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AbstrllC"t 

1":b.e ;:=b1em of am1yzing the perfa:cnaru:e of 1ug~ scale 
imerl.C"ting distributed ":source ~ mec.ba.nisms arises in 
pt.w t bra.dcast lle t1ro:rb as "e11 as lIItIl tiproces sot' • itching 
mec.b.ani SlItS. VLS I chip c:a:IIDI.ica t i ans and di stributed 
da taba.sn. Queue illg theory !:as lilaj or llmitat i ons in amlyzing 
such systems: it CUlI:lOt ha:odl. e ti ght imen.C"t ions a.nd 
dcpeDdenci e s a.nd it require s • fiDe- gni.oed a:na1y sis of tM 
detailed dynamics of • system to obtain COIlrse-g:rri!led 
equilibrl1Jlll results. This paper propJses m altarmtive 
&lJPX"OIkell to the ;:=bl em ba. Slld tIpOll stat i st ical mec.b.anics. 
Using this slJPX"OIkch it is pCluw1e to 1Lt1II.1yze the perf~ 

of intricate distribtu:ed "= shariIl& lIlIec.ba.nisms "ith & 
relative ease. MareaY'eX'. tM a:nalogy to plIysical ~ 
offers De'If perfo:cunce lIlIeJlStl:t'"CS (e. g.. ccmmmication "Energy" 
a.nd ''preSSUl':C'') a.nd physical wights to the behavior of such 
systems. 

1 . I l:It.rOdnct ian 

COlUide-r " set of distrilTated sgenu ~ a 
distribtu:ed rescnrO!. Access to the "source is sabjeC"t to 

=1 imerf= bet'l'eeu tM agems. Given ~ statistics 
of t.he ge::oentian a.nd dnntian of service reqoests, it is 
requi...-ed to ccmpa:te such qttUttities as tM throughpat, delay 
and bloc.tiIl& of tM system. EDmpl es of such sy stem s. to tlIml<l 

a f t'It • ILri se in pawt n.di 0 De t'l'orks "here tn.nsmi ssi ens 
shariIl& tM bra.dcast :cedi1JIII imerf ere wi th each at.hm:, in 
lIItIl tiproce ssor SIf i t~ s "here tn.nsmi ssiens through tM .. i tch 
blocl: each ot.b..er, in database systt:lllS "here queries blocl: uch 
other by lockiJ:l.g SXlbse U of files and in VLS I an- chip 
ocmm:micat i ens. 

C1 AS 5ical queue iJJ& theory scifers three 1mj or 
difficul tie s when it <Xme S to amlyz ill& 1arp- scal e 
imerf eriIl& di stribtu:cd re:source shariIl& mec.ba.nisms. First, 
que ui.ng theory is a fiDe- g:rrined m.icrosccpic tMory. I t 
requires .. detailed st1Jdy of the evolmian of each CO!!p:)IJCnJ: 

in tM system ev"" ,,!::en the anly inf=s.tion of imerest is 
SCI::!e g1 oba1 neo.dy- sta te ltVeraSH. Second, que oe i.ng theory 
offers ve:r:y little when it CODeS to a.o:aJysis of tight 
imeraC"t i en a:mcng queu.. ins synems. The theory anly WQ1"ks "hen 
sa:cilcw a large sc:U e ;:=bl em r:J8:j' be de ca!J:!Xlsed into a 
collection of i.I:depetldtnt s1n&le-queu.. problems. ;!oddlill& 
large- scale imen.cti.r::.g systems in a ""'Y that the sol:n:icn is 
deca!J:!XlSllble has be= a sonrce for many interesti..r::.g research 
resul ts. 

*'T:his research was St:ppO::"1:ed in ,..::"1: by the Defense Advanced 
Res.earch Projects Agency, p:!'OJeC"t ~00039-82-C-0427. 

BOIf'ever. when it CODes to interference systems u in the alx1o'e 
e.:r:amples. de cx:mposit ion 1XlmISl1y fail s to prov ide a.deqt:a ta 
oolntions. Third. Qoeoeing theory requiru tlu.t ace u:alyze 
tM (Mumv process) dynamics that 1ud to a steady-stata in 
order to obtain steady- stata 301mions. This· is similu to 
tryill& to 301VI! the equillhritm behav io:r of a sas by tracl.:ing 
tM dymmics of the· lllOl eculu DJt i ens tlu. t lead to 
equillhritm. The physics of =-equilibrl1Jlll and apprcach to 
equil ibritm behav ior is an order of magni t"1xIe JtCre ccmpl ex 
th.m " direct equil ib:r i tm so1m ion. Similarly, ODe woold 1 il::e 
to hn'c equil ibritm ax:alysis of luge- scale distributed 
re00= sharing lIlecb.mi sms that 00e s !lOt requin sttJdy of 
dy!:amics. 

A ra t=U al tarmt ive to que'Ce iJJ& theory is stll ti st ical 
mec.ba.nics. Statistical mec.ba.nics IXcwides the tools for 
coe.rse- grain:d analysis and for ha:odl. ing interact iOllS and 
00tlp1 illg bet'l'eeu CO!!p:)IJCnt s. Stati st ieal mech.mics. in 
c:untra.st to Markovian am1y sis. 00e S !lOt trJ. c.k the de tailed 
DJtian of a system torards its study-stata; nther. it uscs 

an imeractian pClte1ttial to derive the study- stata hehavior 
directly. 

The obj ective of thi s paper is to &!:mcnrtnte 
I.pplicat i om of ideas and tool s barroorcd frem suti stical 
lIl<>c.ba.nics to the a:nalysis of larg~ scale catrpttter 
=ication lDI!!cb.ani9:tls. Thc m<::><Jels presented an simplified 
and anlY very simpl e too15 of sta t i st i cal =c.b..anics an 
cmpl eyed. This cb.o i ce 00e s DOt repre sent IllY Limi ts of the 
apprcac:h. anly our imerest in providing a simple to "ad 
semiJ::laJ. paper illch 00e S !Xlt emb.a.J::k tIpOll 'CDdnlly ccmpl ex 
analysis. 

