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ABSTRACT

This paper analyzes a communication network facing users with a continuous distribution of delay cost per unit time.
Priority queueing is often used as a way to provide differential services for users with different delay sensitivities. Delay
is a key dimension of network service quality, so priority is a valuable resource which is limited and should to be
optimally allocated. We investigate the allocation of priority in queues via a simple bidding mechanism. In our
mechanism, arriving users can decide not to enter the network at all or submit an announced delay sensitive value. User
entering the network obtains priority over al users who make lower bids, and is charged by a payment function which is
designed following an exclusion compensation principle. The payment function is proved to be incentive compatible, so
the equilibrium bidding behavior leads to the implementation of “cp-rule’. Social warfare or revenue maximizing by

appropriately setting thereserve payment is a so analyzed.
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1. INTRODUCTION

Traditional applications, such as web browsing, file transfer, remote terminal and electronic mail, etc, do not impose
severe requirements on the network. They can tolerate relatively large packet delays. New Internet applications, such as
real-time applications such as interactive voice and video are more delay-sensitive. Heterogeneity of the delay
requirements makes it necessary that different users are handled differently. The emergence of time-critical applications
on the Internet is one of the primary reasons for customer-oriented service differentiation. On the other hand in order to
survive in the highly competitive Internet services market, the network service providers will have to provide
customized network services. Internet is becoming more and more a multi-service network. Clearly, any successful
solution to supporting multiple services cannot rely on technical solutions only but also has to take into account the
economic aspects. Corresponding to the best effort service, today the most common charging method in Internet is
based on the flat-rate model. Given the differentiation of network services, the flat-rate pricing model which is
commonly applied to charge users for the access service to the Internet Service Providers (ISPs) will become
inadequate. Without an appropriate pricing scheme, any service differentiation is useless. If there were no price
difference between the priority classes, all userswould prefer the best one.[1][2]

This work was supported by the Nationa Science Foundation of China (NSFC) under grant number 60202005

Network Architectures, Management, and Applications Il, edited by S. J. Ben Yoo, 1421
Gee-Kung Chang, Guangcheng Li, Kwok-wai Cheung, Proc. of SPIE Vol. 5626
(SPIE, Bellingham, WA, 2005) - 0277-786X/05/$15 - doi: 10.1117/12.577065

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/01/2013 Terms of Use: http://spiedl.org/terms


https://core.ac.uk/display/78890361?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Priority queueing is often used as a way to provide differential services for users with different delay sengitivities. When
a capacity-constrained network service provider faces delay sendtive customers, delay is a key dimension of network
service quality, so priority is avaluable resource which islimited and should be optimally allocated. Pricing can play an
important role in the allocation of service capacity and the appropriate determination of priority [3]. Many studies of
price and service differentiation in priority queueing systems analyze the centralized pricing, where the provider sets an
incentive compatible price-service menu for finite classes of users. But in settings with many or continuum customers
whose delay sensitivities are not known to the provider, it may be beneficial to use auctions, where the provider
allocates priorities and charges corresponding payments based on customers' bids [4].

In this paper, we consider a priority queueing system with many infinitesimal users. The main QoS parameter that users
care about is delay. Assume there is a continuous distribution of users' delay cost per unit time. We analyze the
allocation of priority in queues via a smple bidding mechanism. In our model, the stochastically arriving users are
privately informed about their own marginal costs of delay which is observed neither by the provider nor by the other
customers, and arriving customers cannot observe the system state. Arriving users can decide not to enter the network at
all or submit an announced delay sensitive value. When a user enters the network, he obtains priority over all users
(waiting in the queue or arriving while he iswaiting) who make lower bids, and is charged by a payment function which
is designed following an exclusion compensation principle.

