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Abstract End-to-end fairness guarantee is an important service semantics
that network providers would like to offer to their customers. A network provider
can offer such service semantics by deploying a network where each router em-
ploys a fair packet scheduling algorithm. Unfortunately, these scheduling algo-
rithms require every router to maintain per-flow state and perform per-packet flow
classification; these requirements limit the scalability of the routers. In this paper,
we propose the Core-stateless Guaranteed Fair (CSGF) network architecture—
the first work-conserving architecture that, without maintaining per-flow state
or performing per-packet flow classification in core routers, provides to flows
fairness guarantees similar to those provided by a network of core-stateful fair
routers.

1 Introduction

With the commercialization of the Internet, there is a significant incentive for network
service providers to offer value-added services to customers. An opportunity for adding
value comes with the emergence of wide-area real-time and mission-critical applica-
tions; these applications benefit from network services that provide guarantees, on a per-
flow basis, on the end-to-end delay, jitter, loss, and throughput. Over the past decade,
several link scheduling algorithms that enable networks to provide such guarantees—by
arbitrating access to shared link bandwidth at routers by packets of different flows—
have been proposed [3,4,9-11,19, 23, 24]. In this paper, we address the problem of
designing a work-conserving, core-stateless network architecture that can provide fair-
ness guarantees to flows. In what follows, we first justify the need for fairness as well
as core-stateless and work-conserving network architectures, and then summarize our
contributions.

Why Fairness? Fairness of bandwidth allocation is an important guarantee pro-
vided by link scheduling algorithms. Using a fair scheduling algorithm, routers provide
throughput guarantees to backlogged flows at short time-scales (independent of their
past usage of link bandwidth), and allocate idle link capacity to competing flows in
proportion to their weights (or reserved rates).

The property of providing throughput guarantees at short time-scales independent
of the past bandwidth usage by the flow is important for two reasons. First, in many
applications, sources may not be able to predict precisely their bandwidth requirements
at short time-scales (consider, for instance, the problem of transmitting variable bit-rate
encoded live video stream). To support these applications effectively, a network should
allow flows to utilize occasionally more than their reserved bandwidth if such over-
usage does not come at the expense of violating the bandwidth guarantees provided to



other flows. Second, it is in the best interest of a network to allow sources to transmit

data in bursts; bursty transmissions allow a network to benefit from statistical multi-
plexing of the available network bandwidth among competing traffic. If a network were
to penalize a flow for using idle bandwidth, then the source would have no incentive to

transmit bursts into the network; this, in turn, would reduce the statistical multiplexing
gains and thereby reduce the overall utilization of network resources.

The property of fair scheduling algorithms of allocating available bandwidth to
flows in proportion to their reserved rates is desirable from an economic perspective.
Consider, for instance, the case when a network provider charges its customers based
on their reserved bandwidth. In such a network, if a user A pays twice as much as user
B, then A expects the network to allocate bandwidth in the ratio 2:1 to users A and
B; any other allocation would be considered unfair. Fair scheduling algorithms allow a
network to ensure this proportionate allocation property independent of the amount of
available bandwidth.

Why Core-stateless? The design of next-generation networks is faced with the
challenge that link capacities and traffic demands are increasing rapidly [8, 12], whereas
processor speeds are increasing at only about half the rate [1]. This implies that the per-
packet processing and computation performed by next-generation routers must be sim-
plified to enable them to operate at high link speeds. Link scheduling algorithms pro-
posed in the last decade to enable networks to provide fairness guarantees to flows [3, 4,
9-11, 19], on the other hand, require routers to maintain and use per-flow state, and per-
form packet classification to identify the flow to which an incoming packet belongs. The
complexity of these operations grows as the number of flows increase. Thus, routers in
such fair networks may not be able to operate at high link speeds, especially routers in
the core of the network that aggregate a large number of flows originating from different
edges of the network.

In order to alleviate this issue, over the past few years, several core-stateless net-
works have been designed to provide end-to-end service guarantees without maintain-
ing or using any per-flow state at the core routers of a network [6, 7,13, 16, 18, 20,
21, 25]; this property improves the scalability of the core routers to large number of
flows and high-speed links. Existing proposals for providing fairness in core-stateless
networks, however, only provide approximate fairness in the end-to-end throughput
achieved by flows over large time-scales [6, 7,18, 20]. In particular, due to the statis-
tical nature of these guarantees, such schemes can not provide fairness guarantees to
short-lived flows or for specific durations of interest in the lifespan of long-lived flows.

Why Work-conserving? Throughput and proportionate allocation guarantees
can be ensured in networks that are non work-conserving, in which flows are allocated
no more than their reserved rates at any time. In fact, the only known core-stateless
networks that guarantee deterministically, that flows would receive throughput in pro-
portion to their reserved rates, are non work-conserving [21]. Non work-conserving net-
works shape the rate of incoming traffic to a maximum of the reserved rate for a flow;
sources are not allowed to achieve larger transmission rates, even if network bandwidth
is idle. This property results in high average delays [22] and limits the ability of the net-
work to utilize resource efficiently. With the predicted growth in traffic demands [12],
this is undesirable. To the best of our knowledge, the only kind of deterministic guar-



antees provided by work-conserving core-stateless networks proposed in the literature,
are on delay and throughput [13, 16, 17, 25].