The idea of applying statistical-!l>ecb.mics tools to the 
analysis of luge scale ccmmmicatian systems "as, to tM best 
of the author's i:now1 edge , first proposed by Benes (BDt'E 
63]. Loosely speili.ng, the mjor resul t of thAt work ...as to 
c!cmon.rtn.te the use ci :m.ti:m::m- entropy approe.ch to ccmpl ex 
queoei..r::.g syn<ms in circuit- switched Doetlro:l.'Xs. This work bAs 
be"" follOlf'ed--ap by others (FERn 70. SEOR 78, BARD 801 
"he-!:'e it ",.s appl i ed to a tlDllbe r of cl as s ieal queue i.r::.g 
systems. 

This piper foctlSes on iuerference !!lOdels of distributed 
re==- sharing =c.b..ani sms. The lllaJ or Ilch.ievem=t of the 
paper is in &veloping a cx:mplet.e lio/sical approach to t!le 
a:::a1ysis of Stlcll synems, based OIl the analogy to lattice 
imenC"tian oxlels [RUEL 69]. We show Jx:.w ar:alysis can be 

liberated fran tl:le detailed dy=ics and ;:=ceed. similarly :0 
the pIXlldi8lll of the wor~ ;:>ilysicist, direC"tly fron an 
equilibritm interference lX'tential. w. apply the approach to 
a few imerfering resour~ s.bAri.ns :neclut.ni9:tl. We then explore 
tl:le!ll>Odycamical (i. e., !IlIlcrosccpic) perf= :tlUsures for 
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Detlrorb. II.:IlII.logaus to e:a:rgy. vo1tlne. pre S sere and other Here :\ (read. the clo= of A) is the set of vertices in A 
the=cdym:miCllJ. f=ions. We study the or~r-di sor~ r and those Deigbbo:r~ to vertices in A. 
belavior of oe tIror.i:.s as they are "coo1 e d" and shew hew SCJ::le 
oet'ltorb "crysullite" ...ben they arc s:afficiently "cold". We 
d.emonstrate cri t i c.aJ. ~ so.-- trans i t i = ari sing in sc:tne p!. eke t 
broadcast oet'ltor.i:.s, ~ other resnlts 1t'e s.hcw h:;w 

cias s i c.aJ.lY diffi cnl t probi ems sucll u =1Y2 ing blocking 
prcperties of ooO'or.i:.s are g:r=tly simplified, and hew blobal 
"physic.aJ. int:ui tion" of oe t'ltor.i:.s =y be developed. 

2. A Model Of Distributed 

I ntenct iI:!g Resource- Shari109 Mechani SIllS 


Cons itier a resour00 shared by a !Ie t at di stributed 
Itgenl: s. A t a.ny !Ila!lent of time a &iven agent is either idl e or 
busy nt il it ing t.h.e re sour00 • AUIIIIC further that age nt s II1lCJ 

interf= with each other and that t1rO interferi.ll& ..gents II1lCJ 

!lOt acquire si=l t..I..De 0'!1S I.CCU S to t.h.e re sour00 , We c.aJ.l snch 
I. system m interfernoce system. An interference system my 
be represented by m interfer= graph ...bose oodu represent 
t.h.e agent s and ...bose llKige s represent :m:rtua.lly e:n::lllSive 
interferen.ce bet'lteen t.h.e rupeetiv" agents. We c.aJ.I snch .. 
sraJi!. t.h.e interfer= graph of tile system. In a piwt 
radio net'ltorx or a amlti~ssor .itch t.h.e aJntending agems 
a.re tra:n.smissions accessing the sh.a.red =ication !Dedi ll:I. 
I II a d&bbasc systall qneri e s a.re the agent s aJntellldi.ng CNer 
t.h.e use of t.h.e sh.a.red databa Ie • 

In view of oar 
=icat ion mecll.an.illllS 
''t.rarumissions H and "cam:cnicat ion medi ll:I" to refer to agent s 
and res.ou:roe respectively. Consider~ an interference system 
descril:led by an interference graph G = (N. E); where N and E 
i.odicat.e t.h.e tlOd.es and ediles of G. To describe the 
sutistic.aJ. JOCdcl of the genenticn a:nd clnntion of 
tra:n.smi s sions. ,.." .. S stme that a oode in t.h.e graJi!. is marked 
... ith either 0 (for idle) or 1 (far active). 'fe USUIlC that: 

To solve equation (1). let us define a set of J:lCGeS in 
th.e interf ere::ce graph I!.S iIx!epene.ect if 00 p!.ir of nodes in 
th.e se t IiIe De i gbbo:r s. I nd.e pend.cct se t s of nOC.e s repx-e s.e m: 
p::>ssible co=t tr~issions confign.r:ations. Let 1 ~::lOte 

t.h.e se t of iud.e-pend.cnt S'tibs.ets of S. Let <:Ii ~lXlte t.he =bo:r 

of distinct i.ndepend.cnt S'tibs.ets of 1'1 hlrving i nOC.es. It is 
easy to verify that: 

THEOREM 1: 

The equililrritm probability that solves eg1lation (1) is 
given by the follcoripg expression: 

if AEJ 

(2) 

o . other!r i Sle 

When p ~ '),j fJ. and Z @2 p IA I 

A8J 

The ti:mction Z ( p) is called t.h.e ptrti tion ti:mction of 
t.h.e interference system.. The ftlnCtion Z provides a o:mplete 
description of t.h.e di stribnt i on of tnn:smi s s ions smong 
different independent sets of tile interference gra,n. This 
di striblrticn, in t=. :my be c.sed to derive the steady- su. t.e 
beMv'ior of t.h.e sy stem. 

