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Abstract—We propose Trade & Cap, an economics-inspired especially around periods of peak network utilization, abhi
mechanism that incentivizes users to voluntarily coordinate their are the primary determinants of an ISP costs (both in terms of
consumption of the bandwidth of a shared resource &0, @ infrasiructure upgrade cycle and inter-AS traffic volumetso

DSLAM link) so as to converge on whatthey perceive to be an .
equitable allocation, while ensuring efficient resource utilization. due to the 95/5 rule). Attempts by ISPs to deviate from flat

Under Trade & Cap, rather than acting as an arbiter, an Internet ~ Pricing (including field-tested per-byte pricing [1]) habeen
Service Provider (ISP) acts as an enforcer of what the community widely rejected by customers [2]. This is also reinforced by

of rational users sharing the resource decides is a fair allocation the prevalence of flat pricing in the telephony market [3].
of that resource. Our Trade & Cap mechanism proceeds in two

phases. In the first, users engage in a strategitrading game In addition to the significant capital investments that ISPs
in which each user agent selfishly chooses bandwidth slots to st shoulder to ensure that their networks are well pro-

reserve in support of primary, interactivenetwork usage activities. . . .
In the second phase, each user is allowed to acquire additional visioned during the few hours of peak demand, the new

bandwidth slots in support of presumed open-ended need fdtuid ~ (Internet) world order of seemingly unbounded hunger for
bandwidth, catering to secondary applications. The acquisition of bandwidth further complicates fundamental issues that hav

this fluid bandwidth is subject to the remaining “buying power”  confounded the networking community for decades, inclgdin
of each user and by prevalent "market prices” —both of which the adoption of an acceptable notion of fairness as it relate

are determined by the results of the trading phase and a desirable . . .
aggregatecap on link utilization. We present analytical results to congestion management. Congestion increases delay and

that establish the underpinnings of our Trade & Cap mechanism, 10Sses, reducing the perceived Quality of Service (QoS) of
including game-theoretic results pertaining to the trading phase, interactive applications such as web browsing, VoIP, and
and pricing of fluid bandwidth allocation pertaining to the video streaming. Dealing with congestion requires thatrsise
capping phase. Using real network traces, we present extensiv (floys) “pay” for their share of the congestion they cause [4]

experimental results that demonstrate the benefits of our schmee, S L . .
which we also show to be practical by highlighting the salient resulting in a degradation in QoS (the congestion price}, Bu

features of an efficient implementation architecture. While our When interactive applications are forced to compete with-no
focus in this paper is on the rational coordination of the shared interactive applications such as P2P filesharing, backgtou

use of a DSLAM link, we also establish the generality of our backup services, or VoD downloads, the degradation in QoS
Trade & Cap mechanism by presenting a number of other direct pecomes unacceptable.
applications, ranging from coordination of energy-aware task

schedules to coordination of ISP uplink bandwidth consumption. Under flat pricing, during periods of peak demand, current
congestion control practices could be seen as particularly
“unfair” to users of low-volume, mostly-interactive ap-
Motivation: The ever increasing appetite for Peer-to-Pedions who would be effectively subsidizing “bandwidth hdgs
(P2P), media streaming, and Video on Demand (VoD) contefhis has prompted some ISPs to act as arbiters, proactively
is forcing service providers to constantly upgrade thefras- shaping user traffic by setting quo@sor by preferentially
tructures to keep-up with customers’ bandwidth demandss Threating different traffic payloadse(g, web browsing vs.
state-of-affairs is significantly exacerbated by the pleavee

of flat-pricing schemes and hence the lack of an incentive

for users to moderate their hunger for network bandwidth,
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bittorrent downloads) during periods of peak deman@hese be carried out by software agents that run on behalf of the
efforts have backfired, eliciting a public relation’s quagm users and the ISP, and thus (with the exception of minimal
regarding violation of “Net Neutrality,” [17], [18], [19] wich configuration and parametrization) is quite transparernthto

is perceived as the prime reason for the Internet being theer. Next, in Section VI, we demonstrate the significant
cradle of innovation it is [20]. Proactive ISP interventioased advantages of T&C by presenting results from extensivestrac
on traffic payload also raises concerns regarding mondmlisdriven simulations. For instance, we show that introduang
practices,e.g, blocking or taxing Video/VoIP services notrelatively small level of flexibility in the scheduling of es
provided by the same ISP [20]. activities results in significant gains for both the userd tre

Scope and Contributions: Rather than having ISPs act adSP. For example, allowing user agents to reposition batwi
arbiters who set the rules regarding what constitutes faHocations within relatively small windows of time enable
usage of a shared resource [21], in this paper, we propos&@m to increase their share of fluid bandwidth (supporting
voluntary, market-basedrade & Capsystem in which users Non-interactive applications) by 20% to 40% depending on
converge on whathey perceive as an equitable allocation ofheir flexibility. This benefits the ISP as well, resulting as
resources, irrespective of what these resources are usedch as 16% to 31% reduction in the 95th percentile of the
support (HTTP vs P2P traffic) and irrespective of the absolutSP’s 5-minute traffic volume, and (even more impressively)
resource allocation (traffic volume) per usérin our setting, resulting in smoothing traffic volume, reducing the 95th-
the role of an ISP becomes that of a “provider’ and apercentile/50th-percentile ratio from 1.58 to an almosfgu

“enforcer” of what thecommunityof users decides is a fair ratio of 1.004. While our focus in this paper is on the rational
allocation. coordination of the shared use of a DSLAM link, we also

Effectively, our proposed Trade & Cap (T&C) mechanisnff‘c’tablis.h the gengrwality of our Trade & Cap mechqnism by
sets up a marketplace. Given the fixed (flat-rate) paymé?{tes_ent'r}g In Secti dn' Itl_anuTberof otherdlretct T(ppm:?ﬂa |
to the provider, customers enter this marketplace with bqJ§"9'"9 rom coordination of énergy-aware fask scheduies

: . . : : dination of ISP uplink bandwidth consumption. We
buying power, but their use of this fairly-allocated buyin o coor . . . .
power depends on their flexibility. This allows customers t onclude the paper in Section VIl with a review of the rethte

trade “volume” during low-utilization periods for “quajit 'terature.
during peak-utilization periods (or vice versa). The dii@t Il TRADE & CAP IN A DSLAM SETTING

of the trade (not to mention the user's willingness to even . _ o
engage in trading) depends entirely on user preferences d¥gile our T&C mechanism is applicable to any setting in