Research Contributions In this paper, we propose the first work-conserving
core-stateless network that provides deterministic fairness guarantees. We argue that
an end-to-end notion of proportionate allocation in fair networks is meaningful only
when defined across flows that share the same end-to-end network path. We show
that networks that provide throughput guarantees are a crucial building block for net-
works that provide proportionate allocation guarantees. We then use a set of two simple
mechanisms—namely, aggregation and fair-ingress—to enable a core-stateless network
that provides throughput guarantees (previously proposed) to also guarantee propor-
tionate allocation. We show that the resultant network, referred to as a Core-stateless
Guaranteed Fair (CSGF) network, provides deterministic fairness guarantees similar to
those provided by core-stateful networks.

The rest of this paper is organized as follows. In Section 3, we formulate the prob-
lem of end-to-end fairness. In Section 4, we present the key insights and mechanisms
used to design CSGF networks. We derive properties of CSGF networks in Section 4.2.
Deployment considerations are discussed in Section 6. We summarize related work in
Section 7 and our conclusions in Section 8.

2 Notation and Assumptions

Throughout this paper, we use the following symbols and notation.

pk : the k*® packet of flow f
agj : arrival time of p’} at node j on its path
ds : departure time of p% from node j
1% : length of packet p%
Ty : rate reserved for flow f
T : upper bound on propagation delay of
the link connecting node j and (j + 1)
Cj : outgoing link capacity at node j
Wy j(t1,12) : throughput of flow f at server j during [t 1, t2]
V.5 Ujq£.my Lim,s * cOnstants associated with service guarantees

H denotes the number of routers along the path of flow f. The source of flow f is
connected to router 1 and the destination is connected to router H. A source is said

. . . 1
to transmit packets at least at its reserved rate 7y, if a% ; < a;;31 + fr—f The kt"

packet, p’;, transmitted from the source, is said to have a sequence number of k. The
throughput, W ; (t1,t2), received by flow f at server j during a time interval [t 1, t2],
is defined as the number of bits of flow f that depart server j during the time interval
[t1,t2]. Also, aflow f is said to be continuously backlogged at server j in a time interval
[t1, 2] if, at all instances within this interval, there is at least one packet belonging to
flow f in the server queue. Throughout our analysis, we use the terms server and router
interchangeably; further, we assume that the sum of rates reserved for flows at any
server does not exceed the server capacity (i.e., the link bandwidth).



3 Problem Formulation

Background Networks can provide fairness guarantees by employing fair schedul-
ing algorithms at all routers [3,4,9-11,19]. The fairness guarantee provided by fair
scheduling algorithms at a single node can be formalized* as follows:

Definition 1. The scheduling algorithm at node j is said to provide a fairness guar-
antee if in any time interval [¢1, t2] during which two flows f and m are continuously
backlogged, the number of bits of flows f and m transmitted by the server, Wy ;(t1,t2)
and W, ; (t1,t2) respectively, satisfy:

Wit ta)  Winj(ta, t2)
Ty Tm

< Uj{5,m} 1)

where r and r,, are the rates reserved for flows f and m respectively, and U; ;¢ )
is an unfairness measure—a constant that depends on the scheduling algorithm and
traffic characteristics at server j. Further, if the sum of reserved rates of all flows at
node j does not exceed the outgoing link capacity, then in any time interval [t1, t2],
during which the source of a flow f transmits packets at least at its reserved rate ry,
the server guarantees a minimum throughput to flow f:

Wyt t2) > rp(ta —t1) —rsysj ()

where ~y; ; is an error term — a constant that also depends on traffic and server char-
acteristics.

Fair scheduling algorithms are capable of providing a proportionate allocation guar-
antee slightly stronger than given in (1): if flow m is continuously backlogged during
[t1, 2], then the throughput of any other flow f, whether backlogged or not, is given
by [15]:

W i(t1,t Win, 5 (t1, 1
f7.7( 1, 2) S ma]( 1, 2) +Ij,m,f (3)
Ty m

where I; , ¢ is a constant that also depends on the server and traffic characteristics.
Different fair scheduling algorithms differ in the values of U (. mmy, Ij,m,z, and 7,5 [3,
4,10, 11,19]. The smaller is the value of these constants, the better is the corresponding
throughput or proportionate allocation guarantee. Table 1 lists known values for several
algorithms.

The literature contains analyses that extend these single-server guarantees on through-
put and proportionate allocation to end-to-end guarantees provided by a network of
fair scheduling servers [2, 14, 15]. Specifically, a network of fair servers (1) guarantees
a minimum end-to-end throughput to flows with an associated error term, 7}‘33, and
(2) guarantees proportionate allocation of end-to-end throughput to flows that share
the same path, with an unfairness measure, U I”ff fom}r where these constants are given

! Fairness of a link scheduling algorithm can be defined equivalently in terms of a bound on
its deviation from an idealized fluid model of fairness [3]. In terms of describing network
properties perceivable by end-users, however, Definition 1 is more useful.



Table 1. Unfairness measures for some fair algorithms
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by [2,14,15]:
[maz H-1 H
W= H DL+ Y m Y (@)
f =1 =1
H
Uit pmy = Unggmy + Y Un.gim + Tnm.f) 5)
h=2

Unfortunately, to provide fairness guarantees, fair scheduling algorithms require
routers to maintain per-flow state. It is especially challenging to design networks that
provide fairness without maintaining per-flow state in core routers because unlike delay
guarantees (that can be characterized entirely in terms of the intrinsic properties of
a flow such as its reserved rate), a fairness guarantee is inherently a function of the
state (throughput) of all other flows sharing a resource (Definition 1). Prior attempts at
designing core-stateless fair networks have realized this constraint; hence, prior designs
of core-stateless fair networks provide only statistical (or approximate) fairness over
large time-scales and for long-lived flows [6, 7,18, 20]. In this paper, we attempt to
design a core-stateless network architecture that can provide deterministic end-to-end
fairness guarantees to flows.