Consider the participation constraint, under some conditions users with the highest delay cost values will decide not to
enter the network, because the service value is not enough to cover itstotal cost. For the users entering the network, we
know that it is optima (minimizing the total delay cost per unite time of users) to schedule them by the so called “cp-
rule” which provides a higher priority to those users who have a higher margina delay cost. Thisruleisimplemented by
the payment function which is proved to be incentive compatible: users entering the network will submit their true delay
sensitive values. So a user with higher margina cost submits a higher bid, and higher priority services are adlocated to
the users who are more sendtive to delay. As a result the equilibrium bidding behavior leads to the implementation of
“cu-rule’. When alow the network imposing a uniform reverse payment on users who enter the network, Social warfare
or revenue maximizing can be realized by appropriately setting the reserve payment.

A number of authors have addressed related issues. Auction motivates lots of research interest in network resources
allocation and congestion pricing, and severa schemes were proposed such as Smart-market Pricing [5], Progressive
Second Price auction (PSP) [6] and Smart Pay Admission Control (SPAC) [7] mechanism. But these schemes mainly
focus on the dlocation of limited network resource to users not the priority in which agents' jobs are processed.
Mendelson and Whang [3] analyze the M/M/1 non-preemptive priority queue with multiple user classes, deriving an
incentive compatible priority pricing scheme. Mandjes [1] analyzes the incentive compatible problem of data users and
voice users in computer network when network provides a service with only two priorities. Kleinrock [8] was the first
one to study the allocation of priorities based on payments, he derived steady-state expected waiting times (which
depend on the bribes) and studied the resulting queue discipline for various payment functions. Liu [9] revisits
Kleinrock’s model, but assumes that customers make paymentsin order to minimize its total cost; he derives a bidding
equilibrium, and shows that a higher marginal cost leads to a higher bid. Aféche and Mendelson [4] analyze the priority
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auctions with a generalized delay cost structure. Kittsteiner and Moldovan [10] analyze the bidding strategy that
depends on processing time. Our analysis is mainly based on Liu work, in our model the user’ bid behavior is
simplified: users only need to decide whether to enter the network and announce their delay values if entering, the
payment calculation is left to the network, and we focus on the optimal setting of reserve payments to maximize the
social warfare or revenue, while Liu are more care about optimally setting service speed.

The remainder of this paper is organized as follows. In Section 2, we describe the basic model of the priority services, a
payment function is given and proved to be incentive compatible. In section 3 we consider incentive compatible
payment function when a reverse payment is alowed. We analyze how users entering the network can be regulated by
reverse payment, and we analyze the problem of social warfare or revenue maximizing by appropriately setting the
reserve payment. Finally, in Section 4, we conclude the paper with a summary.

2. THE BASIC MODEL

We consider a capacity-constrained network service provider, modeled as an M/M/1 queueing system that serves users
with differential delay sensitivities. The network service provider distributes a network service which has constant value
V. Service time obeys an exponentia digtribution with unit mean. Users which are infinitesimal relative to the market
size arrive according to a Poisson process. A is assumed to be the mean arrival rate or market size of users which
arrive at the network according to a Poisson process.

Users differ in ther delay sensitivities ¢, the marginal delay cost per unit time. Assume that there is a cumulative
distribution of delay sensitivities represented by A(c), cE [0, . It'S assumed that A(c) is common knowledge, and is
continuoudly differentiable.

The provider allocates priorities of queues via a simple direct-revelation bidding mechanism. When a user comes to the
gueue he can choose either of two strategies: (1) not to enter the queue at all or (2) submit an announced delay sensitive

value ¢ and pay a charge which is decided by a payment function p(€) (non-revisable and non-refundable) to the
network. A user who submits C gets priority over al those with strictly lower values ¢'<C, and equa bidders are
served FIFO. Suppose T <Cma iSthe maximization delay value of users who choose to enter the queue. Following Naor
[11], the utility of a user with true (marginal delay cost) value ¢, announced value € and experiences adelay wis:
U(c,6) =V = (p(C) +cw) @

From [8] and [9], when users are ranked by their true delay sensitive values (when each user announces € =c in our
mode!), the aggregate delay cost of users entering the queue is minimized, and the mean delay of user with delay value ¢
isgiven by
_ 1

(L- AA®C) + AA(C))?