flexibility (e.g, tolerance for delaying a scheduled networkhich it is desirable to coordinate the fractional acqiosit
backup job}| In addition to empowering customers to trad®y @ set of rational parties of treharedcapacity of a single
bandwidth allocations, T&C has the desirable side effect §#Source, in this paper, and without loss of generality, we
smoothing traffic utilization over time, thus reducing tgPts restrict ourselves to a specific setting — that of coordigati
cost which is determined primarily by the 95/5 rule. the utilization of a shared DSLAM link.
Outline and Summary of Results: We start this paper in Eigure_ﬂ illustrates the basic architecture .of Dig.ital Sub-
Sectioni 1l by overviewing the T&C mechanism as it app”egcnber Line (DSL) access .technology. In this setting, DSL
to a Digital Subscriber Line Access Multiplexer (DSLAM)modems on thg customer side connect hundreds to thousands
setting, and in Sectioris Il arid IV by presenting analyticéﬂf users to a single DSLAM server on the provider network.
results pertaining to convergence and efficiency of the etark DSLAMSs connect to a Broadband Remote Access Server
place underlying T&C. Formulating the problem as a game {gRAS) which relays trafflc_ to/from the Internet._ In. _thls
not only useful for purposes of modeling and understandifgtting, the DSLAM-BRAS link poses the most significant
the marketplace dynamics, but also it serves as the basisl’gffic management problems for ISPs and is thus the shared
a real mechanism that can be implemented and applied §$ource managed using our T&C mecharnfsm.
practice. Thus, in Section V we discuss the salient featofes As we alluded before, we envision a marketplace where
an implementation architecture for T&C in a DSLAM settingPSL customers are empowered to trade capacity over time,
Our implementation allows the marketplace interactions &0 as to facilitate the exchange of traffic volume for QoS.
This exchange is desirable given the different utility that
2 Along these lines, there is a growing body of academic [6], [8], [0], various applications attribute to traffic volume vs. Q@Sg(

[10], [11] and industry [12], [13], [14], [15], [16] work onelineating interac-  Fluid-Traffic (FT) applications value traffic volume whesea

tive from non-interactive traffic in order to police/balanconsumption. Many N Al - C o .
of these systems depend on Deep Packet Inspection (DPI)qeespraising |teractive Traffic (IT) applications value Qa$)in the envi

concerns about consumer privacy. Moreover, the scalalility resilience of Sioned marketplace, the DSLAM server's role is to enforee th
these techniques is also questionable as applicationg gdagkly to avoid
detection,e.g. by using encryption and randomization of port numbers. 5T&C is equally valuable and practical if the resource to be rgadas not

3 We note that recent polls [22] indicate that consumers wootetgt traffic  “physical” but rather “virtual” —e.g, the aggregate inter-ISP (transit) traffic
allocation mechanisms that ensure fairness as long as thedemi®os do of a subnetwork. Our distributed implementation architeztdiscussed in
not trample on net neutrality, privacgic. Sectiorl V is particularly suited for managing such resources

4We use the term “user” liberally since in practice, custoside software 6 Our T&C mechanism ensures that resource allocations are aséede
agents would make most decisions on behalf of the user. valuations by the users themselves (rather than assumed bgRhe



[:I R I1l. THE BANDWIDTH TRADING PHASE
= Bottieneck
PC Each agent represents its IT demand as a vector of requested
— bandwidth allocationsT; = (t;1,...,%s,). An assignment
g,fnmi ‘/—"‘i of an agent's demand is a mapping that pins each one of
PG BRAS the components of the vector to a different time slot. A set
DSLAM of such assignments (one per agent) comprises a potential
= | ey configuration, orscheduleof IT utilization at the DSLAM.
?c' oSt Let k = m;(j) be the time slot assigned to th& compo-
nent of playeri's request vector. We denote hy;, the actual
Fig. 1. lllustration of the DSL “last-mile” architecture. allocation for playet in time-slotk, wherex;x, = t; ,,,, (). The

x; notation implicitly represents the mapping;(), noting
that for time-slots that are not used in the mapping, we assum
capacity allocations agreed upon by the DSL customers. Bat z;;, = 0. Thus,z,; is defined for all time-slots.
doing so the ISP will benefit as well, as the T&C marketplace

dynamics result in a more balanced load over time, improvirggfinition 1. (Cost Function) The cost for a playeris

user satisfaction and alleviating the need for infrastrect 1 I

upgrades to accommodate peak demand. G=5 > wipUp 1)
For our purposes, we assume that the marketplace will p=1

operate over fixed, non-overlapping periods of time, whieh Wyhere 1/, = S |z, is the utilization of sloty and C is a

call epochs(e.g, days), and that the trading and allocation ofgnstant.
capacity will occur withinT' subdivisions of an epoch, which
we call time-slots(e.g, 288 5-minute slots per day). The above cost function (which is proportional to the

At the beginning of each epoch, the operator assigns eagﬂqduct of the current utilization and the demand of the ptay
user (agentyi = 1,2,...n an allowance orbudget B; in over all time slots) can be interpreted asast-sharingscheme

accordance with the user's Service Level Agreement (SLAJhere each user pays its fair share of the price of each time
(e.g, “Business” versus “Residential” plans). Under flat pricS ot, which depends on trsgjuareof the time-slot’s utilization

ing, which we assume in this paper, all customers receive an 1 T .

equal budget. Our T&C mechanism proceeds in two phases: G=g Z Uﬁ (Uw>

(1) The Bandwidth Trading Phasé&his phase proceeds as a p=1 b

pllfre-sgategles, nﬂr-coogera#Yilgag]e 'Zghong ageT]ts(,jMTho a0ur choice of the above cost function captures a notion of

E; nge 'dtr? rallltlona_ y and seftishly feC|h . elr%to SC eAu € fairness and incentivizes users to shift (if possible)rtiraiffic
anawidth allocations in support of their I$essions An ., o yer.utilization time slot€] Non-linear cost functions (of

IT session is a consecutive set of time-slots during WhiChvfihich ours is an instance) have been used before [23] to

particular IT gppllcauon is agtlve. For_example, a user may .ol congestion and achieve “proportional fairness.”
have a browsing and an e-mail IT session from 7-8pm and an-

other video-streaming IT session from 10-11pm. Although no The strategy spac} for agent; is the set of permuta_tlon_s_
necessary for analytical purposes, in our experiments dis V\féf Its req_ues_t vec*tor. ASTSUCh’ the st,rategy space 1S f'T“te
as in our implementation architecture, we enforce the pralct with cardm_allty |9;| = P . The game’s strategy space is
requirement that sessions be atomices, a video-streaming the Cartesian .p_roduct of the strategy spaces of al pl_ayers:
session cannot be broken up or interrupted. The schedul[‘ﬁg: x5;. Initially, we wil assume that all .th'e points
of IT sessions is subject to preset user preferences dﬂdthe_ strategy space are feasible, and we will incorporate
constraints. The outcome of this game is a Nash-EquiIibriuﬁ‘?‘pac'wlbudg(Et constraints later.

(NE) of IT bandwidth allocations to all participating agent Theorem 1. The pure strategies game in which users adopt
along with the corresponding cost incurred by each agent. petter/best responses to allocate atomic units of traffipen

(2) The Bandwidth Capping Phas&his phase proceeds asuser, mutually-exclusive time-slots converges to a NE.
a market-clearing phase, in which the operator distribatgs
remaining capacity among agents. The amount of “remaining”
capacity distributed in this phase is set based on a desirabl n 1 E
nominal utilization of the link €.g, determined by the 95/5 ¢ = Zci =c ZUZ?
rule threshold). The allocation of bandwidth in the capping i=1 p=1
phase rewards users who were able to preserve more of their

budgets in the trading phase (due to a low IT volume or due7WhiIe instrumental in establishing the convergence propeitsen in
heoreni 1, the specification of a quadratic (square) formuincost function

to flexibility in scheduling such traffic), ensuring & markef 1ot essential as other cost functions may well yield the sdemrable
equilibrium of the resulting allocations. incentives.