Our Approach To derive a work-conserving, core-stateless network architecture
that can provide deterministic fairness guarantees, we observe that a core-stateful net-
work of fair routers provide to flows two types of guarantees: (1) throughput guarantee,
and (2) a per-link proportionate bandwidth allocation guarantee.

Recently, we have proposed CSGT—a Core-stateless Guaranteed Throughput net-
work architecture—that can provide end-to-end throughput guarantees to flows [16].
CSGT can provide, at all time-scales, a throughput guarantee that is within a constant
of what is provided by a core-stateful network of fair scheduling routers. Thus, CSGT
provides part of the functionality offered by a core-stateful network of fair routers. Un-
fortunately, since core routers in CSGT networks do not maintain any per-flow state,
they can not ensure per-link proportionate allocation of bandwidth to flows.

In what follows, we argue that the per-link proportionate bandwidth allocation of-
fered by fair scheduling algorithms translates to meaningful end-to-end guarantees only
when flows share the entire end-to-end paths. To support this argument, observe that
the end-to-end bandwidth allocated to a flow depends on the flow’s share of the bottle-



neck? link bandwidth. Flows that share the entire end-to-end network path also share
the bottleneck link; hence, the allocation of bandwidth on the bottleneck link governs
the relative end-to-end bandwidth allocation to these flows. On the other hand, flows
that do not share the entire end-to-end network paths may not share the bottleneck link.
Further, since the bottleneck link for each flow may change continuously with fluctua-
tions in traffic conditions, even when the bottleneck link is shared between such flows,
the sharing is likely to be transient (or short-lived).® Hence, in networks where each
router employs a fair scheduling algorithm to allocate spare bandwidth proportionally
among competing flows on a per-link basis, it is difficult to relate, in a consistent man-
ner, the end-to-end bandwidth allocated to two flows that do not share the complete
end-to-end path. Consequently, core-stateful networks can not provide any strong con-
sistent guarantees with respect to the relative bandwidth allocated to flows that do not
share complete path.

From the above arguments, we conclude that, from the perspective of a network
provider, an architecture that only supports end-to-end proportionate bandwidth allo-
cation (a weaker guarantee) is likely to be indistinguishable from a core-stateful fair
network architecture that supports proportionate allocation on a per-link basis. Hence,
in this paper, we explore the design of networks that can provide end-to-end through-
put guarantees and proportionate allocation guarantees to flows that share the same
end-to-end path. Our design proceeds in two steps. First, we show that a network that
provides throughput guarantees is a crucial building block for designing one that pro-
vides fairness guarantees. Second, we explore mechanisms that, when integrated with a
work-conserving core-stateless network that provides throughput guarantees, lead to the
design of the Core-stateless Guaranteed Fair (CSGF) network architecture—the first
work-conserving core-stateless architecture that provides deterministic fairness guar-
antees.

4 The Design of Core-stateless Guaranteed Fair Net-
works

4.1 Providing Fairness Guarantees: Key Insights

Our objective is to design a work-conserving, core-stateless network architecture that
can provide fairness guarantees to flows. Specifically, we want to provide two types of
guarantees: (1) an end-to-end throughput guarantee to each flow, and (2) a proportionate
bandwidth allocation guarantee to flows that share the same end-to-end path. In what
follows, we show that by decoupling the objectives of providing these two guarantees,
and by using the following two observations, we can design core-stateless networks that
provide both kinds of guarantees.

2 In this paper, the bottleneck link for a flow refers to the link with the least share of available
bandwidth for the flow, rather than the link with the least link capacity. Depending on the cross
traffic load, the link with the least share of available bandwidth for a flow may be different from
the link with the least link capacity.

3 For some flows, such as those that originate from a common source behind a slow modem line,
the access link may be the non-transient bottleneck link due to its limited capacity. However,
such links lie outside the scope of the network provider architectures we consider in this paper.
The edge and core routers that we consider belong to the provider’s network, which does not
include slow access links.



Observation 1 As the following theorem indicates, providing a throughput guaran-

tee is necessary for providing a proportionate allocation guarantee. .
Theorem 1. Awork-conserving server that provides proportionate allocation guar-

antees to a continuously-backlogged flow m of the form:*
Wit ta) _ Wit t2)

I; 6
rs > o + Ljm,f (6)

where f is any other flow, also provides to flow m a throughput guarantee of the
form:

Wm:j(t17t2) > Tm(tQ - tl) — Tm *Ym,j

where v, j =

mas Ljm, . .
=+ Ef%]“f and C; is the total capacity of the server.

Cj
Proof: See Appendix A. O
The converse of the above theorem indicates that a server that does not provide
throughput guarantees can not provide proportionate allocation guarantees. A
core-stateless network that provides throughput guarantees is, therefore, a crucial
building block for the design of one that provides proportionate allocation.

Observation 2 A network that is capable of providing throughput guarantees, can
additionally provide end-to-end proportionate bandwidth allocation to flows that

share the same path, by employing a set of three mechanisms:
1. Treat the aggregate traffic between a pair of edge nodes as a single flow and

rovide throughput guarantees to it, .
2. Employ a fair scheduling algorithm at the ingress edge node, that allocates a

proportionate share of the aggregate throughput (at the ingress) to individual

flows within the aggregate, and . ) )
3. Ensure that the network preserves the order in which packets are transmitted

within the aggregate at the ingress node.
The third mechanism implies that the sequence in which packets depart at the last

node in any time interval [¢1, t2]—and hence the relative number of packets of two
flows that depart in this time interval—can be equated to the sequence of packet

departures at the ingress node in some other time interval [t ,¢5]. The end-to-end
proportionate allocation guarantee provided by the network is, therefore, exactly
the same as the one provided by the ingress server. The second mechanism ensures
that the ingress server does provide such a guarantee. The first mechanism ensures
that the aggregate traffic on the end-to-end path is guaranteed a minimum through-
put; since the individual flows are allocated a proportionate share of this aggre-

gate throughput, it follows that individual flows are provided minimum throughput

guarantees as well. A network that employs the above three mechanisms, therefore,
provides throughput as well as proportionate allocation guarantees to individual

flows.

