each packet that arrives before by, and departed un-
der GPS before d,,. Out of these packets, at most N —
1 of them with a length L,,., may be still in service at
time b,,. Thus, after b,, and before scheduling px, MSFQ
must service at most N — 1 packets of length Ly,q, and

Pmy Pm+1,** ,Pk—1. From Lemma 1, the earliest time MSFQ

7 7 N—1)Lmaz+Lm k:l L;
will schedule pg is br < by + ( ) +NT T immt1 _
Thus,

dy

IN

k—1
(N=1)Lmaz+Lm +Zi:m+1 Li +
Nr Nr

Lm

= (6)

L g _—



Equations 5 and 6 imply
N — 1)Ly
Nr

7 L’anl:l:
di < di + " + (

5. SERVICE PER-FLOW

Let Wi(t,7) and W;(t,7) be the amount of service (in

bits) that flow ¢ received in the interval [¢,7] under GPS
and MSFQ respectively.
Example 2: Consider the scenario depicted in Example 2
with the following arrival pattern for flow 2. NN packets of
flow 2 each with length L., arrives slightly after ¢. Since
N servers of MSFQ are idle at ¢, we know that W;(0,t) =
Wi(0,t). Under GPS at time ¢+ £z flow 2 receives almost
another N Ly,q. bits of service, whereas under MSFQ flow
2 does not get any service in [t,¢ + L"’%] Thus, W;(0,t +
@) WZ(O, LW:#) +NLmaz o

We now prove that this is indeed the maximum amount
at which the service a flow receives under GPS exceeds the
one under MSFQ .

Theorem 3: For any 7,

W’L(07 T) - WZ(Oa T) S NLma;v-

~
~

Proof: The difference W;(0,7) — W;(0, 7) reaches its maxi-
mal value at a point when the slope of W, decreases or the
slope of W; increases. Thus, for a flow ¢, the maximum dif-
ference can occur at one of the following events: When flow
i becomes idle in the GPS system, when a packet of flow ¢
begins transmission in the MSFQ system, or when an idle
flow j, j # i becomes backlogged in the GPS system while
flow 7 is backlogged in GPS. The first case occurs when the
slope of W, becomes zero after GPS completes the transmis-
sion of the last packet of a flow i’s backlog. Since this case
occurs at one of the points when a packet of flow ¢ departs
the GPS system, we consider this more general scenario for
the first case. Let by and by denote the time when packet k
is scheduled under GPS and MSFQ respectively.

Wl(07 dk) - Wl(o,gk) < (N - 1)Lmam + L. (7)

Case 1: Packet py of flowi departs GPS: W;(0,bx) < Wi(0, dx)

holds since by < di. From Equation 7, it follows that

W’L(07dk) - WZ(O, dk) S NLmaz~
Case 2: packet pr of flow i is scheduled in MSFQ : Since
br < di, holds, W;(0,b,) < W;(0,di). From Equation 7, it
follows that

Wl(07 Bk) - WZ(O7 Bk) < NLpaq.

otherwise: by > d

We will prove both Case 1 and 2 in showing that for any
T in [dk, Bk},

Wi(0,7) — Wi(0,7) < NLmao-

Let pi be the k" packet that is scheduled under MSFQ
There is an interval [t, bg], t < di, in which all MSFQ servers
are continuously busy. This is because if a server were idle
in [dx,bx], MSFQ would have scheduled pi. Let g be the
smallest integer, such that all MSFQ servers are busy be-
tween b, and by. Let m be the largest integer greater than
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or equal to g that satisfies both g < m < k—1 and d,,, > di.
Thus, for m < i < k,

dm > di 2> d;

Then, packet p,, is scheduled before packets pm+1,- - , Pk
under MSFQ but p,, departs after all these packets under
GPS.