Proof: We define the following potential function:



When a player makes a cost-reducing mate; < 0, Theorem 2. (Convergence to NE under constrainGiven a
1 pure strategies game, such that each player’s action space i
C Z (prU,ﬁ - l’ipUp) < 0 (2) finite, and that converges under better/best response dgsam
P to a NE, then after adding constraints to the action space

Notice that for any other player + i, its utilization of interval Of one or more players, the game still converges, given that

its cost as follows constraints.
1 : - - -
Acy = G Zxkp(Uz/) —-U,) Proof: Cor_15|der the following directed g.rapb? =<
- V,E >: There is a vertew; € V for every possible point in
the strategy space; = (a1, .- .,an;,), Wherea;; denotes

Adding the changes of the players other thave get the j'* action of playeri. There is and edge,, € E for any

1 valid transitio§_on the strategy spacee. the cost associated
ZACk = Z (C’ Zxkp(U;/) - Up)> with player: at vertexp is larger than the cost at vertex
ket ki P cp(i) > ¢q(i) anda_;, = a—; 4, Meaning that the actions
of all players other than are the same i andq. Let us

1 o ;
= 5 SN -0y call G the transition graph of the game. Then, if the game
P ki always converges to a NE in the unconstrained case, it fellow
) that G must be a Directed Acyclic Graph (DAG). Any path
_ 52 (mgp _ xip)zmkp (3) (sequen_ce of ac'qons) the _players traverse when fo!lowmg
- Vi their rational, selfish goal will always reach a vertex with n

outgoing edges corresponding to a NE (of possibly many) of
where in the last step we used the fact higt-U, = 27, — =i,  the game. The addition of constraints to the players actions
because players other thardid not change their allocations. corresponds taemovingunfeasible vertices fromv as well
Since the components of,, are the same as those®f, (but a5 the edges coming into or out of these vertices. Gebe
in different positions), we observe thaf, =7 = > =7, the residual transition graph after removing unfeasibktioes
With this, we can reorganize expression (2) as follows  and edges. Suppose the new game with constraints does not
) . always converge to a NE. Then, there must exist at least one
— LU —— I cycle in this residual transition grapi’. The fact thatG’ is
C Zp: (#3pUp = ipUp) C Zp: (i = Ti) ;xkp <0 a subgraph ofy implies that the same cycle must exist in the
original graphG, contradicting the fact that’ is a DAG. m

Figure[2 illustrates the construction used in the proof ef th
above Theorem. Figure 2 (a) shows the DAG corresponding
ZACZ‘ —AD <0 to the transitions of some hypothetical game, where states

7 andwvg are the NE. In Figure 2 (b), verticas, and vg have
. N . . . been removed with their respective edges because they are
i.e. the potential is monotonically decreasing and is lower- . . . .
; unfeasible. The NE in the residual graph ageandwvs. Notice
bounded by some constant greater than zero. This lets Hs : i .
o that the set of NE vertices after the addition of constraints
conclude that the game converges to a Nash Equilibriumn.

need not to be the same as those of the unconstrained game.

As we alluded before, it may be the case that an agent Mayparticular, feasible vertices that were not a NE will bexeo
have additional constraints that limit its strategy spaesgza 5 NE if all their outgoing edges are removed.

2-hour-long IT fixed bandwidth allocation must be assigned | An important consideration when considering equilibria of

consecutive time-slots, and be scheduled to start between 6 on-cooperative games is the Price of Anarchy (PoA) — the

and 8F,)m' Such constraints are easily capt*ured by defining {rF'Jl io of the social cost at the worst-case equilibrium coraga
player's strategy space as a subsetSptC S*.

to the best possible. In the case of the Bandwidth Trading

_In practice two type of constraints may be important 10 CoRame the social cost (understood in our case to be the system
sider in the game as described so far: (Hpacity constraints metric we want to optimize) is the maximum slot utilization.
to ensure that the shared link capacity is never exceeded by

the aggregate allocation¥p : 32"z, < C, and (2)Budget Theorem 3. (Price of Anarchy for Bandwidth Tradinglhen
constraintsto ensure that no agent is able to reserve resourdé8er sessions are described as finite sequences of fixed size
beyond his “fair” share, which is upper-bounded by the agengllocations, the PoA on the per-slot loadris

. 1 T
Vi = i < B;. .
allowance i : &3, zipUp < B; Proof: A loose bound on the PoA for the trading game

_N(_)ticg that_both _sets c_>f cqnstraints correspond tp tfi@ trivial: Given a maximum allocation per playek,az, it
elimination of infeasible points in the strategy spateThis

removal can be easily ?Ccomp"Shed by settingdahe cost s gpserve that the set of edges in not limited to best-respobaeicludes
per player for those points. any feasible move.

which is exactly the same as (3)¢. >°,; Acy = Ac; < 0.
As the sum of negative quantities is negative, we get



(b)

Fig. 2. lllustration of transition graphs for a pure straésggame. a) Without constraints, b) With constraints

may be the case that all the players have an equally-large with a known optimal solution is simple: Take the slots,
demand, and there exists a NE where these demands coincide assume they are all equally filled say withunit. Split
in the same time slot. On the other hand, there is always going the content of each slot in several fractions and then

to be a slot with utilization of at leasX,,,,.., therefore this is take sequences of elements from different slots to be
a lower-bound on the slot utilization. Therefore we have the  the tasks of the players. Finally, shuffle around the tasks
bounds of the players to get a problem instance.

Ximaz < max{Up} < nXpmax 2) For different numbers of players (this defines the game

size) and of time-slots we create multiple problem in-
stances. In the results presented in this paper, we created
worst — case max{Up,} 100 instances for each game size.

optimal max{U,} 3) Run the game by letting the players take turns and play
their best responses until the game reaches a NE. Take
the maximum among all the instances of the same size,
and then compute the ratio with respect to the known
optimum. This gives the empirical ratio of the worst-case
to the optimal.