Note that any core-stateless network that employs the three mechanisms described
above can provide fairness guarantees. Below, we present one specific instantiation of
such a network, called the Core-stateless Guaranteed Fair (CSGF) network.

4 Note that this notion of proportionate allocation is slightly different from that in Definition 1,
which requires both flows to be backlogged. It can be shown that fair scheduling algorithms
provide this stronger notion of proportionate allocation as well [15].



4.2 Realization: A CSGF Network

As discussed above, a core-stateless network that provides throughput guarantees is a
crucial building block for the design of one that provides fairness guarantees. In [16],
we have proposed the Core-stateless Guaranteed Throughput (CSGT) network archi-
tecture, a work-conserving core-stateless architecture that enables a network to provide
throughput guarantees. We briefly describe this architecture below.

A CSGT Network

A number of work-conserving core-stateless networks that provide delay guarantees
have been proposed in the literature [13, 17, 25]. These networks, however, do not pro-
vide throughput guarantees to flows at short time-scales. This is a consequence of a
central property of these networks to let packet deadlines grow ahead of current time for
flows that use idle bandwidth to transmit packets at more than their reserved rates. Such
flows may be penalized during a subsequent time interval by being denied throughput
at even their reserved rate. To avoid this, a CSGT network re-uses deadlines of packets
that depart the network much earlier than their deadlines, for new packets within the
same flow. Formally, a CSGT network is defined as follows [16].

The Definition of a CSGT Network A CSGT network consists of two types of
routers; edge routers and core routers (see Figure 1). The ingress edge router, in addition
to maintaining per-flow state, maintains a sorted-list R of re-usable deadline vectors.
On receiving a packet p’; of flow f, the ingress router assigns to it a deadline vector °
[F1(p%), Fa (%), .., Fu (p)] where H is the number of servers along the path of flow
f.and F;(p}) is the deadline of packet p} at server j. The assignment of the deadline
vector to packet p% proceeds as follows: If R # 0, an incoming packet is assigned
the smallest deadline vector from R. Otherwise, a new deadline vector is created as
follows:

lk

Fi(pk) = max (af ;, F(ak ))) + —; (7)
j—1 [i
Fih) = (%) + Y (Brn +ma) + (G —1) max L, j>1 (8)

1<i<k
1 i<k Ty

where B¢ = % mp, is the propagation latency on the link connecting node 5 and
j+1,and ﬁ(t) is the maximum deadline at server 1 assigned to any packet by time ¢.
All servers in the CSGT network transmit packets in the increasing order of their dead-
lines at that server. The egress server notifies the ingress server, using acknowledgment
packets, whenever packets depart much earlier than their deadlines.
When deadlines get re-used as described above, packets of a flow f may depart

the egress router out-of-order. This is because packets transmitted later by the source
may be assigned smaller deadlines than packets transmitted earlier, and may overtake

the latter inside the network. To provide in-order delivery semantics to applications, a

5 In practice, the ingress router computes only F; (p’})—the other values are computed at the
respective routers by adding appropriate constants to F} (p’}).
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Fig. 1. The CSGT Network Architecture

CSGT network employs an entity, referred to as the sequencer, to buffer packets of a
flow that arrive out-of-sequence at the egress router, and restore packet order before
delivering them to the destination. In order to bound the buffer space occupancy at the
sequencer, the maximum number of deadlines simultaneously in use by packets of a
given flow is maintained within an upper bound, W.

The following theorem from [16] derives the throughput guarantee provided by a
CSGT network.

Theorem 2. If the source of flow f transmits packets at least at its reserved rate, and
D™ js an upper bound on the latency after which an acknowledgment packet trans-
mitted by the egress node reaches the ingress node, then a CSGT network guarantees a
minimum throughput in any time interval [¢1, t2], Wy m(t1,t2), given by:

Wf,H(tl;tz) > Tf(tg — tl) — g% D™ _ W lf
l H-1 H

—ry (H+1)é+ w4+ B
Jj=1 j=1

where Sy ; is a constant that depends on the server and traffic characteristics at node
7.

Recall that fair networks provide two kinds of guarantees: a minimum throughput
guarantee at the reserved rate and a proportionate allocation guarantee. Theorem 1 in-
dicates that networks that guarantee proportionate allocation, also provide throughput
guarantees. A network that provides throughput guarantees, however, need not guaran-
tee proportionate throughput allocation to different flows. For instance, a network may
provide throughput exactly at the reserved rate to one flow, but may allow another flow
to use significantly more than its reserved rate. In fact, it can be shown, through ex-
amples, that a CSGT network does not guarantee proportionate throughput allocation.
Appendix B presents one such example.

A CSGF Network

We use the set of three mechanisms described in Section 4.1 (Observation 2), in con-
junction with a CSGT architecture that provides throughput guarantees, to design a



core-stateless network architecture that provides fairness guarantees. Observe that a
CSGT network already has the third mechanism, namely in-order delivery of packets,
in place — the role of a sequencer is precisely to restore the correct packet order before
packets depart the network. We instantiate the first two mechanismsina CSGT network
to derive a new architecture—referred to as a Core-stateless Guaranteed Fair (CSGF)
network—which is defined below. Figure 2 depicts the scheduling framework deployed
at the ingress router of a CSGF network.