If no such integer m exists, this is equivalent to the Case
2.1 in the proof of Theorem 4. Since by > di, a, < dx must
hold. In [ag4, 7], MSFQ might be servicing at most N — 1
maximum length packets besides packets pg,pg+1,-: -, Dk.
In the worst case, Wi(ag,7) = (T—ag)Nr. If r—a, > =mez
then

Wi (0,7) — Wi (0,7) < (N — 1)Limaz-

Lmax

Ifr—ay < , in the worst case, at time 7, W;(0,7) is
missing (N — 1)(Lmaz — (T — ag)7) service from the packets
before packet pg and (T—ag)(N —1)r service from the packet
pa‘CketS PgsPg+1, " ,Pk- Thus,

W;(0,7) — Wi (0,7) < (N — 1)Limaz-

If such an integer m exists, this is equivalent to the Case
2.2 in the proof of Theorem 4. a., < di holds since b > di
and as a result any packet MSFQ schedules in [d,bx] be-
fore scheduling px, must have been completed before py under
GPS. In [ag, 7], MSFQ might be servicing at most N —1 max-
imum length packets and p,,, besides packets pym+1, -+, Dk—1
(note that p,, is scheduled after p, under GPS). Thus, same
structure from the previous paragraph can be used to show

W;(0,7) = Wi(0,7) < NLmaz.

Case 3: an idle flow j, j # i, becomes backlogged at t while
flow i is backlogged in GPS: Let pi be the k'™ packet of
flow i that completes under GPS. Since the potential slope
decreases of W; occurs between two consecutive flow ¢ packet
departures from GPS, t is in [dk, dk+1] for some k. The proof
follows since the interval [dk, dix+1] is already covered by the
cases proven above. |

6. FAIRNESS

So far, we’ve shown that a (MSFQ , N,r) system closely
approximates a (GPS,1, Nr) system in terms of the delay
a packet can experience (Section 4) and the cumulative ser-
vice a flow receives (Section 5). Another desirable property
is to ensure that the amount of service a flow receives in the
packetized system does not exceed arbitrarily the amount
it would have received under GPS. This property leads to
smoother output and “better” fairness [5]. Few metrics that
quantify fairness are used in the GPS literature [9, 5, 10].
In this paper, we measure the fairness of a packetized dis-
cipline by the maximum difference of the amount of service
any flow receives within any interval to the one the flow
would have received under GPS. If the maximum difference
is independent of the set of flows, we say that the packe-
tized discipline provides bounded fairness. MSFQ does not
enjoy this property since there is no constant ¢ for which
Wi(t,7) > Wi(t,7) — c holds for every interval [t,7] [15].
Thus MSFQ can largely diverse from the ideal discipline by
being far ahead in the completed work for a flow.

Service disciplines with bounded fairness are especially
desirable for rate adaptive applications and for congestion
control algorithms. Being able to schedule packets much
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earlier than the reference system, can cause the discipline
to favor some flows and behave in a bursty way over given
periods of time. This problem is addressed by Bennet et al.
in [5] for the single server packetized system (MSFQ ,1,r).
Unfortunately, the clever solution presented by Bennet et
al. does not apply directly to the multi-server case.
Example 3: Consider the case of 11 flows sharing 4 out-
put servers. The first of the flows (F1) has a weight of 0.5
while each other flow has a weight of 0.05. At time 0, all
packets have already arrived at the system, flow 1 has 10
packets while the other flows have only one each (Figure
4). For simplicity all packets have the same length of L.
Figure 5 depicts the scheduling in the ideal system. Since
MSFQ schedules packets in increasing order of GPS depar-
ture times, all of flow 1 packets will be scheduled before any
other flow’s. Figure 6 depicts this scenario where it can be
seen that some of flow 1 packets are scheduled much earlier
than the corresponding GPS discipline. For example, packet
J is completed at time 12, that is 8 units earlier than in the
ideal system. It can be shown that this “earliness” can be
arbitrarily large and depends on the number of existing flows
in the system. a

A solution to this problem for single WFQ server was pro-
posed by Bennet et al. in [5]. Their method, called WF?Q,
consisted in restricting the packets eligible for scheduling
to only the ones that have already started service in the
GPS system. The scheduling of these packets was still done
according to the WFQ discipline, that is in non-decreasing
order of GPS finishing times. Conceptually, their method in-
serted a packet regulator at the exit of the flow queues which
delayed the eligibility of the packets to the WFQ scheduler.
Unfortunately, the direct application of this technique to
multi-server systems does not fix the undesired burstiness
problem and moreover, it makes the discipline non-work-
conserving.
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Figure 6: MSFQ scheduling without eligibility
times.
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Figure 7: MSFQ scheduling using eligibility times.