These loose bounds immediately imply that

PoA <

To show that this bound is tight, we present in Fig. 3 an in-
stance that realizes it. In this example thererapayers, each
one having a session of lengtht kn, and the total number of
time-slots isn+kn+n—1=n(k+2)—1. Fig.[3a shows the
optimal allocation which yields amax{U,} = Xq, and
part (b) shows a NE whossiax{U,} = nX,,.. Part (b) is The results of these simulations are illustrated in Figure 4
a NE because any unilateral deviation by any player, gives with 5 slots (a) andl0 slots (b). In practice, the PoA for the

higher cost. In fact the player cost at NE is trading phase (game) is almost always belawand tends to
1 be insignificant as the number of players (size of the game)
2 . . .
¢%=a inpUp =nX o T F increases, which bodes well for our setting.
p

And the cost for a player if he moves any integral number of
positions (within the allowed time-slots) is

1
C; = 6 ;xipUp = X?%zaa: + 2k

IV. THE BANDWIDTH CAPPING PHASE

Once the trading phase is concluded (resulting in an assign-
ment of IT to time slots), an agentis allowed to use whatever

is left over from its originally allocated budgé?; to acquire
andc, > ¢; wheneverk > (n — 1) X2, ... FT capacity. We denote b§; the left-over budget for user

[ ]

It is important to notice that realizing the above PoA bound ti=Bi—c
requires a carefully crafted problem instance. In practice . . ,
is very unlikely to find instances with these characteristic”S 'S namesake suggests, we wil assume that kT traf_ﬂc can
In fact, to evaluate the practical behavior of the PoA Wge handled as a fluid, so the allocation of useo slotp is
conducted a series of simulations as described in the faipw “i €R™.
procedure: During the capping phase, each agent computes the alloca-

tion of FT traffic that maximizes its total volume, subject to

1) Create a problem instance whose optimal aIIocaticEH . : .
. . . . traint the left- t. For th t
is known. The load-balancing problem itself is NP- e constraint on the left-over budget. For this computgtio

. . agents use the same cost function given in equation (1), but
Complet@. On the other hand, constructing an InStanCr?ow accounting for the overall utilization from both thedag

91t is easy to see this by reduction to the RRRITION[24] problem. If and capping phases.

we had a polynomial algorithm that solves the load-balangraplem, we For notational clarity we will use the bold symbbl to
could run this algorithm on an instance of the partition peab with two ' p

slots. If the sum of the elements in the two slots is equal, tisvar to the d?nOte Fhe total utilization o.f. Slqt' The normal symqup
PARTITION problem is “yes”, otherwise is “no” will continue to denote the utilization due only to IT alldicen,
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i.e., subject to
1
Up=Y zyp and  Up=U,+ > wy C S wipUp = 4 4
% A p
wip > 0 Vp (5)
and the super-scripti will indicate the total excluding the
it" player’s contribution This problem can be solved using the Lagrange multipli-
ers method [25]. For that purpose, we define the vector of
Up—i =Up, — wip unknownsw; = (w1, ..., w;r), and the functions:
: . . g(wl) = Z wip(Up_i + U}ip) —¢,C
As expected of selfish, rational players, each agent will »
attempt to maximize its individual allocation of FT traffic. hp(wi) = w (6)
p\Wi ip

Thus, useri*"’s problem is to maximize

T
fw;) = Z Wip
p=1

Both f() andh,() are concave (in fadtnear), and both are
continuously differentiable. The feasible space

D; ={w; € RT | glw;)) <0 A ¥p: hy(w;) > 0}



is closed and bounded. L& f(x) of a functionf : RP — R" Condition 1) states that either,, or w;, is zero. For those

be the matrix® whose(i, 7)*" element is slots wherew;, # 0, condition 2) can be expanded as:
ofi _ . oL
&Cj(x), i=1,....,n, j=1,...,p Dy @)
. . . . . . OL
The function g() is strictly convex as its Hessian matrix B3V =g(w;)) = 0 (8)
D?%g(w;) = 2I is positive definite. This is the case because ) !
forany z € D;, z # 0, Then, solving forw;, from (7), we get:
OL ,
T _ 2 — . -1 ) —
2Nz =2) 22>0 Dy, 1+ NUp ™" 4 2Xwip + 1, =0
p
With this, we can show thab; is also a convex set. Take wip = 1t AiUp 9)
x,y € D;, and define 2A;
and substituting from equation ](9) into equation (8) and
z=azx+(1-a)y removing the slots wherg,, = 0 gives us the following
. . tion:
then agy() is strictly convexg(z) < ag(z)+(1—a)g(y) < 0. equation
Also, because:,y € D; it is the case thatp : h,(z) > 0 and % 3 (1 B ()\iUpii)2) —ic
Vp : hy(y) > 0. Thereforeh,(z) = ahy(z) + (1 — a)h,(y) > 4X; pleo0
0. In conclusionz € D;, henceD; is convex. _ "
Before proceeding, let us define some notation (foIIowinac’IV'ng for s, we get:
[25]). Let 1
o Ao o= 2yl >0 — (10)
0; = g(w2)7 I Z =1 4&0 + Zp|wip>0(UP )
) hi_1, IfZE{Q,...,T—‘rl}

. . _ The summations in equation (10) require the identification
as Fhe set of functions encapsula’lung all the constraintso Aof the set{p|w;, > 0} denoting the slots with not null allo-
definep(4) t[o t_)e the rank of mgtnxﬁl. S o cation. Observing that the slots whetg, = 0 are infeasible

A constraint is called andffective constrainf it is satisfied g|gtg (they are very expensive), a two-step recursive gmoce
with equality, so the sef C {1,...,T + 1} identifies the that allows us to identify the slots to use is to: (1) assuraé th
effective constraintsj.e. at the maximumuw;, for k € E, 3|l slots are feasible, solve for; and w,,, and the resulting
pr(w]) = 0. Let o = (pr)rep be the matrix of effective violations define the forbidden slots = {p|w;, < 0}, and
constraints. It is easy to show tha{Dep(w;)) = |E|. (2) solve again with the remaining slafs. This corresponds
To see this, observe thabh,(w;) = 1 in columnp and tg redistributing the budget that could not be saved in fhe
zero otherwise. Therefore all the rows corresponding to thgyis (by settingu;, < 0) between feasible slots.

functionsh,, are linearly independent. On the other hand, the Substituting for \; from equation [(10) into equation (9)
row » yields the desired allocations of FT bandwidth in each one
Dgi(wi) = (..., Up ™" + 2wip, ...) of the slots{p|w,, > 0}.

is non-zero on those columns whérg(w;) = 0 (if Up‘i =0, Lemma 1. (Global optimality) w} found by the previous
the cost of the slot is minimal and;, # 0). Therefore the procedure is a global optimum

row Dg;(w;) is not linearly dependent on the rovi$h, (w;), ) .
so wegéc()ﬁé)lude that the }r/ankpdifgo (w?) is |E| (i) Proof: Immediate from the fact tha®; is convex andf ()
_ SR ' is concave. (See Theorem 7.13 in [25]). [ |
As a result of this analysis, the problem meets all the _ _ _ _
conditions of Theorem 6.10 in [25] and therefore there existemma 2. (Uniqueness of the global optimum); is unique

a vector of Lagrange multiplier\;, i1, ..., 1tp,) such that ] . 1 9 .
1) 1, > 0 and piyhy(w?) = 0 for p=1...T. Proof: Suppose it is not. Lew; andw; be two distinct

lobal optimals. Let us also define= aw} + (1 — a)w? for
2) DL(wi, A, 11) =0 9 : o= aw; i
) (w; 2 a € (0,1). By the convexity ofD;, it is always the case that

where z € D;. By the linearity of f we have
T
L(wi, Aoy 1) = f(wi) + Nig(wi) + 3 pphp(wi) f(z) = af(w;) + (1 —a)f(wi) = f(w])
p=1 i.e. all pointsz in the hyperline segment defined by ,w? are
is called the Lagrangean. also global optimals. The constraintw;) is strictly convex,

therefore
10This is the Jacobian of. g(z) < ag(wil) +(1— a)g(wz)

