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摘要：讨论了网络的通信量控制问题 将激励 StackellJe~g策略的概念引入到具有,Flip和网络两层于系统的网 

络模型中．针对弹性通信量问题 ，提出了一个线性策略和一个非线性策略．并将此方法扩展到非弹性通信量情形 

数值例子及仿真结果说明了此方法的适用性 

关键词：比率控制；价控；弹性通信量；非弹性通信量；激励 StaekellJe~g策略 

1 Introduction 

We focus OIl the system model of charging，muting 

andflow control，wherethe system comprises both users 

with utility ftmetiom and a network with capacity COIl- 

suaints．KeUvL showed that the optimization of the 

system may be decomposed into subsidiary optimization 

problems，oneforeachlls目 andoneforthenetwork，by 

using price per unit flow as a Lagrange multiplier that 

mediates between abe subsidiary problems． Low and 

Vamiya[ ]and lvltuphy el al[ described how such re
—  

sultsmay be used asthe basisfor distributed piicing al— 

gorithms．andMacKie,-Mason andVarianL J described a 

“

smart market”based Oil a per-packet charge when the 

network is congested． 

AsmentionedinKelly’swork~ 
， price perunitflow 

is the mediating variable．The system optimum cm  be 

achieved when users’choice of cha~es and the net— 

work’s choice of allocated rates ate in equilibrium ．The 

eqailibrium exists for elastic 协lmc systems． But for 

most nonelastic w'dffic，the equilibrium does Dot exist 

and the system optimum can not be achieved． 

By using the in~adve Stackelberg strategy concept， 

wetry to find a IleW way to deal wi山 such a kind of 

muting control problems． In a g~m'le theoretic mod— 

el ]
．there ate at least two players who control aheir 

owninputst0makethe st：ate ofthe system to reach山eir 

OWll OUtcomes fi,om the system ，respectively． There— 

fore，theg theory 7Jwovides a systematicfroanework 
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tO treat the dyn~ lic behavior of noncooperative net- 

works，Two major concepts in game theory，Nash and 

Stackelberg equilibria，have been appliedtothe studyof 

noncooperative networks[ 一 
．
In these references．the 

g~anetheoreticmodels am all based onthe classicalilOa- 

cooperate strategy concepts． 

In this paper． we consider the 血曲丘c rate control 

problem by n 皿s oftheincentive Stackelberg strategy． 

which was introdueed into the game theory by Ho et 

al ．The incentive strategy proposed here consists of 

parts，oI1e ofthem beingtheI~glllBT price，andthe 

other beiag punishment price which varies oa the vail— 

alice of naf五c rate linearly or functionally 

2 System model 

Consider a networkwith a set J of resources，andlet 

G bethefinite capacity of res0 e ，f0f ∈J．A set 

S oflJ,sers use the network with rates =( 1， 2，‘一， 

≈) For each usef 5，吐Ie utilityinaxillliz~ollis asfol— 

lo 

USER ( ； )： 

maximize ( )一 ， 

over ≥0， (1) 

where ( )isⅡ utility function of user ，and it is 

m in g，strictly c。 c e and cc枇 uc differ- 

emiablefunction of ove~d range J≥ 0． is a 

pIicc charged t。USe~ per unit flow，and also is the 

component of v~tors ofLagrangemultipliersforthe 

foUo~ g problem ofoverall system ． 

SYSTEM(u，H，A，C)： 

maximize∑ (屯) 
J=l 

subjecttO 毋 = ，Ay≤ C， 

over ，y≥0， (2) 

w H aM A aIethe0一lmatdxes，Yistheflow pat— 

tem．And La舯ngial1form of pIDb】∞ is 

L( ， ， ；̂． )= 
S 

∑ ( )一．tr( 一 )+ (C—Ay一：)， 
J=l 

(3) 

where is a v~lor of slack vari曲les． 

IftI network receives a眦 Ⅱue perunitflow from 

uscr s．then the 涨 oNmi~ pmble~ f0r吐 

netw~~ is asfollows． 

NL：rlWORK( ，A，C； )： 

maximize ∑ ，毛， 
J=1 

subject to 毋 = ，Ay≤ C， 

over ， ≥0． (4) 