- An i.dle nOC.e becanes act iv e acrordi.:ng to an 
e:rponent i al interarrivall.,. ... i th rat.e A. 

- A t::nn.smission lasts a.tl e:rponentially di stributed 
time ... ith rat.e ~. 

- A tra:n.smis s ion is blccl:ed if a De i g.!iboring nOC.e s 
in t.h.e interference graph is active. 

Thi s s i.mp.l e mode 1 and the re spect ive re snl ts my be 
ettended and appl ied to rlIOre o:mpl ex mcx:!e ls of intenct ion a:nd 
tra! fi e genen.t i an. Such =e:nsi cn.s ... ill be di SC1l.ti sed in a 
later se et: i an. For t.h.e time be ing. h:;wever , 1t'e com ine 
ourselves to interference 1I:oOdels described a!:iove. 

With the a.l:>ov e ass=pt ions tile evolut ion 0 f the De t'lrorx 
is ::h.;!.t of a "1"'till birth-death prooess over the interference 
graph. Let ;;(A) repn:s.ent the equilihritm probability of the 
set A being active while N\A being idle. then ;;(A) 
sa t i sf ie s the foIl cor in<! equil ilrri ll:I eq">l. t 1 Cn.s ; 

~ :r(AD(xJ) + L A :rCA \ (xJ ) (1) 

At t.hi s tx'int • it is tx' s s ibl e to lXlte a stril:i.::lg 
a:oalogy bet'lteeu interfere:ru:e sys~"'11$ and sutistical m.;:.h.anics 
lIlOde1s [ RUEl. 6 9 J. LOO:!le 1 Y spealing. t.h.e equi1 ilrri tl!I beh.sv ior 
of a large scale mechanical syrtml is described by iu 

partition function Z =2 e:xp(-l)ei) • where the s:a:m::ation is 

i 
over all :nicrostates of the system (etlIJ:l!<rr3 t.ed by i); £i is 

the erergy of th..e i-- th :nierostace and Il=11 kT ...hen T is t.he 

a.b SA:) 1ute t.o!Ipen= and xis t.h.e B01 t:::tmum coust..utt. The 
equilibritm probability thAt t.h.e system is in the stat;: i. is 
given by the Gibbs distribution: e:xp(-ilei) IZ. All 

th=crly=ic.aJ. functions describing th..e system. (e. g•• 
energy. pressure, =apy) L"'C ootaiDed in tems of sir:rple 
e:x:pre s s ions it:volving th..e part i t1en fmet: ion a.nd its 
derivatives. 

The a.nalogy to suti stic.aJ. :rechanies =Y !lOll' be easily 
dnnm: An interference system. :nic-rostate is described b: m 
i.ndepe::.dent se t of node s in the Unerf eren.c e gra:ph. T'-...e 
cartiinali ty of an ind.epene.ent set corresp:nld.s to t.h.e energy of 
a :nicrostate. To =piete the a:::alogy 1t'e define the 
tempen= of an interference system. as: 

x..-I. 
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:r.l~ 

(wl:ltre k is tM Bolt:z:Dlm =a.nt). Note that p='0 
corresp:>Ilds to T=O and p"l corr:SP:lllds to T="'. so traffic 
increase is associAted "ith .ous~ tM tt=j:eoture. Thu.s 
tc::?Cr:lI.= =asores tM AC1:ivity level of an interference 
system. 

With !±.e~ definitions the p'rtition f"cDcticn may ~ 
r,:,rri tt.e1l &$: 

z 2 
AeJ 

a.l toge ther• This 8IIlO<lllt.s to adopt~ the p&n.di~ of 
pl::rysicists in analy:d.:ng interference systems, rather than the 
p&ndigm of Queueiug theory. To illll$tnte this p:lint let u.s 
COll$ider classical qoetleiug systems in tenns of interaC1:iau 
;:otential. 

Consider first an >II M/l/m qneocing syrtl!lll (sin&1e
server, with buffer of size m). A!l1i~ nate of the synem 
is p,veu by Il ntmber Oi~ indica t iug the I eugth of the 
qoeo:. The ;:otential hnC1:icu of " microstate with k lmffered 
cu.st=s sho1Ud h.irve Il =tribnticm of 1~ frem the "ch.a:rge" 
of eath == and IX) interference tems. 'I1lerefore. the 
p:ltential function is p,veu by V(k) " k l~, and the 
rospeC1:ive pilrtition f=ticu is: 

m 
+ ~,..o - •• + P 

in a::mpl ete am1ogy to the sta t i rt i c:a.l !DO chanics lIllXIe1. 

Let tIS ;:crStle the analogy further and ilI!:erpret tM 
"='!3" usociated "ith ... lII.icrost.ate. Defim tM follewing 
pi!. ir- interaC1: i en p:>tent i al tcn.ct ion ""'C<l3 JXXle s x. Y of tM 
ilI!:erference graph G [ImFl. 69, PRES 741: 

if x and Y L.""'e 

neighbors in G 

U(x.y) ~ (l/2) l.ql if :r=y 

o otl:umr ise 

This p:>tential repre~nts a fwd "ch.a.rge" of (1/2) l.ql 
ulIOeiated "ith COl ch t.n.nsmi ssion and All in! inite rep;ll s ion 
=0Di ilI!:erferiIli l::t"a.llsnissiens. '!:he pu1:i tiCll f=ien of 
the interference 	system mo:y !lOll' be r,:,rritt.en as: 

,,~ V(A) ~ 	 2 U( x. yJ 

x, yeA 

is the respective p:>tential of the set of mOes A. This 
p:>tential is si:mi1ar to that associAted "ith a lattice 
ilI!:eraC1:ion lIllXIel of a ''llArd balls" gas [RUFl. 69]. That is. 
tran.smis siens lII.ight be though t of as balls occupy ing SOIl<: 

1at t i ce spa ce frem ...nich other tran.smiss ions u-e =I t:ded. 
Note also that the fwd:-clarge associated "ith a transmission 
may be des<:ribed as J.;nl.-~. i. e., it reflects the energy 
gai:ned by arrivals and lort Cooe to de~s (s.ee [FERn 70] 
for III elaboration of this p:>ilI!:). Frem a :oore abstraC1: view 

[PRES 74, SPIT 7ll. the rteady-state distribution (2) is 
" >larb:lv field derived frem a nearest- neighbor p:>tential 
f=tien Y(A). 