Micro—flows sharing same end-to—end path

fl \IQ\
=
fa7 el

Aggregate flows
f4
F2
f5 — ( SFQ > —
fe _—

F

3 l

\ Employs deadline re-use
—(o)
/

Fig. 2. Scheduling in a CSGF Ingress Router

Definition of a CSGF network: The ingress router for F', a set of flows sharing
the same end-to-end path in a CSGF network, has two logical components:

— Deadline Assignment: A packet that belongs to an “aggregate” flow F is assigned
a tag-vector exactly as in a CSGT network; new tag-vectors are computed using a
reservedrate of R =) . ry.

— Packet Selection: The next packet to be assigned a deadline within an aggregate
flow F', is selected according to a fair schedule of transmission across individual
flows in F'. Since the bandwidth available to the aggregate F' can fluctuate over
time due to variations in cross-traffic, it is desirable to use a scheduler that achieves
fair allocation even with fluctuating capacity. We use the Start-time Fair Queuing
(SFQ) [11] scheduler, which has this property, to determine the next flow to select
a packet from.®

5 Note that any fair scheduling algorithm that guarantees proportionate allocation despite fluctu-
ating capacity can be used at the ingress. SFQ has one of the best known unfairness measures,
Uj,#,my,» among such algorithms (see Table 1).



The core routers and the egress router in a CSGF network function in the same manner
as in a CSGT network. At the egress, a sequencer re-orders packets within the “aggre-
gate” before they are split into micro-flows.

Properties of a CSGF network

We now formally derive the proportionate allocation and throughput guarantees pro-
vided to individual flows by a CSGF network. We assume that all flows between the
same pair of edge routers transmit packets of the same size 1.”

Proportionate Allocation Guarantees Our objective is to compute:
Wrn(tits)  Wm.n(tits) , the difference in the normalized number of bits of two

Tf Tm
backlogged flows f and m, that depart the sequencer during a time interval [t 1, t2].

Let F be the aggregate flow containing packets of micro-flows f and m. Letp ; and
p2, respectively, be the first and last bits belonging to the aggregate F', that depart the
sequencer during [t1, t2]. Then, since packets belonging to F' depart the sequencer in
the same order as their transmission from the SFQ server at the ingress node, all (and
only) bits that are transmitted between p; and p- at the ingress SFQ server, depart the
sequencer during [t1, t2]. If p; and p» are transmitted from the ingress SFQ server at ¢}
and t5, respectively, then the throughput of flow f and flow m at the sequencer during
[t1,t2] is exactly the same as their throughput at the ingress server during [t ,t5]. That
is, YL H(tl ) = Wialhits) gng Wenstltits) _ Wea(its) The ynfairness measure
guaranteed to flows for the end to-end throughput durlng [t 1,t2] in @ CSGF network

is, therefore, equal to that of the SFQ server at the ingress node during [¢}, t5]. For a
backlogged flow m, it follows that:

Win(tista) _ War(t,t2) L USFQ ©)
- fam

Ty Tm

Throughput Guarantees Theorem 2, which states the throughput guarantees of
a CSGT network, indicates that the aggregate traffic between the pair of edge routers in
a CSGF network is guaranteed a minimum throughput characterized by R = Zfep Tf,
the cumulative reserved rate. Since each flow gets a fair share of this throughput, it
follows (using the same reasoning as used to prove Theorem 1), that each micro-flow
is provided a throughput guarantee as well. We formally derive this guarantee for a
backlogged flow m below.

The throughput guarantee of a CSGT network derived in Theorem 2, when applied
to a CSGF network, implies that

H H
!
Wrm(ti,t2) > R(ty =) = Wi= R | (H+1) + > w4+ Bri+ Dm(I0)
i=1 i=1

" If I™a® is the maximum allowed packet size, it is reasonable to expect a source that is back-
logged with data to transmit, to use packets of size [™*®.



Leta = ¥ma(tt2) rom (10) and (9), it follows that:

I H H
R(tg—tl)—W*l—R (H—{—I)E—i—Zﬂ'j—{—Zﬂf’j—l—Dmaz

VAN

Z Wy b (t1,1t2)

feF

Za*rf-f-rf*U}ngQ
fEF

a*R+er

feF 'm
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feF
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This implies that a CSGF network provides a per-flow throughput guarantee given by:

WmH(tl,tz)>Tm(t2—t1)—f(w+1l——Zl
feF
—rm | (H+1)= +z7rj+z,3fj + D™ez (11)

5 Evaluation of a CSGF network

The CSGF is the first work-conserving core-stateless network architecture that provides
deterministic end-to-end throughput and proportionate allocation guarantees. We next
address the question: how do the end-to-end fairness guarantees of a CSGF network
compare to those provided by core-stateful fair networks? We answer these questions
below by comparing the error terms (W"Ct) and unfairness measures (U }ﬁ i m}) as-
sociated with the end-to-end throughput and proportionate allocation guarantees re-
spectively (Section 3), of CSGF and core-stateful networks. For our computations, we
consider example network topologies in which link capacities are 100Mbps and the
propagation latency on each link is 1ms.

5.1 Proportionate Allocation Guarantees

Observe that the proportionate allocation guarantee in a CSGF network (Inequality (9))
is even better than that provided by a core-stateful network of SFQ servers (see (5)). The
reason for this is that while packets of different flows depart the sequencer in a CSGF
network exactly in the same order as transmitted by the fair ingress server, packets
from different flows that share the same end-to-end path in a core-stateful network
may not depart the network in the same order. The end-to-end fairness guarantee of
a core-stateful network, therefore, can not be equated to that of its ingress server. We
compute the unfairness measures provided by CSGF and a core-stateful networks of
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SFQ servers® for the example topology described above (C' = 100Mbps and single-
link propagation latency = 1ms).