From Kelly’swork[ 
， there exists apIicc vector,1．= 

( l， 2．⋯， )such吐lat the ec r =( 1， 2，···， 

5)，fan玎 n unique solution to USER ( ； 

)for each ∈ S，solves NETWORK(H，A，c； )． 

The vector then also solves SYSTEM(U， ，A，C)． 

The problem NL：rlWORK(日，A．C； )isjust oppo— 

sitetothe p~ lem USER ( ； ；)，beⅫ sefl~ere are 

the saIrIcparts intheirformulationswithme0pp商 te 

symbols．So，tbey am non-c~x>perate in genera1． 

W einmxtuce St~,kelberg s~ tegyin gametheory 

to r 5]
． 1he network st~uldbe leaderin 

game．andthe useIs should beⅡ follo~ers who act at 

theNash equilibrium 【10I喀 吐I∞ ．Notethatb0Ⅱ1 ofd 

users andnetw~'k am allowedtofieely vary d flow 。， 

= 1，2．⋯ ，S．Soif d lead~ wants usersto be at d 

rateswhich aIc arr~gedbyⅡ network．Ⅱ leadermust 

have日1eleadershipin g唧 cwhichisi~ icatedin 

following Stackelberg strategy． 

￡( )= +P|( )一P|( )， (5) 

where (毛)is anyfu~ficn of to be detemm,．ed． 

is a desired p0i址 arranged by network．Generally， 

we carltakeP ( )as a1iIlcarfunction 

P ( )=帆 ， (6) 

where吼 is s0rne ki】[1dofpunis~ ．em p ∞．Itwill bede· 

temlilll~ byⅡ lead盯． 

3 Incentive strategy for el~dc 订a ic 

p~blem 

3．1 Linear Oe ve~rategy 

In mis sc ，we considerthe1iIlcarhmeti~ (6)as 

the St~ckelbergirlcentive s~ tegytoforce usersto act at 

the point ． 租acinĝ in(1)by￡with 1iIlcar strklc· 

ture， problemUSER ( ； )becemes 

USER，( ； )： 

maximize ( )一  ̂ 一玑( 一 ) ． 

over ≥0． (7) 

T0 gct ．calculate derivative of(7)with r唧 ∞t 

to ，．and let it beⅫ ．nm  let毛 take value at 

． We get 
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(8) 

So．the strategy shouldbe 

￡( )：̂，+ 雩二 (毛一 )．(9) 
．  

The followi~ workisintendedto provethat(9)is an 

incentive Staekelberg s~'ategy，i．e．(see[5]) 

￡( )= (10) 

and 

argmax[ (而)一 而̂ 

It is obvious that(10) 

￡( )in(9)，Eq．(11) 

equality should hold 

一 目 (Xs— )j ]= ． 

(11) 

is held from the slnlcture of 

llleallS that the following in- 

( )一 ≥ ( )一 ^ 一 ( 一 ) ， 

V ≠ ． (12) 

Now，denote by the optimal late of USel~ which 

maximizes the problemUSER ( ；̂ )．Sowe have 

( )一  ̂=0 (13) 

and 

( )一  ̂>0，if < ， (14) 

( )一  ̂<0，if > ． (15) 

If the 0p al tales of l1sers coincide with the arranged 

rates ofthe network，i．e． = ，血en prefen~ mte 

ofuser isjust ．Therefore， 

( )一 ： ( )一 > ( )一 ^． 

(16) 

So(12)is s~sliedinthe case of = ． 

If ≠ ，we havetwo casesto discuss． 

i) > ．1~llotc by (毛)the entire utility func- 

tion of in pmble~ USER,( ； )．Substituting 

(8)into ( )，and calculating the触 and second 

derivatives of(7)with respectto ，We cm sec ( ) 

= 0and ( )<0．SoWe call~~iiletothe conclusion 

that ( ；)> ( )．i．e．Eq．(12)holds． 

) ‘I／．( ：．Actually，it could not occurin衄s case． 

Itis evidentthat = C．At m∞t， ： C．So there 

e．~lnot be ( ． 

3．2 Non-lm e~rillcen~ ,le strategy 

InⅡ1is sc ．We dealwill1 such a non-linearfunc- 

tien as 

f ( 一％)／墨， ff 端 < ， 

( )：{0， if = ， 

【( ( )一 ( ))／x ， if > ． 

(17) 

Itis easyto secthat(5)bE船mles￡( )= ，if = 

． Itisjustthefirst condition(10)．To rn0etthe sec． 

ond condition，substitute(5)into(1)with the sm】c 

describedin(17)． pf0bleTn USER ( ；̂ )bc． 

COfDes 

USER ( ； (·))： 

maximize (如)l 

0ver ≥ 0， 
【l8) 

where (毛)= ( )一 ^ 一 ( ) ． 

We c,ll~ose ( )= ，( 一 )／x，，when < ． 

We have (毛)= ( )一 ．So，Ⅶe call see 

( )< ( )for ( )< ( )． 

We choose (毛)=( ( )一 ( ))／xj，when 

> ．We have ( )： ( )一 ．So，we 

call see ( )< ( )for ̂ >  ̂ ． 

In both cases，it is shown that ( )> (毛) 