'!:he G illbll stau (distribution) associaud with this po.rtitiau 
fcnction is euily seOll to be the dist:ributien of q1lCae leugth 
fa:: Illl :II/M/lIm u p,vc:n by queaeing theory [UEl 761. 

S im.il ar1y. COllS i&or Il J Ilci:.son ce t'II'a::k of qtlI:tlC 11 [ U El 
7 6]. UDdcr the asStmpt: i au thet IX) ilI!:erf erence occurs be tnell 

any two qtlCt>e S in the synem, the pt.rti t i en ftl:llct ien of the 
ce t'II'ork is the p:rodttct of the pt.rti tion tcn.ct ions of the 
I'I!s-poC1:ive qoene s. J acb.an' s theorem 111l!Y thc:refore be viewed 
as a stat.emem abaat the existence crf IX) ilI!:erf= e1emem$ 
in the interaction p:lt.entials between MI )(/. qoetICS am:oeC1:ed 
in a rill t'II'ork.. As.. lDltt.er of fa. C1:, lIlt1Ch of the work in 
lIIlItlysis crf queae ing ce t'II'oru am be viewed as ~e1opin& 
methoda fa:: ccmpIltiIli the network pLrtition fllZlCtion. This 
al so oxpla.ius the inhere1tt iIlIlbil i ty crf cl as sieal Qneoe ing 
theory to handle finite-lmffer qoe'lJeiIli cet'll'<:l:d:.s: As SIOOll as 
the qtlI:tlCs start interferiIl& "i th Cl.ch other ( e. g., by 
b1~) the lXJlr interference IIlOdc1 is IX) 1cnger nUd. '!:he 
stat i rt ieal mech.mics Ilpproach aa.uts sw:h ilI!:erference by 
inc11ldin& a.c!equ:a. u e1emem oS in the respectin IX' tential 
ftm.ction. "bile A full derivation is beyocd the scope of 
this p'per, it is p:>nible to hmdlo finite-lmfhr queoeing 
DC t'II'orb by expuxlj n g the pilrt i tien f= t ion in t.e=J1 of the 
interference tenns. This is s:imilar to the virUl- series 
eXIl'UlSion of interferen.c:e in st.atirtic:a.l !DOchanics [RUa 69]
(the fir rt te:cD in the se rie s "ill be the J acl:sonian rox:r
interference el=t ...nile higher a::Oer tc=J1 reflect l:IItIt1:::&l 
blccl;ing configuraticms) • 

~ rgy. E;rtrop::, Vol t:me oU>d Pres~ 

Stat i st i c:a.l-I!Iecha.ni c:a.l a:ca1y sis proo!>e lis by iAent ify ing 
the p:> tent ial of III ill!:enct in& syrtem, c:cmpat ing the 
re spe C1: i v e pu1:i t ion functi on and f= it deriving macros.o;:rpic 
th=ody=ical properties crf the syn=. P1:tr:sui:ng tM 
analogy further, .-e are !X:JIr in a po si tion to ertablish a 
''th.:rmcx!ynmn ic:a.l" de s.cript i cu of i.!IUrference system s. II'e 
use staJ::dard de f ini t i ens of th=<X!ynsmic:a.l funct i ens (e. g. , 
eneqy, free ere r gy • entrow, pres sore ) in tea S of the 
,::anitien ft:ncticn [RUFl. 69 J, and then in.l:=;:=t !±.eil' 
respective signifi=e in teas of i=terfere-=e synans. 

The signifi= of the ::ep:resenu ticn is that at thls 
p:>int .-e have beCll liberated fto:! the dymmic >larb:lvian 
approach 'lfith whith we started. That is. an interference 
system is <Xmplet.dy described by the respeC1:ive interference 
p:>tent ial. in the s.ense that the steady- sta te di strilmt ion 
(and tMrefore IlI!Y m=sco;>ic property) are given in teI::lS of 
this ;:otential. We could have used this potential as onr 
p:> i=t of de~ and ;tVoid the b i rt!:- da te ;!arkr:v iau :node1 

The energy of a ~icrostste bas beeu seen to =Sp:>lld 
to the size of the respective iI:<!epenc.ent set of 
transmi s s ions. The globa.l et:ll rgy t.h1l$ corr:Sp:>ods to the 
average :::m.ber of =t t...""aIl.St!lissians processed by :l:l,e 

interference system. in other lrO'rds , the th.r1:::pta: 0 f the 
system. 
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More f=.ally, the enel'F;'l of all interferen::e system is 

defined by t!le logaritlmic de-rivative: 

2 (1/Z)2 

Entrc:PY and press:tt:r"O ue defined in tems of derivatives 
of the f:-ee e:t::4!rFJ function. The free e:oerFJ bction is 
defined by: 

F~l.nZ/~ 

S ~ (l/T)(U - FJ - -k[(~JU - lnZ] (3 ) 

This eXltxopy is relAud to the eXIt.ropy of the steady
S'Uu distribution (2) by: 

S = -k 2 1!(A) iIm(A) 

AeJ 
I t is ellsy to shew (ill s is A dire <:1: resul t of the H

theorem for re"'le:rsible !darbJv cb.a.ilU, see Al.so [BEm! 63]) 
that: 