Observe that the difference in the unfairness measures provided by CSGF and a
core-stateful network of SFQ servers is directly proportional to H, the path length, and
inversely proportional to ¢, the reserved rates of the concerned flows. Figure 3(a) plots
the unfairness measures provided by both network architectures, as a function of the
reserved rates of individual flows (assuming r = r,,) and the path length (varied from
1 to 10). We observe that, for large-scale network topologies, the unfairness measure
in a core-stateful architecture can be an order of magnitude higher than in a CSGF
architecture.
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CSGF —— SFQ Network ——
SFQ (H=2 ---xmes CSGF Network -
051 SFQ :H=4 e | 60 1 1
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(a) Unfairness Measure (b) Maximum Difference in Throughput

Fig. 3. Proportionate Allocation of Throughput in a CSGF Network

Figure 3(a) indicates that the throughput received in a CSGF network by two flows
f and m, during any given time interval, may differ by an amount worth playing out
for a few milli-seconds. To put this observation in perspective, we plot the reserved rate
multiplied by the unfairness measure, in Figure 3(b). We observe that, during a given
time interval, a CSGF network may deliver only a few kilo-bytes of more data for one
flow, in comparison to other flows. In large-scale core-stateful networks, on the other
hand, the difference in throughput could be of the order of tens of kilo-bytes.

5.2 Throughput Guarantees

We next compute and compare 7”6"5 —the minimum timescale at which non-zero through-
put is guaranteed to an appllcatlon—ln a CSGF , CSGT, and core-stateful network of
WF2Q+ [4] servers.® The smaller is the value of 'y"Et for a network, the better is its

8 SFQ provides one of the smallest unfairness measures among known stateful fair scheduling
algorithms.

9 A WF2Q+ network guarantees the smallest fy”et among known stateful fair scheduling al-
gorithms. For networks with uniform packet sizes, the single-node throughput guarantee of a
WF2Q+ server is characterized by y;,; = % [4].
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throughput guarantee [16]. The difference in 7"‘}3 for the three network architectures
is governed mainly by the quantities (see (4), (11), and Theorem 2): r #, the reserved
rate of a flow, R, the aggregate reserved rate between a pair of edge routers, H, the
number of hops in the path, D™ the maximum latency experienced by feedback
messages, and R™**, the maximum rate a flow in a CSGT or CSGF network is allowed
to achieve.'® We use the topology described initially (C = 100M bps and single-link
propagation latency = 1ms), to compute 7"“ for different settings of these quantities.
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Fig. 4. Throughput Guarantee in a CSGF Network

Figure 4(a) plots for the three network architectures, the value of 7% as a function
of ry, the reserved rate for a flow, for different values of R ™ /R, when the flow
traverses a 10-hop path. We assume D™4 is equal to the sum of link propagation
latencies on the reverse network path. We observe the following:

1. For flows with small reserved rates, the per-flow throughput guarantee provided by
a CSGF network may be better than that of a CSGT network. The reason for this
can be understood by observing that 7”‘}3 for aflow f is inversely related to r ¢, its
reserved rate (see (11) and Theorem 2). The throughput guarantee provided to the

“aggregate” flow (larger reserved rate) in a CSGF network is, therefore, better than
that provided to a micro-flow (smaller reserved rate) in a CSGT network. When
combined with the fact that the unfairness measure of a CSGF network is small,
this implies that the throughput guarantee provided to a micro-flow in a CSGF
network may be better than in a CSGT network. The difference between the two

networks is less for flows with large bit-rates.
2. The throughput guarantee of a CSGF network may be better than that of a core-

stateful network for flows with small reserved rates. This is because although ¥ et
is inversely related to ; for both CSGF and core-stateful networks, the mverse
relation is much stronger for flows that traverse multi-hop paths in core-stateful

10 gmaz governs the value of W, the maximum number of deadlines used simultaneously in
CSGT and CSGF networks [16].

10



networks (see (4) and (11)). For flows with large reserved rates, however, the addi-
tional terms in (11), as compared to (4), dominate the value of 7”“

Figure 4(b) plots for the three network architectures, the value of 7}“”5 fora1Mbpsflow
as a function of H, for D™* ranging from a multiple of 1 to 3 times the sum of link
propagation latencies. Flows in the CSGT and CSGF networks are allowed to achieve
a maximum rate of up to 3 times their reserved rates (R™** /R = 3). We observe the
following:

1. 7}“}3 increases linearly with the number of hops traversed by a flow in all three
network architectures. In CSGT and CSGF networks, 7}“}3 also increases with
D™e these networks, therefore, benefit from the provisioning of low-delay feed-
back channels between edge routers.

2. The throughput guarantee provided by a CSGF network is comparable to that pro-
vided by core-stateful networks (even when D™%% js two times the sum of prop-
agation latencies). Perhaps more importantly, we find that a CSGF network can
guarantee non-zero throughput to flows, including flows with small reserved rates,
at short time-scales of hundreds of milliseconds.

Our observations illustrate that a CSGF network is capable of providing throughput
guarantees to individual flows at small time-scales. Large-scale CSGF networks provi-
sioned with low-delay feedback channels may provide even better throughput guaran-
tees to flows with small reserved rates, than core-stateful networks.