(2



some unused budget. This means that the user can increase Classifies

its allocations, therefore contradicting the optimalify-0 m :>

Theorem 4. (Existence and Uniqueness of Optimal FT Band-
width Allocation) There is a single maximum for the aggre- Fig. 5. Implementation using priority queues
gated FT traffic and this maximum coincides with the per-user
maximum.

g(z) is the excess over the budget. At the optimal solutions :>
g(wi{m}) = 0, which means that at point there is still D [
Scheduler

The customer-side agent would be responsible for mongorin

Proof: (Sketch) Consider the related problem of maxinetwork traffic usage over time, and collecting feedbacknfro

mizing the total allocation of FT traffic. Namely, maximize he user regarding the user's experience. Using such data,
the agent could easily infer, and accordingly set, trading
"L preferencesd.g, flexibility of IT traffic).
f(w) = Z Z Wip Th : : .
e entire system operates on the local domain defined by
, the DSLAM and the finite (customer) population attached.to it
subject to For accounting and policing purposes, the system would need
1 Zw U - 0 Vi to uniquely identify each customer. Authentication — in nan
C & PP ! cases already in place at the physical or link layers, depgnd
b on the underlying technologye(g, xDSL) — is needed to
protect against “identity theft” whereby a customer would
The corresponding Lagrangean is spoof the MAC address of another in the same DSLAM to
avoid having its traffic counted against its own budget. doti
L(w, A, p) = flw) + Z Aigi(w) + Z Z Hiphip(w) that to account for traffic during each epoch, the providerag
‘ vp only needs the total allocation per customer. This inforamat

i=1 p=1

Wip > 0 VZ, p

with is enough to ensure that the customer is adhering to the
g(w) = glw) = 3 wipUp—£:C outcomes of the T&C mechanism for each time slot. From
hip(w) = hy(w;) = wi;) the providers perspective it is irrelevant if the customer i

using a bandwidth allotment for IT or FT bandwidth. In fact,
this assures that the provider's policing mechanism isedde
D={weR" |Vi:g(w)<0 A Vi,p: hip(w) > 0} neutral with regard to the customer’s traffic.

Handling traffic on the customer side requires the imple-
D—nr D, mentation of a two-level priority queuing system, with thighh

o= priority assigned to IT demand and the low priority assigned

and therefore it is convex (See Theorem 1.37 in [25]). to FT demand. This way, packets belonging to IT applications

We note that the above is a generalization of the single ug¥fe€mpt any pending packets in the FT queue. In addition,
(distributed) optimization, including the Lagrange mpiirs the queues have a traffic shaperg( token-bucket) to ensure
of all the users. In particular, the Karush-Kuhn-Tucker (RK that (for example) FT packets do not consume the bandwidth
conditions are a superset of the corresponding ones for focation during idle-periods of IT queue. The routing of -
single user case and their solutions are the same. TheyefdfCkets to each one of these queues could be implemented in
the unique solution of the aggregated problem correspamds number of ways, including using manual configuration on a

the set of solutions of the (distributed) per-user problerms PEr application basis, using an automatic traffic classffi

An important consequence of this theorem is that t g]' [, [11])’. orusing s_peC|aI APIs that allow applicatis to
nd to specific virtual interfaces.

maximum is a NE as no user has an alternative solution wi

larger allocation of FT traffic having the same budget. Priority/weighted queueing systems have long been used in
the QoS literature. An implicit assumption in that litenau

V. IMPLEMENTATION OF AT&C DSLAM M ARKETPLACE is that priorities/weights are assigned consistently k& ehd
systems. However, when self-interested players compeate fo

based system consisting two software agents: a provider—s‘he Same resource, their choice WOUld be to assign ther_m;selve
agent and a one-per-customer agent. The provider-sidet agI f .h|ghest priority, unless. ther.e Is a cost associated tith

is responsible for the marketplace functionality, acaepbids choice. Our T&C meghanlsm incorporates such a cost, thus
from the customer agents and reporting back the results.pfpv'd'ng the needed incentive for players to act truthyull

can also provide a policing function, to ensure that traffidlgorithmic Complexity and Efficient Distributed Imple-

from each agent adheres to the allocations agreed uponMgntation: A scheme like ours would not be practical if
the marketplace, thus avoiding the possibility of custemefssociated processes are not efficient to compute.

tampering with their agents in an attempt to hack the system.The best-response computation in the trading phase is a

The feasible space in this case is

Observe also that

Architecture: We envision an implementation of a T&C-



combinatorial problem, equivalent to a generalized knelpsa Tot;egggkets R A i
problem. For that, we developed a dynamic programming TCP packets 1,194,409,653
solution which is pseudo-polynomial (complexity depends o UDP packets 4,321,852
the product of the number of sessions per user and the numbef 2! TCP bytes (payload 924,540.189,060
of time slots) and which runs in a few seconds on current TABLE |

hardware for instances of practical sizes of hundreds ofsuse CHARACTERISTICS OF THEWAN TRACE USED IN OUR EVALUATION.
and hundreds of time slots (108 and 288, respectively in

our simulations). The dynamic programming solution, when 200 : : : e ——
finding the best response for useproceeds as follows: 180 | F ]
o 160 b
1) Letk be number of sessions of andT the number of % 140 " ]
time-slots § 1207 ‘ ]
2) Initialize the matrix4 of dimensionk x T". Each element § ol y‘ g el
a;p Of A will represent the cumulative cost of sessions ‘g 60 f & ﬂ,ﬁ]wg] ‘f‘i[‘hr i ]
1...j <k, when thej*" session is allocated in slgt & o lun @g ‘%H%‘W LA# iy #{”
All the matrix elements are initialized to infinity. | Jﬁ i1 l 1 Wy T Y‘;ﬁ K
3) The first row is computed by assuming sessiors % 5 0 5 2

placed in slotp and computing the resulting cost. Time (Hours)

4) Subsequent rowsj (: 9. k) are computed according Fig. 6. Downstream trace for a subnet of broadband users

to eqgn. [(11). Hereg(j, p) represents the cost of session

j at slotp (from eq./1). Observe also that,, is the demonstrate the gains that an ISP stands to realize as & resul
minimum cost at which all the sessions up focan of the overall smoother traffic profile of T&C, and (3) illuate

be allocated in the time-slots up @ Therefore, the how various parameters affect the performance of T&C.

minimum of the last rowmin{ay,, 7} will give the Traces and Trace Pre-ProcessingAs an alternative to direct
optimal cost for the entire set of sessions of the userDSLAM traces (which unfortunately are not available), we
The feasibility condition in eqn’. (11) refers to the constts used publicly available WAN traces [26] to extract a slice
of the problem. Basically, different sessions do not oyerdl ©Of traffic associated with a customer access network. Table |
the components of the session fall within the allowed tim&hows the main characteristics of these WAN traces. Caguri
slots (... T), and the cumulative cost is less or equal to th@ Slice (portion) of the customer network's traffic resuitsass
budget. In particular, in the case of the user going over tfgonounced diurnal peak-to-valley ratios, which limite ther-

until the budget constraint is satisfied. reported in this section should be viewed as “conservative”