An instance of the first problem is illustrated by Figure
7, which shows the scheduling output of Example 3 using
a multi-server system with the WF2Q discipline. It can
be seen that packets from the first flow can still experience
transmission periods that are as bursty as the previous case
of Figure 6. Thus, the application of WF2Q to multi-server
case still does not lead to smooth schedules.

To illustrate that this regulator technique results into a
non-work-conserving scheduling discipline, take the case where
a large number of maximum length packets from a single flow
are queued in the system at time ¢. In the GPS case, they
will be scheduled sequentially at full rate of the server (Nr),
irrespective of the weights of the flows. In this scenario, as
Figure 8 shows, the second packet will not be eligible in the
packetized system until the same packet gets scheduled in
GPS, that is at t + L}’V% Therefore, no matter how many
servers there are available until that moment, they will re-
main idle even there’s work to be done in the system. This
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Figure 8: Non-conserving MSFQ scheduling exam-
ple.

situation will continue to repeat until most of the first packet
has been transmitted (t + %) on one of the servers.

The WF?Q regulator technique can be modified to be-
come work-conserving. A simple extension would be if non-
eligible packets were allowed to be scheduled to an idle
server in cases where no other eligible packets were queued
in the system. However, this modified version of WF2?Q does
not enjoy the simple extension of the bound on W;(0,7) —
Wi(0,7) from L; mae in single server case (as proven in [5])
to NL; maz in multi-server case.

Consider an example with 2 flows sharing 10 output servers.

The first flow has a weight 0.9 while the second one has a
weight 0.1. L2 mae is 1. All the packets of flow 2 arrive at
time 0 and each has a length of L2 yq.. The first packet of
flow 1 arrives at time 0 and has a length 100. Flow 1 arrival
rate is 0.9 Nr. Thus, the second packet of flow 2 arrives at
time 100/0.9. At time 0, the first packets of flow 1 and 2 are
eligible and they are scheduled. Since there are 8 idle servers
and no eligible packets, to keep the system work-conserving,
the non-eligible packets in the system are scheduled in the
order of their GPS finishing times. Until the second packet
of flow 1 arrives, 99 packets of flow 2 are scheduled. At this
time, W2(0,100/0.9) —W>5(0,100/0.9) is approximately 88.8,
not N Lz maz = 10.

6.1 MSF2Q

Our goal is to devise a packetized service discipline for
multi-server systems that provides bounded fairness and gen-
erates “smooth” schedules. To this end, we introduce a new
discipline, which we refer to as a (MSF2Q , N,r) system or
simply MSF2Q .

We say that a packet is outstanding, if it is being trans-
mitted or picked for transmission by the packetized system.
Let 6;(t) denote the number of outstanding flow ¢ packets at
the MSF2Q system at time ¢t. We denote the work completed
for flow ¢ under MSF2Q over the interval [r,t] by W;(, ).
At time ¢, when a server is idle and there is a packet waiting
for service, MSF?Q schedules among the flows that satisfy

W;(0,t) < W;(0,t) or (W;(0,t) = W;(0,t) and 6; < [“T(t)])
the packet that would complete service in the GPS system
earliest.

MSF2Q reduces to WF2Q if the number of servers is one.
Figure 9 depicts the output of MSF2Q in the previous sce-
nario of Example 3. It can be seen that the resulting service
is the closest achievable to the ideal discipline.
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Figure 9: MSF2Q scheduling.

6.2 Propertiesof M SF2Q

The following theorem proves the bound for the extra
amount of service a flow can receive at any time 7 under
MSF?Q compared to GPS.