TlIEORE.){ 2: 

Given an interference g:r:;~and m enerKY U the equilibri!Jl1 
distribution :I(A) given by eqnation (2) is the ~ 
di stribut ion 0<7 e:r the i..OOepe 00e1It SIO ts of G marimiz iD8 the 

~ 

S ;t -2 1!(A) lnn(A) 

AeJ 
sub i e<:1: to the constnin:; 

The proof..A i S I. trivhl e:terc i SIO in con.rtrAined opt imizat ian..: 
the tem ~-~ is the :-e spe <:1: ive L II.g:nJlgtl ::mJ. t i pi ie:r • 

Tho pressure is classically defi::ed by: 

P ~ - (4) 

Where V denotes the volone of the syS1:em. The volune is on 
~nt en=l .;::a=eter (simil/U" to tcm;:erat'.l.re) wt 
teeds to be defined. Hew shonld the volt:l!lO of an 
interler= SYS1:em be defined? 'l/e give an i:If=l 
ll:Otivaticn fer the definition of '101=. 

Puxsuin; the h.arc!--balls g::lS a.IJAlogy, =sider an active 
IXl<!e of the inte-:ie:r= p:1lt:lL Sw::h • rode :nay be thoo.gh t of 
as the cente:r of • bard ball, creati~ a.n excluded voltxtte in 
"hich other balls may DOt roe xi st • If d de00 t e 5 the INen ge 

degree of a rode, then the e:q:>ected IlJlIlh.er of tra.n.smissions 
blocl:.ed by I<ll active rode is Ml; "" nu Ml to i.:xiica te the 
voltme occupied by m active ball. The total ::nober of mc.h 
balls is n/Ml, "be1:e n derotes the total m:mber of mdu in 
the graph.. Thi s m:mber oorre sp:md.s to the m:mbe r of ll:O1 e s in 
a gas. If the voltme of a s~e :oole of the h.a.rd ball. is 
:i:T, then the ~ol~ is given by; 

-ll 

Mllrp 

With this definition of the voltmc, the ores~ of m 

i.!!terl= syst= my be cacpmed f= the definition abcrire 
(4) : 

1 

~ 

Here n. the =her of IXl<!e s in the gnFh. is c:sed as a 
con:timou.s variable. Sw::h apprm:.:imation is, of =se, only 
~ul fer snfficiently luge iDterl= gnpils. 

Tho a.l::>a7e argtZDec:ts ArC sil:til /U" to tho!le use d in 
dcriv ill& the Vander- i a.al s eqtill tian of stau of • P s. f rclII • 

mcrosc:opic hard-balls model of i.rtt:er&ctian.. As I.ll .barJediate 
result, the follOlf~ eognation of stau for interference 
$Vstems (a.r.a.logous to the Vander- l'a.al 5 eqtill tion) holds : 

PV -1 illJlZ ( 5)aun ~ 

FicaJ.ly, let us interpret the 5i g:Ili.1 i CUlCe of pre 5 sure. 

~t h th.t> s i g:Ili.1 i ClLIlC<I of the derivative ~l,.n Z 
an 

Consider m iXIterl=e gnFh ybose avenp degree is 
d. Suppose G' is obui..md f= G by an addition of a sing,le 
node , denote d x. The m:mber of i.Ildependem so ts y i th :i:- node s 
Yill grow by ui(G' )-ui(G). This x::mber re-pre=s the 

cm:ber of tran=.ission confignnti= hB:vin; i nodes. one of 
"hich is the node x. Therefare the e:s:prt! ssion 

re-presents the probability thAt the additioml rode is oo.sy. 
If ,." IIl'lll tipIy this de-rivative by Ml Ye obtain the rate at 
Yhich a tra.n.smis S i on ge:oente d by a te i ghbor of the ooC.e xi. 
blocl:.ed by this rode. Therefore the pres~ of SJ1 

iXIterl=e svS1:em ;:el±fesents A =aSlJr"e of the 1Ne1":tged nu 
of blcx:ld.l:J.g e:::p:!rie~<:L~tra.rg;:n~~si""". This is wt asimi.l:rr 
to ::.he sig:lli.1i=e of preSSllIe in a g::ss. 

In this section ye conpctte the ;:arti tlon f=ctions u.d 
am.1y-ze the perl=a.nce of & f<:lf interler= l:l:!t:Yorks. 

,.., 
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COIlS i~r a syst O!II C::!plI.b1 e of prodn.c i.:lg n t.rarusmi s s i OIlS 

'li'hi ch do ro t i.t:terf ere 'li'i th u ch ot.her. The i.t:terlerence grajXl 
of the syst em is the ccmpl eIllent of the ccmpl ete grajXl en II 

vert i CO 5 • The a:&::ber of i.r.depe IX!ent se t s af i vert i CO sis 

a (~). Th.erefon ~ p.rtitien ft:n.Ctien of the ro
i 

in:terl= codd is: 

z = (1 _ p)ll 

r.oe energy (tb.rt::put l of the system is given by the 
log:s.ritl:mic derivative of Z; it is easily ccmptIted to be 
U=~I ( l+p). Therefore the thra:put per transmitting DOde is 
pi ( l+p) which is easily seen to be the probahil ity that w 
!lOde is busy. The =-""I:1py" per !lOde is: 

S 
'" -(l/l+p) In(111+p) - (p/l+p) In(pll+p) 

11 

which is easily seen to be the entropy af the oodal idle-busy 
distribution. The jX'!ssure af the syst:= is easily ocmpated 
to be O. This reflects the fact that m blocl:.in.g is 
e:xperie=d. 