Proposition 1. Under above assumptions, the bidding mechanism is incentive compatible and quasi-optimal when the

w(c)

2

payment function is given by
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p(E) = [ - xw (x)olx.. @3)

Proof: From (3) we have

') =cw(C).
So
U'(€)=-p'(€)-cw(0)
=@E-ow(©)

From (2), W(C) <0, when ¢>c, U'(C) <O, whilewhen ¢<c, U'(C) >0, sowhen € =c, user obtains maximizing
utility. So users bidding strategies isincentive compatible:
U(c,c)=U(c,C), O¢>0.
Because users bidding strategies is incentive compatible, and users are ranked by the announcing values, the aggregate
delay cost of users entering the queue is minimized by the bidding mechanism. Thus the mechanism is quasi-optimal.
This compl etes the proof.
Now the utility of a user with delay value c in the incentive compatible mechanismis:
U (c) =V - (p(c) +cw(c)) 4
Besides incentive compatible attribute, participation constrain is also important for mechanism design. Because the
bidding mechanism is incentive compatible, we have
U'(c) = -p'(c) -w(c) —cw(c)
=cw'(c) —w(c) —ew/(c)
=-w(c)
From (2) w(c)>0 , we have U (c)<0 , so U(c) is a strictly decreasing function over [0, Cqad, We have mentioned that
C <Cmux is the maximizing value of users who choose to enter the queue. Assume ¢ isthe unique solution of
V = (p(c) +cw(c)) =0.
C is determined by the mean arrival rate A and cumulative distribution of c. and we have T = min (Crax, C). The
participation constrain of the bidding mechanism is c<C . Users with true value c<C enter the queue and announce

C =c, while other users choose not to enter the queue. Thus all users will get nonnegative expected utility.

By (3), we know that the marginal increase of the payment of a user (with value c) is equal to the resulting decrease of
his delay cost -cw (c). Each user’s payment equals his priority externality, the marginal net value losses he inflicts on all
lower-priority customers. So the intuition behind the payment function is an exclusion compensation principle. A user
with higher delay sensitivity will submit higher delay sensitive value, and will be scheduled by a higher priority, so
more users mean delay will be inflicted by his enter; as aresult he should be charged a higher payment. This pricing
principal is analogous to the Vickrey-Clarke-Groves mechanism, which is widely used in the dlocation of

interdependent resources.
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3.OPTIMIZATION OF SETTING RESERVE PAYMENT

In the basic moddl of section 2, marginal delay value of users entering the network is determined by the mean arrival

rate A and cumulative digribution of c. A user with unit delay value c=0 will not be charged any payment. Now we

assume that the network imposes a uniform reverse payment p on al users who enter the network (Auction model of

section 2, can be treated as a special case with p =0). As same as section2, when a user comes to the network he can

decide not to enter the network at all or submit an announced delay sensitive value ¢ and pay a charge which is
decided by a payment function p(C ). Users are aso ranked by their announced delay sensitive val ue.

Proposition 2. When a reverse payment is charged, the bidding mechanism is incentive compatible and quasi-optimal
when the payment function is given by

P(E) = [[ - xw (x)dx+ p. 5)

Prove of Proposition 2is similar to Proposition 1, we omit it here.
Consider the participation constrain U(¢)=0, and C = min (Crax, C). Now network service provider can regulate the

marginal delay value of users by the choice of variable p. When network services provider sets a higher reverse

payment, marginal delay value will be also higher. So a higher reverse payment leads to fewer users entering the
network. On the contrary lower reverse payment leads to more users entering the network. Network service provider can
optimally set the reverse payment to maximize the revenue or the social warfare.

To simple the analyzing of optimal problems of revenue maximizing or social warfare maximizing, we should get more

explicit expression of w(c), p(c), and C . We assume c follows a uninformed distribution over [0, Crax:
A(c) = Ac, cO[0, Crax] (6)
S0 ACrax=1. And from (2) we have

1

w(c) = — 3
(1-AAC + AAc)

(7)

From (5) we have

p©) = [} —xw (x)dx + p

1 1 c N (8)
JAL-JAC) AAI-JAC+IAC) (I-AAC+IAC)? 2

For c=C , we have

1 1

P) = Al-1a0) A

For C < Cmax, U(T)=0, s0
p(C)=V -C

From the last two equations we have:
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V-p