In our experiments we did not implement the capacitF'gureB shows the traffic aggregated ogerin time-slots for

constraint, although it could be easily incorporated irfte t%f~|e subnetwork w.e selectéd for Of” evaluation.
procedure. In doing so, we allow for the utilization to grow TO extract traffic associated with a customer access net-

as much as demanded, which gives even more conservai@k, we applied the following pre-processing steps. First

As for the fluid allocation computation in the capping phasé',sers’ based on the upstream/ qunstream ratios, thgtyactm
the solution using Lagrange multipliers presented in ®ecti per port number, and dl.urnal ‘f."Ct'V'ty patterns. Next, asagm .
V] constitutes a straightforward distributed implemeiatiaf that each IP. address is a S|'ngle user/househqld, we classi-
whereby at the Customer Premises Equipment (CPE) eiﬁg the traffic per user as either IT or FT. This was done

agent computes its best response iteratively until it gletsec aset()j on ssstl)lmanon _gf ttr.?.ﬁ'g ;Ct'v'ty.w'th Igrlvneggd por
enough to the global optimum. numbers. Finally, we identified the various IT sessions per

user, with their corresponding demands per time-slot. iBess

Running both the trading and capping processes at figyification was done by setting a threshold on the length o
CPE is consistent with a network-neutral implementatiome T periods of high activity. We call this threshol.,., and it is

only support need.ed from the DSLAM .W.ould be to offeli en as a number of time-slots. For most of our experiments
a blackboard service where all the participants are able considered the values — ¢ and S — 19
register their (IT and FT) allocations and query the tOt8I3X ., rresponding to half an hour and one hour respectively. If
per time-slot. Once the market reaches an equilibrium, “&ﬂy sequence of time-slots has length greater than
posted schedule is committed for the next epoch. then we subtracted the minimum from this interval under the
assumption that it was due FT. By repeating this process on
any subinterval of length greater th&fy, ... we obtained a set

In this section we use trace-driven simulations to (1) higgitl Of disjoint IT sessions for the user.

the benefits that a user in our system begets by exhibitingT&C operates by letting user agents express their flexybilit
some flexibility in scheduling its IT sessions under T&C, (2pr willingness to move IT components (forward or backward

VI. EXPERIMENTAL EVALUATION
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ht

00 if sessionj is unfeasible at sl
= { / o CEY

min{a;_1,1..p—1} +¢(4,p) otherwise

in time) some number of time slots. We define a sessiorsetting-up these experiments is the budget assignment. In
slackto be the number of time slots that an agent is willingarticular, we used the following policy: Lét denote the

to shift its session (back or forth in time). A slack of Onominal traffic per time-slot that results in a total volume
implies no flexibility. A slack of 1 implies a willingness to equal to the total traffic originally in the trace. We intradua
shift sessions by 5 minutes (our time slot) back or forth, ontrol parameter (for resistance) which allows the provider
such a shift is advantageous. Notice tmapving a session to adjust the resulting traffic on the shared link. By setting
means a shift of the traffic attributed to that sessiorefbtime C = V/R (this is theC of the cost function in equatidn/ 1),
slots spanned by that sessiare( traffic in all time slots of a and the budget per customer 8, = CT/n, the expected
single session is shifted equally to preserve session aiiyi utilization (without IT) is preciselyC. In our traces (as

In our simulation we also enforced the condition that nobserved generally on the Internet) the FT component is much
shifting sessions could overlap. This is consistent witarsis larger than the IT component, therefore the IT stage isyarel
not doing more activities on the same time-slot. Similankg, affected by the budget constrait.

also enforced the condition of preserving the session o1der  Figure 8 shows the outcome of the two phases of T&C
Although not required by our model, it implies less effort ogr 3 value of R = 1.0 and various slack values. The y-
the part of the user, and any results thus obtained are eygfis is normalized with respect t& (the nominal volume
more conservative. under perfectly balanced conditions, with no IT components
How Does T&C Impact the ISP’s Bottom Line? Our Due to the presence of IT components, this quantity is always
first experiment aims to evaluate how the 95th percentile (flightly) larger than1.0. The session identification process
the ISP’s 5-minute traffic volume (th@5% traffic envelop) also capture a much larger peak in the caseSgf,, = 12.
changes as a result of letting users schedule their IT sessidable[ Il shows thed5% and 50% (median) of the time-
according to the trading phase of T&C. For brevity, we assurgot utilizations, as well as the ratio between them. These
that all users adopt the sarstackvalue for all their sessions. results suggest that with T&C in place, the ratio is nearly,
Figure 7 shows two examples of the outcome after the marketulting in a perfect flattening of traffic over time slotsus
reaches an equilibrium. On the left is the traffic per timetsl eliminating cost problems derived from spikes when usirgg th
and on the right is the CDF of traffic per time-slot. Top row i95/5 rule.

for session length threshold 6f,,,. = 6, and the bottom row

is for S, = 12 time-slots. Clearly, the session thresholding o 95% Median _ Ratio
process has little effect on the trace, being the most rattiee %‘g’na' s = 6 1132;3 1153_'33 11_'3‘32
effect the larger peak (from30MB to 150MB). Tabl€e Il shows T&C Smas =12 138.05 137.33 1.005
the values of th®@5% traffic envelop. These results underscore TABLE Il

that selfishly scheduling IT sessions yields an equilibrivitin TRAFFIC VOLUME STATISTICS(IN MB) WITH AND WITHOUT T&C

significantreduction in thed5% traffic envelop — up t81%
reduction when slack i$ hours. Even for a small slack ab How Does T&C Enable an ISP to Cap its Aggregate

minutes, the savings amount6%. It is important to note that Traffic Volume? The ISP is able to specify a target total

g‘giil\sﬂavmgs arﬁ' I'f'}‘elyht_g,h;mh lmoreklmpreTISNE)r ,T"gl traffic volume on the managed link through its choice of the
traces which exhibit diurnal peak-to-valley ratid®l | giqiance parameteR (which directly affects the constant

are muchlarger than those evident in our WAN-based traces ;.4 hence the budget; allocated to each user). Figure

[27], [28]. 9a shows the total allocation per time-slot as a function of
Simaz = 6 Smaz = 12 R, whenslack=0 (which is the worst-case in the sense that
Slack | 95%(MB) Savings%| 95%(MB) Savings% under this scenario, the budgets are constrained the most).
9 o3 29 a 29 As expected,R effectively controls the the aggregate traffic
6 27.4 24.4 33.6 206 volume resulting from T&C. This volume is almost flat due
12 24.9 31.4 30.9 35.2 to the “fluid” nature of FT bandwidth allocation. The exceypti
TABLE II is due to spikes underscoring the presence of large IT gessio
95% UTILIZATION RESULTING FROM BANDWIDTH TRADING. that could not be smoothed out under the chosen slack value.

. . . . Naturally, these spikes dissipate when larger slack vaues
We now consider experiments in which both phases of T&Gc (see Figure 8).

are carried out. In particular, after completing the tradin
phase — thus scheduling all IT sessions in the trace — user _ , _

I t h fluid traffic as possible in accordance wi For large values of?, the budget constraint may impact IT allocations.
allocate as much flui ! possible 1 dance Withihe rare event when this happens, the policy we adoptectaveandomly
their remaining budgets. Thus, an important consideraition drop user sessions in case the user runs out of budget inatiimgrphase.
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Fig. 8. Total Traffic (IT+FT) for various slack values.