Theorem 4: Let L; ;nq, denote the maximum packet length
of flow i. For any time 7 and flow i, the following property
holds:

Wl(07 T) - W; (07 T) < NLi,maac (8)

Proof: When there are no packets of flow ¢ in transmis-
sion under MSF?Q , the difference W;i(0,7) — W;(0,7) is
non-increasing. Thus, it is sufficient to show that for any
i, during the transmission (including completion) of a flow
i packet under MSF2Q , W;(0,7) — W;(0,7) < NLimaz.
At any time t when MSF2Q picks the next flow i packet
pn for transmission the condition ((W;(0,t) < W;(0,t)) or
(W;(0,t) = W;(0,¢)) and 6; < [27]) holds for flow .
Since this condition holds for flow ¢ and at most N —1 other
flow ¢ packets may be in transmission at ¢, (W; may exceed
W; at most N L maz- O

The bound on W;(t,7) — Wi(t, 7) follows from combining
the above theorem with the bound on cumulative per-flow
service. We do not present in this paper the bounds on the
packet delay and cumulative per-flow service for MSF2Q ,
which can be calculated similar to the ones of MSFQ . It is
worthwhile to mention that MSF2Q is not work-conserving
either. It is part of our future work to investigate the impli-
cations of work-conserving schedulers for multi-server sys-
tems on fairness bounds.

7. APPLICATIONS

There are numerous existing system architectures that fol-
low very closely the multi-server model described in this pa-
per. These systems can benefit from multi-server fair queu-
ing disciplines to provide QoS guarantees on the access of
their resources. We briefly discuss some of these applica-
tion areas and describe how the multi-server model can be
applied.



Link Aggregation is probably the most apparent exam-
ple in the networking area. Ethernet link aggregation is a
technique that allows the logical grouping of several network
interfaces to allow for better scalability and fault-tolerance.
The use of such technique is becoming increasingly popu-
lar since it provides a cost-effective and fault tolerant so-
lution for incrementally scaling the network I/O capacity
of the current high-end switches and servers. Many IEEE
802.3ad [13] standard and vendor-specific implementations
are currently available [16, 14, 1, 2, 12]. The number of ag-
gregated links on the existing systems varies largely among
vendors and currently ranges from two to eight Fast/Gigabit
Ethernet ports in either servers or switching elements. Al-
though all of the available implementations utilize load bal-
ancing techniques such as round robin or static parameter
hashing, none of these systems provide QoS guarantees over
aggregated links.

Algorithms such as MSF2Q can also be implemented to
provide QoS guarantees in the access of storage 1/O. For
midrange and high-end storage systems, it is common to
connect the RAID system to a host (e.g., Web server) with
multiple SCSI or FC channels to improve the I/O perfor-
mance. A number of storage vendors (e.g., EMC) are offer-
ing multi-path I/O software for load balancing and failover
among the channels. Furthermore, the need for fairness and
service guarantees for storage I/O is growing with the con-
solidation of clients’ data and applications in the service
providers’ data centers. Since storage I/O traffic can be
modeled as variable size packets, MSF2Q type algorithms
can be used to provide fair sharing of multiple I/O chan-
nels.

When distributing traffic across multiple links, as in the
previous examples, the order in which the packets are re-
ceived at the destination may be different from the order
in which they were originally sent. Potential out-of-order
delivery does not affect all applications. However, it may
lower the expected end-to-end performance, for example,
of TCP connections, since out-of-order reception of TCP
packets may cause unnecessary retransmissions. Since cur-
rent systems contain only few links but handle large num-
ber of flows, out-of-order-delivery due to multiple paths is
not expected to be common. It is also important to note,
that rather than being an artifact of our Fair Queuing algo-
rithm, this misordering is an inherent problem of balancing
load among multiple outgoing links and its impact should
be studied.

8. RELATED WORK

Our work builds on a number of previous studies of GPS-
based scheduling disciplines for single server systems. The
concepts of Proportional Sharing and Generalized Proces-
sor Sharing are presented in [8], [11] and in [15]. Demers
et al. introduced a packetized service discipline—WFQ in
[8]. Later on, Parekh and Gallager proved in [15] that WFQ
(a.k.a., PGPS) closely approximates the ideal GPS system
in terms of packet delay and the cumulative per-flow service.
Their work also showed end-to-end packet delay properties
of a GPS system when flows are leaky bucket constrained.
In [5], Bennet and Zhang observed that the service provided
to a flow under WFQ may unboundedly exceed the amount
of service received under GPS and indicated that this could
lead to unsatisfactory fairness and have adverse effects on
the behavior of adaptive flows. The same authors intro-
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duced the WF2Q service discipline which incorporated the
concept of eligibility times to WFQ and also showed that
WF?Q bounds the worst-case fairness. We addressed the
same problem with a new algorithm called MSF2Q designed
for multi-server systems, since using WF2?Q for multi-server
systems does not alleviate the burstiness problem. MSF2Q
is designed such that it reduces to WF2(Q when the number
of servers is exactly one.