5.3 Discussion

Our observations in this section reveal that the end-to-end proportionate allocation guar-
antee of a CSGF network is better than that provided by core-stateful fair networks.
Note that because a CSGF network does not maintain per-flow state in core routers, it,
unlike core-stateful networks, does not guarantee the stronger notion of single-link (bot-
tleneck) proportionate allocation. It may seem tempting to conclude that this stronger
guarantee is useful to relate the throughput of flows that share their paths only partially.
However, as argued in Section 3, two such flows may not share their bottleneck links,
which govern the allocation of end-to-end throughput. Further, even if the flows share
their bottleneck links, the sharing may be short-lived. Hence, it is difficult to relate, in
a consistent manner, the end-to-end bandwidth attained by the two flows whose paths
overlap only partially. Hence, we believe that our weaker notion of end-to-end propor-
tionate allocation across flows that share the same end-to-end path, is adequate for the
purposes of defining meaningful end-to-end service semantics.

We also find that it is possible to design CSGF networks that provide throughput
guarantees similar to core-stateful networks by provisioning low-delay feedback chan-
nels between edge routers. However, the ability to provide comparable guarantees, with-
out maintaining per-flow state in core routers, does not come for free. We discuss some
of these issues in the next section.

6 Deployment Considerations

Use of a Sequencer A CSGF network uses a sequencer to provide in-order
delivery of packets to applications. It has been shown in [16] that sequencer buffer
requirements are modest even in large-scale networks.



It may seem that due to re-sequencing delays, end-to-end delay guarantees provided
to flows in a CSGT or a CSGF network are weaker than those provided in core-stateful
fair networks. This is, however, not the case, as is evident from the following two facts.
First, despite deadline re-use, the transmission deadlines assigned to a given packet at
routers in a CSGT or a CSGF network are never larger than the deadlines assigned to
it without deadline re-use [13], or in a corresponding core-stateful network (we omit a
detailed proof of this assertion). Second, a CSGT network provides deadline guarantees
(see Lemma 2 of [16]). Together, these two facts imply that the delay guarantees pro-
vided in CSGT or CSGF networks are no worse than those provided by a core-stateful
network of fair servers.

Feedback Channels The CSGF proportionate allocation guarantee does not de-
pend on the delay or losses experienced by feedback messages on the reverse network
path—it merely depends on the proportionate allocation guarantee of the ingress server.
The throughput guarantee, on the other hand, depends on the maximum delay expe-
rienced in the feedback channels—the larger are the delays and losses on the reverse
path, the weaker is the throughput guarantee. Note that delays or losses, though only
those that occur on the forward path, can weaken the throughput guarantee of even core-
stateful networks. Nevertheless, adequately provisioned feedback channels between the
edge routers are an essential component of a CSGF or a CSGT architecture.

Overhead Due to Feedback Messages The transmission of feedback mes-
sages from the egress routers to the ingress routers in a CSGT or CSGF network raises
some concern about the overhead introduced by this traffic. This overhead can be re-
duced for flows with bi-directional data transmission; the acknowledgments from the

egress router can be piggy-backed on to data packets on the reverse path. In general,
this overhead is a price paid for eliminating per-flow state and computation in the core

of the network. It is, however, worthwhile to note that feedback messages are transmit-
ted on the reverse path only when packets depart much earlier than their deadlines. This,
in turn, happens only when sufficient idle bandwidth is available on the forward path.
The feedback messages enable the efficient and fair use of such idle bandwidth on the
forward path.

Complexity of Edge Routers Edge routers in a CSGF network are more com-
plex than in core-stateful networks—the additional complexity is in terms of both extra
per-aggregate state (set of reusable deadlines), as well as the use of two schedulers
instead of one. Note, however, that the scheduler complexity is associated mainly with
maintaining priority queues. In a CSGF network, priority queue operations incur a com-
plexity of O(log N4 + log Nr), where N4 is the number of aggregates and N is the
average number of flows within an aggregate. In a corresponding core-stateful network,
the priority queue complexity is O(log(N 4 * Nr)), which is the same as above. There-
fore, processing complexity of ingress routers in CSGF networks is similar to those in
core-stateful networks. Since edge routers are likely to process lower volumes of traffic,
the extra state maintenance may not affect the performance of the network.

The egress edge router does not maintain any extra per-flow or per-aggregate state
information; the sequencer does buffer packets that arrive out of sequence and maintains
them in a sorted order of their sequence number. However, as mentioned before, the



sequencer buffer space requirement is modest even in large-scale networks. This also
implies that the size of the priority queue is bounded and small; the priority queue
maintenance, therefore, does not introduce significant costs.

Admission Control In this paper, we have addressed the issue of providing fair-
ness guarantees without maintaining per-flow state in the data path of core routers. Note,
however, that we still need to ensure that the sum of reserved rates of flows at any router
does not exceed its outgoing link capacity. One way to ensure this is to maintain and
use per-flow state only in the control plane of core routers; since the control plane is
accessed at a much lower frequency than the data plane, this may not affect the scalabil-
ity and performance of the core routers. Recently, admission control frameworks have
been proposed, that, instead of maintaining state at all routers, either use one or more
bandwidth brokers or the edge routers to perform admission control [5, 26].

7 Related Work

The Core-lJitter Virtual Clock (CIJVC) [21] network provides the same end-to-end delay
guarantees as a corresponding core-stateful Jitter Virtual Clock network. A CJVC net-
work, however, is non work-conserving, which limits network utilization and results
in higher average delays, as discussed before. A number of work-conserving core-
stateless networks that provide end-to-end delay guarantees similar to core-stateful
networks have been proposed recently [13,17,25]. However, these networks do not
provide throughput guarantees at short time-scales (they may penalize flows that use

idle capacity to transmit at more than their reserved rates). The first core-stateless net-
work that provides throughput guarantees at short time-scales has been proposed re-
cently [16]. This architecture, however, does not guarantee proportionate allocation of
throughput across flows sharing the same end-to-end path. Core-stateless schemes pro-

posed to provide fairness, provide only approximate fairness in the long-term through-
put achieved by flows. In particular, these schemes do not provide guarantees for short-

lived flows or for specific durations of interest in the lifespan of long-lived flows [6, 7,

20].