How Does ISP Resistance Impact the Allocation of FT the case though that the larger the slack, the larger the FT
Traffic Relative to IT Traffic? Figure[9b compares the allocation for any given user (points along the same vdrtica
per-user bandwidth allocations for different values of thkne in the plot). An agent with fixed IT demand increases its
resistanceR. As before, the general trend is that the more I@llocation of FT bandwidth when it adds more flexibility to
bandwidth requested by a user during the trading phase, tteelT sessions. The results in Table IV expose this tradeoff
less FT allocation the user is able to secure during the ogppfor selected levels of IT demand and resistances. For exampl
phase. Increasing the values Bfresults in a corresponding whenR = 4, a user with a nominal 100MB of IT bandwidth is
reduction in the aggregate allocation of FT bandwidth, witable to capture 32% more FT traffic by accepting a minimal
large IT bandwidth consumers impacted the most. slack of 3 for its IT sessions. A rather surprising (and also
How Does T&C Impact the User's Bottom Line? To desirable) finding — evident from Figure |10 and Table IV —
evaluate T&C on a per-user basis, we compare how IT andthat the user begetmost of the benefit by introducing a

FT allocations vary across users. Figire 10 (left) ShOWSmlnlmal amount of slack. Increasing the slack much beyond

Wat results in only marginal increases in FT allocationtha
clear negative corelation between the allotment of FT and Chove example. by doubling its slack fraito 6, the user is
bandwidth. The relationship is not monotonic or deterntiais P y g

0,
because it depends on the outcomes from the trading pha %g;osc?gtgreeﬂc::?/bli @;ﬁfg.ﬁ% T:: message is clear.
which affect the left-over budget for each player. It is eywa y ' y S0
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Slack 100MB  200MB  400M B the trading mechanism as already describeflliii Similarly,

3 13190  1.2836 11931 ; ;

5 13497 13338 12329 ther.e are fluid tasks that may need to use all the capacity

12 1.4079 1.3769 1.2520 available to them, and which run forever. Examples of such

TABLE IV tasks are the crawling, indexing and ranking processes on a

FT BANDWIDTH GAIN FOR VARIOUS VALUES OF R AND IT DEMAND. web search engine. We can think of these tasks as fluid-tasks

and assign them a variable amount of resources per timeslot
to maximize the total amount of work they can perform at the
Figurel 10 (right) shows the same results on a semi-log scédevest cost. In addition, the possibility of assigning beitégto
to expose the outcome for users with negligible demand faifferent tasks permits adjusting the fraction of the reses
IT bandwidth. In this case, the capping phase assigns to ey get. In fact Greenberg et al suggest using pricing and
such users almost equal share of the capacity (as expetitedurgency of execution” as parameters to reduce the peak-to-
is only the heavy IT bandwidth hogs who are unable to clainalley ratio on the utilization of these resources, prdgisiee
much FT bandwidth, which is precisely the premise of T&Cnotions captured by our mechanism.

VIl. OTHER APPLICATION SCENARIOS FORT&C B. Bulk Data Transfers

Non-cooperative load-balancing problems arise in a mul- Another example application is proposed by Laoutaris et al
titude of situations of which the DSLAM is a very practica[28]. They realize the possibility of transferrifglay Tolerant
example — an example that we chose to highlight in this papBulk (DTB) data, such as large datasets, content replication
Our T&C formulation and associate model is quite general afgitches, etc., at no cost by using a water-filling technique o
can be applied to many other scenarios where customers talle transit links. Under their model there is a single enteep
can be modeled as a combination of atomic and fluid processeistomer who wants to transfer the DTB data between two
and all the customers compete to complete their tasks with gpoints v and v, and the 95/5 rule determines its cost. So, as

lowest cost. We present additional examples below. long as all the bulk data can be scheduled during the valleys
of the demand curve, it is possible to preserve the 95% thus
A. Energy-Aware Task Scheduling avoiding any extra costs.

Greenberg et al [29] provide a detailed analysis of the Our fluid-allocation scheme allows to generalize this model
costs associated with modern cloud datacenters. Two importt0 the case where many “fluid consumers” want to share those
components in provisioning datacenter resources are Eney&lleysinthe transit links. In this case the proper settiofithe
and network capacity. Both resources are typically Charg@gdget and resistance parameters allows to control theshar
based on the 95/5 rule, and for the case of the datacerR€f user (inducing a notion of fairness) and to cap the total
this is a direct cost, making the incentive for the reductiotilization (so the 95% is preserved).
of peak utilization more direct, but without changing th : . .
fundamental characteristics of the resource marketplaee %}Obggﬁ Enterprises Sharing Bottleneck Links of a Common
have presented. In particular, energy requirements o@mefft
tasks can be described as vectors of power consumption pe®@ur T&C formulation of the DSLAM problem allows for
time-slot, 7; = (¢;1,...,ty,). Tasks may also be constrainech generalization whereby many large customers connect to an
to be executed within some time-interval and the chard8P, but the traffic cost depends mainly on the total traffic to
associated with the execution of the tasks is determined bgper tier providers. Such arrangement is illustrated guFe
the total energy consumption according to €q. (1). Then, th&, where the customers; share the linkd.SP; — ISP, and
customers can schedule the execution of their tasks by usiigP, — 1.5P;. If the main drivers of the cost fof SP, are
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online gaming, VoD, instant messaging, etc. Now, if the ISP
offers a differentiated services [30] mechanism to handee t
QoS mappings, then the cost function of egn. (1) needs to be
adjusted to reflect the cost of each one of the traffic classes.
More precisely, letk = 1... K identify the service class.
Then, the total cost of useris

K
¢ = Z Cik
k=1
where the cost per class is
1 T
Cik = & mepUkp (12)
it
Observing that the costs per class are independent of each

other, we are then left witli( independent cost minimization
problems (under the assumption that the budget is enough

the cost of the links to upper-tier providers, then itis th@ly o pay for all the IT traffic). In fact, the bandwidth trading
of ISP, to incentive its customers to load-balance their traffiﬁhase for each class may be executed concurrently with the
over time. This reduces the cost b6 F;, as well as the cost ghers and the minimum user cost is the sum of the minimums

for the customers. In fact, a cost function of the form

k
ci =y a;f(Ujwi)

j=1

per class, therefore it is still a NE. A subtle but important
observation is that in making ed. (12) dependent only on
the utilization per class, other classes have no influence in
the performance of a given class. This is consistent with

where each customer is charged according to the utilizdfion the Weighted Fair Queueing (WFQ) systems[31], but also
of link j and its contributionu,; leads to a situation where theréquires the intervention of an admission control mectranis

customers play to minimize the cost of each one ofithieks
to upper-tier providers independently. To observe thigjceo
that under standard routing protocotsd. BGP) the link used

that avoids saturating any given class. The admission @lontr
mechanism corresponds in our model to having additional
constraints on the set of actions available to the players,

by each one of the sessions 6f is predetermined by the Which as discussed ifill does not affect the properties about
routing protocol which is out of the control of the customeg€Xistence or convergence to a NE.