4.2. A Ccmplete Interlerence Model 

The g;mplet.e i.t:terler= !!IOde1 U. defi.:oed to be • 
_chanism where each trarumissian interferes with my other. 
This is & c:::rllde !IlI:ldo1 af a carrier- seruoe ros wi th a 
'!le gl igibl e propIlg:A tian ae by. The i.t:terf= gr1I'ph is the 
caaple t.e g:r.ph In' Let t n be the IlD!Jl:>er of p:l ssibi e 

tr&.n.'Smissions. Clearly c;,(I:n)~n &IX! far Dl ~-o. The 

p!lrtition f=tion of In is thns given by: 

(6) 

The e:'!lergy a:nd the pres= = given by: 

ZD:tl = Zn ... pZo:-l, 

Which my be solved to yield: 

1 
Zn = (7 )- .l4-n:;.1. 

A - A ~-
Here I;:;: = (-1+A)/2p ar.d A = ;/l+4p • 

S i.nce I~ Il.-l ,,( A-lli (;1+ll <1, the secotxl te.::n ill the 

e~ession for Z n might be igrcred for mfficiendy large 
n.. In other wards, when n is snificiently large: 

n 1 
Z '" ---

~m-l 

l+2p-A 
U/n '" 

1+4p-A 

As p !f'PTOIlches 1 the energy per site oonverg-es to (1/2)
01 2 ;/5 ) ( thi s ~ be rewri t t.en u 1)/;IS, ...mere '1 is the 
"goldeu ratio" [y'S-1l/2). The tom 1/2 represeIttS the 
thrt:put: per site ill heavy tn.ffic if ro i.t:terl= eristed; 
the IIIl>O\:Dlt 1 / 2 y'5 is lort dne to iIIterf= . 

It is p:luihle to aerive slmilu c:q:xressicns far the 
pressrrre and elIl:ICyy a:od then obtain the follorl.ng rerol t: 

THEOREM 3: 

'fhe:n the 1C>! d P on the ne t:ro:rk iDc:rea :se s to in! ic.i tv• the 
er:t!rg per siU: converges to 1/2 the entr?p':7 = site 
COll'i'erges to 0 ar.d the ~ssnre coIlVergos to iafinitv. 

U '" p = 
1 + ~ 1 + ~ 

The pre s sure is ide:ttt i cal wi th the blocl:.in.g probahil i ty 
OOu imd 'if hen the load en the ne tlrork increa se s (1. e., .,.- 
) "'), the ene r gy (thrt:put: ) of the ne t:ro:r k &pproe.che s 1 wh:il e 

the pres= ( b 1 cx:.k:.ini rate ) in:::rea se s to iafini ty• 

4 • 3 A T 1I.Dd.I!m af !!.adi0 S 

A IllOr!! i.t:tcrest iDi e:c:mpl e i s that of • u.ndem af 
brat del! st: sta t i on.s. Stlpp) $II t:V e-ry !lIlit an the t.a..ndcm my at 
u:y time i.ns'"...3.llCe be involved ill a t.rarusmission with ODe of 
its neighbors but oot both. It is easy to derive the 

follcwi.:lg reC"'..:t"sive f=ulas for crt, the :::rm.ber af 

~=ission coDiignration.s involvir.t\ i !lIlits of a t.ar.dem of n 
!lIlits: 

Let Z n ~note tbe piI"ti tioo f=tioo for a tJUld..e:m of 
l~ n. tben the al:x:we relatiCll i.::rplie5: 

The iIIterpre t.a t i an of the SoC re rol t sis tha t when the ne two:::k 
is 1C>!ded with transmissions, OX>!! OIlt of my 2 j:Ossih1e 
tnnsmissicru is active and the status cf a link as a 
transmitting or idle link is persisteItt (this is reflected by 
tho ~ero ent.,row per 5i t.e). Tb.at is, the t:l!.:l:Iden is filled by 
a tn i n of per s i steItt transmi 55 i ens whi ch pr-e'Ven! my idle 
liDk frem beconing active. Snch. a ~t:ro:rk my be thought of. 
as • c:rystA1. The t.a..l:lC= my crysta11 ize in lIl&.t!Y f =s, 1. e. , 
my po. t t ern af busy tra.n.smis sions wbert: all idle 1iDk.s II.re 

b1oc.'u:d is j:Ossible, see the figure be lor. Tru. signifi= 
af this ~ is in th.at • lcng-n.nge creer my be caused 
~ tightly ootIpled local in:tenctio=. Snch. lo:o.g-n.nge 
oraer =.ifest itsdf in po.~ the syst=. Wlth 
t::lIJlsmissicns. This is si:nilar to the wei-balls ::x:.:!.el of gas 
Which, opon crystallizaticn. po.w the :rpoo: with the balls 

[ZBIA 79l. 

· ... --0==="'0-----0====0----- 0=====0----0-- . .•. 
• •.. --0---- 0=====0----0=====0-----0=="'==0-- . .. . 
· ... --0=====0-----0---- 0=====0---- 0=="''''=0-- . .. . 
· ... --0=====0-----0----- 0==== 0----0---- 0== ...• 

0----0 An idle link 
0=====0 A busy liDk 
Firnre 1: Alternative Forms of Crystallization of a Tandem 
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4.4. A 3 U::a!"'i' TNe S"itch 

Consi&l' a full bi.ca.ry tree switch con:oeet~ processors 

1t the le:.ves. Let rF21:-1 repre3enI the x:nnber of l"""es 
...rt.r e k is the depth of the tree. At :my time insu.n.ce tlro 
proce s =s =r be iL'V01ved in a tr llll5m.i s s ion tb.rotlgh the U 
least = bthe;: en the tree. bo tran.sm:ission plths yhich 
= s s each othe;: i.m:erle;:e "ith each other. S tl.Ch a $OJ itell hu 
been suggested as '" tmltiprocessor =ic:aticn :nec.ha.n.i"" 

[SHAiI' 82 J a:od as a loc.a.l area netlrork a.rchiteeture (YEMI 
82 J. Let us UlIll;ne the porfQDII.II.!loCe of the !II' itch. 