8 Summary

In this paper, we present the Core-stateless Guaranteed Fair (CSGF) network architecture—
the first work-conserving core-stateless architecture that provides deterministic end-to-
end fairness guarantees at short time-scales. We decouple the throughput and propor-
tionate allocation guarantees provided by a fair network and use a number of insights to
develop a core-stateless network that provides both guarantees. First, we argue that an
end-to-end notion of proportionate allocation is meaningful only when defined across
flows that share the same end-to-end path. Second, we show that for a network to guar-
antee proportionate allocation, it must also provide throughput guarantees. Third, we
show that a set of three mechanisms—fair access at the ingress, aggregation of micro-
flows in the core, and re-sequencing at the egress—when used in conjunction with a
network that provides throughput guarantees, leads to a network that guarantees pro-
portionate allocation as well. We use these insights, and the previously proposed CSGT
network architecture, to design a CSGF network that provides deterministic fairness
guarantees at short time-scales. The end-to-end proportionate allocation guarantee of



a CSGF network is better than that or a core-stateful fair network. The end-to-end
throughput guarantees of CSGF networks provisioned with low-delay feedback chan-
nels are comparable to core-stateful networks, and may even be better for flows with
small bit-rate requirements.
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A Proof of Theorem 1

A work-conserving server that has at least one continuously backlogged flow in [¢ 1, 2]
would satisfy: ZfEF Wy i(t1,t2) > Cj(ta —t1) — 1™, where the I™** term appears
due to packetization effects.

Consider a particular interval [¢t1,t2]. Leta = — . From (6), for any other
flow f (whether continuously backlogged or not), we have: W ¢ ;(t2 — t1) < rf *a+
ry*I; m, ¢ Since we assume that the sum of reserved rates at any server does not exceed
its capacity (Section 2), we have:

Wan,j (ta—t1)
T

Cj(ta —t1) = 1™ < >~ Wy, (tr, 1)
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<ax er+ erI-,mJ
feF feF
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This implies: a > (t2 — 1) — lc—J — Zfepcijj Therefore, Wy, ;(t1,t2) >
> er "t lims

[eF

jmaz

Tm(ta — t1) — PmYm,j, Where v, ; = o T

B CSGT Networks Do not Guarantee Proportionate Al-
location: An Example

At time ¢ = 0, let flow f be created, and at time ¢ = 0.1, let flow m be created. Let

both flows traverse the 3-hop network depicted in Figure 5. Let the reserved rate of each
of the flows at all nodes be 1 packet every 10 seconds. Let the CSGT parameter, W,
for flows f and m be 2—this implies that by any time ¢, no packet (from either flow f

or flow m) with a deadline greater than ¢ + 2 = 10 has been transmitted from the first
(ingress) node.
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Fig. 5. Topology for the Example

Let the transmission capacity on all outgoing links, except the link from node 2 to
node 3, be 1 packet every second, and let there be no other flows sharing these links.
Let the capacity available to flows f and m on the link from node 2 to node 3 (which is
shared with other flows) be 3 packets every 5 seconds before t = 8, and 1 packet every
5 seconds after ¢ = 8. Let the link propagation latencies be 0.

Since W = 2 for both flows, at ¢ = 1, the first node transmits the following se-
quence of packets starting at ¢t = 0: at t = 1, the first flow f packet with a deadline of
10; at t = 2, the first flow m packet with deadline of 10.1; at ¢ = 3, the second flow
f packet with deadline of 20; and at t = 4, the second flow m packet with deadline of
20.1.

The acknowledgment for the second flow f packet (deadline=20) arrives at the first
node at t = 9, at which time, the first node re-uses it for the third flow f packet,
which gets transmitted by ¢ = 10. Further, since W = 2, the fourth flow f packet gets
transmitted immediately after that, with a deadline of 30.

The acknowledgment for the second flow m packet does not arrive in time for dead-
line 20.1 to get re-used. The third blue packet is therefore assigned a deadline of 30.1,
and gets transmitted after the fourth flow f packet, by ¢ = 12. By ¢t = 12, therefore,
flow f has transmitted 4 packets, whereas flow m has transmitted only 3.

The acknowledgment for the fourth flow f packet (deadline=30) arrives at the first
node at ¢t = 19, at which time, the first node re-uses it for the fifth flow f packet,
which gets transmitted by ¢ = 20. Further, since W = 2, the sixth flow f packet gets
transmitted immediately after that, with a deadline of 40.

The acknowledgment for the third flow m packet does not arrive in time for dead-
line 30.1 to get re-used. The fourth flow m packet is, therefore, assigned a deadline of
40.1 and is transmitted after the sixth flow f packet. By ¢ = 22, therefore, flow f has
transmitted 6 packets, whereas flow m has transmitted only 4.

Itis easy to examine further time intervals to see that the difference between number
of flow f packets transmitted and the number of flow m packets transmitted, grows with
time. Specifically, the difference at time ¢ is given by: |(t—2) mod 10|. It follows that the

. Wiy i (t1,t2) Win,j(t1,t2) | ; H H
difference “Tfl > — =22 s not bounded, and grows approximately linearly
with the length of the time interval [t1, t2].