which indicates the sad fa oⅡ of the second condition 

forincentive strategy． 

4 Incendve strategy for non-ela~ c耐 - 

丘c prdbI唧 s 

In a practical network，however，the delay o0cufs 

very often．The rglol'~the订a |cmteis closedtothe ca- 

pacity of ∞  ， lerthe delaywill be．1ll∞ - 

fore．the utility function call not be always increasing． 

In山is secti0玎． areto dealwilhthe pmble~nthatthe 

utilityfunction ( )is concave but nOlongerincre~- 

ing．In such conditions．the Lagrangemultipliers of such 

pf0blcrn shouldbe Zel'O and c∞ notbetaken asthe price 

for per unitflow． 

So weHmst coasi~rnOW >0as al'~gulitrprice de- 

remained bythe network．Assu that isthe optimal 

mte for problem sYErEM (U，H，A，C)，i．e． 

uI( )：0．And舾sI眦 alsothat isfile ol 

rateforpmble~nUSER,( ；̂ )，i．e． ( )一  ̂： 

0．Itis obvious that ≠ if  ̂≠ 0．The pf0blcrn 

istofind aIlincentive strategytoforce usersto act 

atthe point ra血既 血锄 ．We usethelinearflln~ on 

tm  again，under which problem USER,( ；̂ )bc- 
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USER,(以； )： 

maximize Us(x,)一 一q (Xs— ) ， 

over 鼻 ≥0． (19) 

By taking thefollowing steps，we caIIdeterminewhat q 

should be． 

i)Calculatethe derivative of(19)with respectto 

andletitbe 0： 

ii)Let takethe value at ．By~a'rangement，we 

get =一 ／x：． 

It canbe easily shownthatthereis∞ incentive Stack— 

elberg strategy under the condition 

< 一 车 (20) 
Eq．(20)l thatthe regular price shouldbe deter— 

mined in a reasonable range． 

5 Numerical example and simulation 

5．1 Elastic ca,~e 

W e take the example from Kelly’s wonk⋯
．
Take 

( )=m,logx,andletfinite capacityis C=10．The 

optimal points for problems SYSTEM (【，，Ⅳ，A，C)， 

USER ( ； ，)and NETWORK(Ⅳ，A，C； )a the 

right end oftIlc interval(0，10J test yeI，，i．e 

= C = 1O． 

Figure 1 give*out the result ofUSER ~( ； J with 

m =5 and =0．5fortwo differentpoints =8 and 

= 6，respectively 

Fig l Curves ofthe funcdons for problem USERx 

In each case，the maxin／um is really at ．For = 

6，a contour illustration is given in Fig．2 from which 

one Call seetheop timal p0|nt clearly． set of c~R-ves 

is the contour of the function for LLSeI"S in problem 

USER ( ； ，)andthelinewithtangent =1／18is 

theincentive strategy．W e call seethatthemaxmaalⅥd一 

"de ofthefun~on ofthe useralongthislineis got at 

=  ；=6，thetangent p0'mt oftheline andthe contour 

CUl"Vcs 

1 

O．8 

l 0．6 

兰 0．4 

0．2 

2 4 6 8 l0 
rate 

Fig 2 Contour illustration ofthe optimal probtem 

From Fig．3．we call s。ehow a non-linearincentive 

strategy forces usersto act at ．Accordingto(17)，for 

= 6，we have 

￡( )= 

上2 + ， if < 6，2 t X． ’ ， ‘ u ’ 

～

1
， if ： 69 ， ， ’ 

{+ ，if¨ 6． Z 
． 

。  

Fig．3 gives outtheresultin the con tour C1．1rves，where 

％ =5， =0．5．Tile fold~ c~R-ve is the non-linear 

incentive strategy ￡(扎)．We can see that．along the 
cuive，themaximal poim ofmslog 一 ，is at = 

6 and ；= 0 5． 

1 

日
0．8 

皇 

0．6 

基 0 

0 2 

2 4 6 8 10 

rate与  

Fig 3 Contour illustration ofthe optimal problem 

with non-linear incentive strategy 

5．2 N~n-elastlc case 

To illustrate the result of a non-elastic problem ．we 

introduce ( )=msllogxs+ms2log(C— )．The 

exampleisj"dstthe extensionofthatinthe previous sub— 

simon．It is easy to s。e that =arg ma】【 (Ks)is 

taken in the open set Co，c)．For instance， =3 

when(矾1，ms2)=(3，7)， =5when(ms1，鸭2)= 

(5，5)， =7 when( 1， 2)=(7，3)． 

From Fig．4， however， we call see that = 

argmax[ ( )一 ]are a)2．15477，b)3．81966 

and(c)5．78046，respectively．It indicates that nsel's 

prefer (forjnstance，5．78046inthe case砜1=7)to 

(：7)． 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


No．6 OnLeadex-Follow~ Model ofTrafficRateCo~a'olf0rNe∞ 。f虹 

) 