The :cc:nbel' of ronirrterlering t::nru;mi s s ion oonf igu:nt i ens "ith 

i tr:I.!!.S!ri s s ions (on a b i.ca.ry tree :II' itch "ith n 1 eav es ) is 

ai = (2 i l . 

Proof: 

For :my t:n.u>miss ion a)nf i gunt ion" i th i t:n.nsmi ssions 
corresp:nllis I choioo of 2 i leaves. TIle a:mverse is usc true. 
ThAtis, pven any chD ioo of 2 i 1eaves, there i s I miq:oc '"'1 
to usocuu: tMse leaves in plil's :10 wt tM respective 
t:nn.<.mis s ion pl ths do IX> t irtten..ct each other. Tb.erefore tM 
:cc:nber of i.ndtpe:OOen:t t:nrum.iu ion seU "i th i t:ran.sm:i ssions 
i.l eqw to the IlD%Ibe r of '"'15 in "hich ODe can chco$0 2 i 
1e.r;es out of n. 

Tberefore the putiticn f=etion for a bi.ca.ry tree _itch with 
n lesves is pven by: 

z 
i=O 

Fraa this e.:z:pression the th=o::IynalniC3.l pcope-rties of 
the bi=ry _itch =y be easily ccmpc:ted. 'Ilfhen n is 
sufficiently large, Z 'I!JI£'f be appro.:t.imated by: 

TIlerefare. ~ =gy pol: siU: is given by: 

When p g:lX'ifS to infinity the energy per site a:mverges 
to 1/2. ThAt is. each leaf is i=olved in a ttllll5m.ission.. 
I t is p::>ssible to ~ck th.at the e-...u-cpy per siU: comerges to 
O. Again the netyo:rx becx:mes a CTysul where :my t>ro 
neighboring leaves = involved in a tra.n3lLission 'While all 
other tra.n=issicns an inhibited. 

of a spocific ooC.e in the interference gra¢. The pressnre At 

.. IXXie of the bi.r:an- tree switch is the average presmre 
er.erted on tran.sn.issions plSS~ thro~ wt IXXie. It is easy 
to ~ W t the pce smre i s :na.ti.:n.al at the t'Wo o:xle s direet1y 
be 100r the root o:xle • Thi s ref1ect the (we 11 'I:noorn.l faet W t 
the bett1eneck of bi.I:arrtr"" switch =ications is at 
the se Oro IXXie s. 

It is p:lssible to apply si.::!ilar analysis to other 
switchi.n.g !n/!chani","s. This "Ul be subj eet of a for'"...h=~ 

piper. 

Consider a ~a(}-spoct....-un Packet Radio Netlrori: [KAHN 
7 7 ] iliat use 5 a carrier- sense mnl t i pl e acee s s s.c.h.cme • 
As:stlll1ing negligible propagation delays, a tran.sm:ission by a 
oode bl oc.ks its ne i ghbors. Tb.ere f ore tran.sm:i S5 i OIlS in tM 
net1rOrk a.re described by m il:tterfer=e g:nph identical to 
the beariD.3 g:nph (1. e., o:xle s repre sent ndios ux1 edge s 
npre,sent =w beariD.3l. Let )"i denote the nu: of traffic 

gerention at tlXle i (this inclOCes beth De"lI' arrivals as .ell 
as ret:n..nsmis5ions) a.:cd let Ili denote the rau: of tran.sm:ission 

dnnt i en for rode i. Thi s !!:lOdel of plcke t ndi 0 n:t t:Yo:rk.s has 
been first mg,gC$t e d by Boarstyn and x:er sh.enba 011 (BOO R 80] 
ux1 recently appl ied by other res.ea:::cbers [TOBA 82] to other 
:Dodd s of pa eke t ndi0 De t:Yo:rk.s ( e. g., btI..sy- taoe tml t i pl e 
access) • 

Unlili the !!:lOdels =idered so fa:r::. th<o traffic 
generation is IX>t tlZ1i.fonn. This gener-al iz at ion. however. is 
=aightf~ ux1 requires only • redefinition of the 
pLrtition function as: 

At) 
This pu-ti tion function is easily seen to correspmd to the 
foll00r~ pair p::>untial t=tion: 

U(:r., y) ~ (1/2) iq):r. if P'y 

o other!r i s.e 

Let ri deIX>te th.e fraetion of the toul traffic tiLat is 

t:nrum.i t te d by tlXle i, ux1 1 e t ;,. dem t e t!J.e toud t:raf fie 
generated in the ~tyorL (1. e., )"i: Ari)' The local 

tItilization ;:>tnJ:leters ar~ lineu f=tions of :l. Tb.erefore. 
the pL.,"=ter )" iMY pi:ry the role of ~ net:Yo:rli: t:rperarnre. 
'I'""...e rest of the derivations folloor suit i&tItically to the 
caS<! of mif= t.<-aific generation.. Far f~...her deuils and 
ela.bonticn of the :nodel tI.IJd its con.s.equena:s see [BOOR 80 J • 

4.6. A~~_~i)_~i>a.~ 
With Distributed ('seq 

Aneth.er irtterest~ fea= of t!J.e binu:y-tree switch is 
Considu a database con.sist~ of a set of n files

diseloS<!d by e=irJ..rus the pcessu.re er.erted on tlXles of the 
D= 11 , 2 ...... n). A qnery of the da tabaS<! i=01Vli!Stree. That is, s:o;>p:>~ we modify the definition of pcessure 
simult.aIleous acquisition of .. subset of D. bo qneries areSlightly so wt the average deg=ee d is replaced by a &g:ree 
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said to inte-rfere if the res;:ective query sets intersect. 