For single server systems, there have been several propos-
als [17, 9, 10] to approximate GPS with a lower computa-
tional complexity than WFQ. SFQ[10] showed that using
start times was possible to get fairness guarantees. A later
work from Bennet and Zhang [4] introduced the concept of
hierarchical GPS and they presented a packetized algorithm
for this model.

Weighted fair queuing for multi-server systems has not
been studied in the packet scheduling literature (to best of
our knowledge). Although there have been extensive work in
the context of multiprocessor scheduling, only [7] considers
a sharing model similar in spirit to GPS. The authors pre-
sented a scheduling algorithm called SFS for “fairly” sharing
multiprocessors among threads. They introduced a model
called GMS different than GPS as the reference system in
order to capture the constraint that a thread can execute
at one processor at a time. They experimentally showed
that under certain workloads, their multiprocessor schedul-
ing algorithms displays similar properties to their new ref-
erence system. This algorithm does not provide guarantees
and therefore we did not consider it for multi-link packet
scheduling.

Balancing packets across multiple interfaces is another
topic that has been the focus of many studies. In [3], Adise-
shu et al. designed a round-based iterative algorithm to
distribute packets across multiple outgoing links. Although
they used Fair Queuing concepts in their design, these con-
cepts were not applied towards the provisioning of QoS guar-
antees. Their aim was to evenly balance the load of a sin-
gle flow across N outgoing links rather than provide shar-
ing guarantees of link utilization for several input streams.
Moreover, we cannot compare the algorithm to MSFQ with
even a single input flow since our approach does not require
the input to be backlogged and its bounds are independent
from the workload.

A number of implementations of link aggregation are cur-
rently available. They range from proprietary ones such
as Adaptec’s Duralink[2], SUN’s SunTrunking[16], 3Com’s
Dynamic Access[1] or later ones following the new standard
such as HP’s Auto Port Aggregation[12]. However, while
all these technologies are able to share multiple links from a
stream of packets, none of them provide proportional shar-
ing among multiple streams.

9. CONTRIBUTIONSAND FUTUREWORK

Link aggregation, or the aggregation of multiple interfaces
into a single logical link, is becoming the predominant ap-
proach for bandwidth scaling. The existing link aggregation
schemes aim for even distribution of traffic among the aggre-
gated interfaces. However, fairness and service guarantees
for flows sharing these aggregated links have not been ad-
dressed.

Although GPS-based fair queuing service disciplines are
extensively studied for proportionally sharing a single link,
the resulting concepts have not been applied in the cases



where several links are aggregated. In this paper, we stud-
ied packetized GPS-based service disciplines for these multi-
server situations. Ideally, the provision of such systems is
described as a function of the total link capacity. Therefore,
we proposed a reference system consisting of a single GPS
server operating at a rate that equals to the sum of the rates
of the underlying servers.

Numerous fair queuing results previously obtained for sin-
gle server systems do not directly apply to multi-server sys-
tems. This is because the rate at which the packetized
multi-server system operates may vary over time and dif-
fer from the rate of the reference system. Furthermore, the
packetized multi-server system may reorder the packets to
remain work-conserving. We first analyzed the cumulative
service, packet delay and per-flow cumulative service bounds
for weighted fair queuing (WFQ) applied to a multi-server
system. We then presented a new fair queuing algorithm—
MSF2Q that also bounds the additional amount of service a
flow may receive under the packetized discipline compared
to GPS, a property that is not shared by WFQ. As a result,
MSF2Q leads to smooth and fair schedules in finer time
scales.

Our future plans include investigation of implementation
issues, quantitative comparison of the approach presented in
this paper to the alternative approach of partitioning flows
among servers, and enhancing the algorithms for multipro-
cessors and cluster of servers. Other interesting extensions
involve hierarchal GPS and servers with different rates.
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