This limits the options of the customers simply to play wtile t
schedule of its sessions (bandwidth trading) and its diloca

As for the FT, the left-over budget is computed as

K
of fluid traffic (capping phase) independently over each.link l; =B; — Zcik
k=1

Being the contributions to the cost per link independentaathe

other, the minimum is obtained as the sum of the minimungnd it proceeds the same as before. Because of its fluid pature

of all the links.

D. Iterated Trading for Multi-class QoS

it is implicit that fluid traffic will be assigned to the lowest
priority class.

VIIl. RELATED WORK

The different IT sessions of a single user may capture many
different QoS requirements. So for example a single user méyhile the application of game-theoretic and micro-economic
have concurrent sessions of HTTP browsing, e-mail, VolBpproaches to networking problems is not novel [32], [24], [
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[33], [34], our approach of strategically trading-off alktion state equilibrium. While our mechanism and system model are
slots based on desirable properties for different traffassés entirely different, our cost function has similar charaistics.

's new and quite promising. Several works have also studied the [34], [40], [41] pri-

Laoutaris and Rodriguez [5] recognized that the problenaﬁity queueing systems (a la Diffserv) under game-theoreti
associated with rampant delay-tolerant (what we call Ffameworks. So for example, Marback [34] analyzes a pyorit
traffic are due to the lack of incentives for end-users f§ueueing scheme where packets get charged based on their
properly schedule such delay-tolerant traffic and the laick Briority, and selfish users compete for bandwidth. Among
network mechanisms to identify and handle such traffic. Asfiper things, he shows that such a scheme leads to a Wardrop
solution to the first problem, they suggest giving userstBig  equilibrium and that allocation does not depend on the price
than-purchased” access rate during off-peak hours as adewgs each traffic class. A fundamental distinction in this case
for time-shifting their FT traffic. As a solution to the se@bn 5 that T&C enables different valuations for different clas
problem, they propose the introduction of a store-and-&0dv of traffic, and uses these valuations to leverage the trading
service to handle the network transfer of bulk delay-toidarasystem_ Park et al [40] consider a QoS class assignment
data during off-peak hours. game where users share a single WFQ queue and they can

Fairness is a very controversial issue with no universallgssign the class for the traffic. Users do so, to meet the QoS
accepted definition. The most commonly used definition is th@quirements of their application, which are dependent on
of max-min fairnesswhereby no user can increase its rate dhe total allocation due to all the users. In this work, they
the expense of other users with lower rates. Max-min fagnesonsider both, the case where traffic may be arbitrarilyttsuli
deals with instantaneous rates, and thus is useless ovgr lbetween the many service classes and uhsplittable case
time scales under time-varying demands. In many contextghere all the traffic is assigned to the same class. In the
fairness is a property established across floeg,( TCP’s splittable case, NE need not exists, but it is proven thahén t
max-min fairness). Clearly, this definition breaks whenrggl® unsplittable case NE always exists. Fundamental diffeagnc
entity (user) is able to open multiple concurrent flows, as with respect to this model are the fact that users are ndtdraf
is indeed the case in many applications. Briscoe [35] givesneaximizers (their traffic and QoS parameters are fixed) so
very thorough discussion of the issues involved. He adescathat there is no need to concern about fairness; each user
a notion of cost fairnessbetween economic entities, thugepresents a single application, and the game’s actionespac
avoiding both the per-flow and the instantaneous connatstioare the instantaneous rate allocations, thus it does neideEm
This is consistent with T&C’s assignment of budgets to uséinite sessions with schedule flexibility. In [41], the autho
agents as the primary mean for ensuring fairness. consider the assignment of service classes to each usfis tr

Recently, Briscoe et al [36] proposed an architecture th@t €ach one of the routers in a path. In this analysis, eaah use
operates at the network edges and realizesctygt fairness Provides a QoS vector and a utility function, and the user
model without directly charging users (hence, compatikte w actions are the choices of service classes at each rougdr, su
flat pricing). This work introducese-feedbacka mechanism that his traffic will meet the QoS goals with minimum cost.
that allows measurement of downstream path metrics, suthis model is limited to theunsplittable casemeaning that
as delay and congestion. This information can then be us@lyjthe traffic from a user is assigned the same service class.
to police the compliance of end-users with a predeterminddie incentive for the users is implicit in the price-by-clas
policy (e.g. backoff the sending rate in case of congestionjcheme, where users requesting higher priority classes pay
The network itself can perform the policing function regugr More. In addition, payment has to be made to .aII interme.d.iary
only a shaper at the ingress point and a dropper at the egrB@ges on a route. Chen et al[42] also provide an efficient
point. When doing so, it is the dominant strategy for endlistributed implementation and evaluation of their msitiitch
points to report the correct metrics. This is a congestiartrod QoS assignment game, where agents running at the routers and
mechanism, that provides the necessary feedback for flowseffl-points compute the game outcome on behalf of the users.
adjust their rates, and for the network to police response The performance evaluation shows a significant improvement
congestion. It is strictly a best-effort scheme, and unfigC ~ ©n the per-applicati_on QoS metrics with respect to a static
it does not provide the means for applications with speciff€Servation mechanism.

QoS goals to make trade-offs that satisfy their requiresient o fundamental distinction between T&C and the various

Approaches forcongestion-pricingwith explicit payments congestion pricing schemes considered in the literat86]([
have been considered in a number of studies. Hendessah [43], [37], [23]) is that none of these schemes takes into
[37] present a review of the benefits and limitations of thesecount the dual nature (IT vs. FT) of applications. Therfo
proposals. Examples includ8mart Markets[33], [38] and all these schemes impose penaltiegy(larger cost, increase
Split-Edge Pricing[39]. Of particular interest is the schemedrop rates) to all the traffic from a user during congestion
proposed by Ganestt al [23], which assigns costs to packetperiods. Because they operate over short-time-scalegettar
depending on congestion. Under a family of non-linear costg an instantaneous response to congestion), none of these
functions that depend on the utilization of the congestek li approaches exploits the extra degree of freedom offered by
and the flow's demand, they showed convergence to steathye possibility of time-shifting the execution of IT tasks,



adjusting the rate of FT tasks.

(12]

IX. CONCLUSION [13]

Trade & Cap (T&C) is an effective bandwidth management
mechanism that enables self-interested user agents teceolf14]
tively converge on whathey perceive to be an equitable allo-

cation, based on their individual, private valuation ofwetk

utility (e.g, raw volume vs. QoS over time). Trade & Cagig]
not only benefits users by allowing them to extract better

utility from the network, but also benefits the ISP by yielglin

(17]

smoother aggregate traffic volumes, which lowers traffingia
costs and reduces the currently unsustainable pressui®Rn |

to upgrade their networks in order to keep up with peallf8
demand. Under Trade & Cap, rather than acting as an arbiter,
an ISP acts as an enforcer of what the community of ratioria]
users sharing the resource decides is a fair allocation aif ﬂfzo1
resource. This is a welcome departure from current prastice
that force ISPs to use artificial notions of fairness to polic
shared bandwidth use, with negative implications to pyva$21]
and network neutrality.
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