／ ＼1。 
Fig 4 Non·increasing Concave nctions of USerS 

and their optimum 

It caI1 also be s。eninFig．5 thattheline￡( )：0 5 

isjusttangentto contourofthefunction ( )一 at 

％ =5．78046．Notethat￡( )=0．5m髓雎 thatthe 

regularIn'ice is = 0．5 and the punishment price is 

nul1．Userswould rath~ take ： 5．78046than ： 

7，iftherewere no punishment priceinthe strategy． 

2 

1 75 

I 5 

1 25 

O 75 

0 5 

0 25 
／／／ 1 

0 2 4 6 8 10 

rate≈ 

Fig 5 Contoursforproblem(1)with non-increasing con— 

cave utility function and the linear incentive strategy 

Hgtwe 6 gives outthe geomelrJ．cillustration ofthein- 

centive strategy．Theline oftheincentivefunctionisjust 

tangent to the contour of the utility fiJaction (q)一 

at≈ 7．Alongtheline，the nmximum pointis 

just 7．So，under the incentive strategy，osel's have 

to choose the rate = 7． 

一  
ra陀 

Fig 6 Contours forproblem(1)with non-increasing concave 
utility function and the linear incentive strategy 

6 Conclusions 

In this paper．we discussed the traffic rate control 

problem for a kind oflletwol4g systems，byintroducing 

the concepts of non -cooperative game theory．The net— 

WOl~ g models based oll elastic and non-elastic na垴c 

are considered andthe validincentive Stackelbe~ strate— 

gics Rr~pmposeflandillustrated．Itis quite a呻w way 

thatthe networking[1~efic control proUem is dealt with 

by usingthe theory．Still，much chau∞gingwork 

is waiting for us to cope with．such as the studies on 

practicality and~edmicality． 
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议地点厦门市位于中国东南沿海的台湾海峡，是著名的“海上花园”．与之相邻的武夷山在 1999年被联合国授予“世界自然和 

文化遗产”．该会议的宗旨是为系统和自动控制研究领域的专家学者和工程技术人员提供一个该领域最新研究成果的学术交 

流的机会．会议关注理论及应用的发展．设立了许多特邀报告、专题报告和会议报告．优秀论文将被推荐到亚洲控制杂志 

发表． 

征文范围(不限于以下领域) 
· 线性系统 ·非线性系统 ·随机系统 -综合管理系统 ·复杂系统建模 ·自适应 自学习系统 ·实时系统 一预 

测与辩识 -故障检测 ·优化控制 -多变量控制 ·离散事件系统 ·鲁棒控制 ·非线性控制 -智能控制 ·模糊神 

经网络 ·过程控制 ·运动控制 ·机器人控制系统 -控制应用 ·系统工程理论与方法 -复杂系统分析 ·信息管理 

系统 -系统建模和仿真 ·决策支持系统 ·ERP和BRP应用 ·算法分析与设计 ·人工智能及应用 ·专家系统及应 

用 ·数据挖掘 ·柔性制造系统 ·过程自动化 ·计算机集成制造系统 ·制造系统的建模和 自动化 。Pea'i网及应用 

· 人机交互 

投稿说明： 

1．论文及摘要必须甩英文撰写，只有作者参加会议的论文才会被采纳． 

2．论文摘要字敷 1000字左右，论文中必须提供详细的论文要点，如主要思想、方法和主要特点等，同时必须包括论文名 

称、作者、联系地址、邮政编码、E-marl、电话、传真等． 

3 稿件要求一式三份．可通过邮局投寄，或通过 fA1L投稿 

4．中国大陆的作者请将稿件投寄到： 

福建省厦门大学自动化系(361005) 李茂青教授 

Tel：(~92)2185649 Eax (0592)2182407 ：mqli@xmu．edu cn 

其他地区和国家的作者请将稿件投寄到： 

nDfm Ijhua) 

Sd ofEEE。BLK s2 

Naay'a~g№ ndogi咖 Univer~ty 

p0∞ 639798 

Fax：(65)79'2t1415 F_,mail：elhxie@nuI．edu．sg 

5 特邀组织委员会和相关领域的专家报告，请与秦化强教授联系： 

中国科学院系统科学研究所(100080) 秦化淑教授 E酬 ： I@ 拐 ．iss ac．cn 

重要日期 ： 

论文摘要和特邀专题提交的截止日期：2002年 3月 15日 

论文录取通知时间：20呛年 4月 15日 

论文全文交祷时间：2002年5月 15日 

会议网址： 

砸0：／／,flea．珊 ．edu．cn／ic∞(中文网址) 

hnD：／／Md． DIls．edu sg／～ <英文网址) 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com