C=
1+ AV - p)

(9)

It can be see that margina delay value of users entering the network is determined by the mean arrival rate A and

cumulative distribution A, and the reserve payment p. When A and A arefixed, from (9) € isadecreasing function

of p.Thereversefunction of (9) isgiven by

pE)=V- (10)

1-JAAT

Define the minimizing value of p as P, & which exactly all users enter the network. When p >p only some

users enter the network. By substituting € =Cpex and ACma=1 to (10) we have

p - V Cmax

Zmin _1_A ’

Considering the constraint p >0, so when P <0and p>0or when P >0and p >P..» C is determined by

(9). Whilewhen p _ >0and0<p<p

Zmin’

C =Crax-

3.1 Revenue maximization

Revenue of network service provider consists of the payments obtained from those users who enter the network:
M =A[ Ap(c)dc. (1)
When P <0 and 0<p<V, T is determined by (9), together with (8) we can derive the expression of N asa

functionof Pp.

@+ pAA)V - p) _ 2In(1+AAV - p))

M(p=V-p+ 12
(P) P 1+ AAV - p) AA (12
From (12) we can derive the first-order and second-order derivativesof () :
AA(V -2p)

M'(p) = = 13
(D)= 1AV - p)y 13

. -2AA(1+ AAp)
n*(p) = S (14)

(L+IAV - p)°
Because 1"(p)<0so I isa drictly concave function of P . And by first order condition M'(p) =0, the network

service provider gets a maximum when he sets p=V/2.
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When p >0, thecurve of T1(p) have two sections: 0<p<p _and p

—m L —min

<P<V.When 0<p< P.in from (8),

(11) , T =Cya and Acims=1, We obtain

C
MNip) =—"2-+cCc ., +

From (15), we can derive the first-order of () :

2C.... I;(l—)l) +Ap 15)

M'(p) =4

Sowhen 0<p=<p . revenue of network service provider can be increased by raising p till it reach P While

—mi
when P, <PV the expression of [1 is given by (12) as same as the situation of P <0 and O0< p<V.
From(15),(12), I is a linear function over 0< p <p_. . aconcave function over p _ <p=<V, and TS

continuous at P So when P <V/2, the network service provider gets a maximum when he sets p=V/2, while

when P >V/2 the network service provider getsamaximum when he sets p =P,

3.2 Social war fare maximization

Socia warfare consists of the aggregate net value of users who enter the network.

[ =A[(V - ow(e))Ade (16)
By substituting (7) to (16) we can derive the expression of [ asafunctionof T .
[(c) = McV +c +.NAL=4AC) (17)
AA
From (12) we can derive the first-order and second-order derivatives of .
1
'(c) =AAV +1- 18
© 1-AAC (8
M= (19
(1-AAc)

From (19), we have "(C) <0, I isadtrictly concave function of T .

Consider the situation: P <0and 0< p<V. From (9) we obtain thevalueof T correspondingto p=0

o=V
1+ JAV
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From (18), we havel'(0) = AAV >0. So the maximum of [(C) may obtain a& C =min(C° , C'), where T' is
obtained by the firg-order condition. And from (10) we can obtain the corresponding reserve payment maximizing the
social warfare.

Consider the situation of p >0, the maximum of I'(C) aso obtain at C=MiN(Cres C'). When T = Cpux the

€' we can obtain the

corresponding reserve payment could be any value between [0, Emin], while when T

corresponding reserve payment maximizing the social warfare from (10).

4. CONCLUSIONS

This paper analyzes a communication network facing users with a continuous distribution of delay cost per unit time.
We solve the problem of how to alocate priorities in queues via a simple bidding mechanism. In our model, arriving
users can decide not to enter the network at all or submit an announced delay sensitive value. A user obtains priority
over al users who make lower bids, and is charged by a payment function which is designed following an exclusion
compensation principle. The payment function is proved to be incentive compatible, so the equilibrium bidding behavior
leads to the implementation of “cp-rule’. Social optimization or revenue maximizing by appropriately setting the

reserve payment is also analyzed.
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