TIlls oonsti=es a.n inte-rference system where queries are 
distributed age!Its atten:rpting acquisition of a shared resource 
(the daubase). Asstming that :til queries are eqnally lfuly 
and th.at qt:eries are gtIlented fron a r:oisson arrival SQUIce 
and last an eX;::OIle!Itially diSttibuted tit:>e, the interference 
:xx!.el ooIds. P.A ::odes of the interference g:'aph are subsets 
of D and no rodes are coI:Dected if the resp>ctive scbsets 
inter sect. Henceforth.... sh&l.l 1l.se al terna tively ::odes. query 
sets and queries to i.:Irlicate the same thing. 

Let cit deDote the m:mher of independent 50 t s of i 

queries. over a datAbase with 11 files. 

With the above definiticns it is easy to see that the 
following recursive relation holds: 

This is & resul. t of the follOOl'ing ugt:lll>ent. ConsU:ler an 
i.:::I<lepe:odent set with i queries over wI files. Either the 
11""1- th file is & member of & qaery in the set cr rot. If the 
wl-th file is rot & ll>OIIlber.' then the respective set is also 
i:odepe:odent eRcr the set of files {1.2 ••••.• 11j. If the 
wl-th file is a ~ of .. query. th.en by elJ:mil:ating it 
f rem the query we obuill IlII indepe:odettt se t CRer (1. 2 ••••. llJ 
of cudimlity either i cr i-I. 

F= the above relations 1rC obuin the follewing 
recursive relation ooanecti~ the plrtition function of the 
datAbase of II files with that of 11""1 files. 

'" 
G( s. p) ~ 2 ZllSll 

l:P"O 
to obtAill the follcwing diffe:renti:ti eqa.tiOll ( irtm 
recursive relations far the plrtition ft:nCtions) • 

o ~ IXi + G[I - (I-slips] + lips
dp 

Fran the solution of this eqn:ation ~ can reCQVer the 

trlUlSf=5 Z 11 a:nd CCI!!IJXIte the th.raput a:nd pressure ( bl octingl 
of qaeries in the Caubue. A deuiled solutiOIl is beyon:i the 
scope of this paper :tnd will be provided el""",h::re. 

5. Or"-=-Di~d.e-r p"e=:::a Aoo 
Critico.l Pbse Tnnsitions 

Oee of the :!:ajar Achlevements of statistical "",clJ.s.nics 
is in e:xplain.i.ng the ~ of critical J:futse transitions. 
A critical J:futse transition oc=s. for e=ple. ...nell a 
ferra:cagnetic ::>etal is o::>oled to its C:ttie' s to:tpent=e. at 

...hich r:o ir:t the !tieU 1 e:xhib i ts sp;>m:aneou.s ma gne t intion. 
Cri tiw phe:r:.ooena ir:v01 ve a di s.collt inni ty in sane ;;hys i ell.1 
properties of !!lIItter ...bell it is cooled. Such dis.conti!lll.l.ty 
cannot occur in a finite I Y small sy stem sillce all ;;hy 5ical 

p:ropert i e s Oepeoo an the tempe ra= ar:a1y1: i cally. Therefore 
cri t iea1 J:fut se trans i t i ens are a direct re stU t 0 f the seal e. 

Are there cri t i c:ti J:fut se trans i t i ons in inter!= 
eenorks? III a~ this question = interest are in .. 
brcad.er set of qnestiOll.S: Are there ;:hencmem th.at one :nay 
eJ:pect to crist in la.r~ scale eetworks and ...oold rot be 
observerl in r.a.l.l ee norks? S ucil ph=em shcra.l.d be cf a 
major interest since both our i::ttuition and a.calysis are 
1lS1lal.ly guid.ed by enrar:olaticn fron r.a.l.l scale syst""lS to 
luge c:oe5. Is it r:ossible that such enrar:olatiCIl will fail? 
Are there poeOCl:leIJa Lnvolvi:;<; dis.contirootLS ju::p (change in 
J:fut se ) in the g.lobal beh.av ior of a ee nork as the ttt il i%!.ti on 
pLt'l!I:le ters i..ucrea se ? 

III this section we show that .. large class of 
interf= mo<le1s 00e s rot e:xhib i t cri tiw J:futse 
transitions. However. we show bow .. 51 ightly different :xxlel 
rt::Ej e:xhibit critiw ~. 

COIlS ider the tA!ldem of radios of the prev ions sect ion. 
Interf=r.ce n..s created among rcighboring h.euing liili in 
the radi 0 ee twa:r k. Therefore an i:odepen&nt se t of 
transmissions =sp:>00s to & 112tching in the gn;b of the 
ca::mmrico. t ion ee twa:rk. Thi S ohserv..t i on i s t:ruc f a:r a rc t-.rork 
There interference i s between tt i ghbor ing 1inJ::..s • 

We shall wI tIC tworks "here all interf=no:::e is among 
transmissions over oeighborill3 liili. matchlng eet-.rorks. FOt: .. 
!%lat ching rc twa:rk with II DCJ<l,e s and JlI e<:4;e s. the !IIII. tcl1ing 
r:olyn:mi.aJ. is defined [BElL 70. GODS 81. GlJTI! 8Z] 1.$: 

J;Vzj 
a(.l:) ~ 2 (-1) kO:r;r2k 

k=O 
(Here ~ is the =ber of mtchings in the oebrod: with k 

edges. ) I t is easy to see that: 

(8) 

(Here j=r-t:) V'JlCre the partition fu:ru:tion en the left is 
the c:oe =:resp;>!Jding to the l.l1U:rf== g:n;b of the 
res;:ect ive l!lA tching De twerk. 

A the= doe to HeiJ.:Drum and Lieb [HElL 70] (see 
also [GODS 131]) S"Utes that all zeros of the ma.tching 
po lyn:mi.aJ. a( x) a...'"e real. ~re fore. "'Ina t i on (8 ) :impl icos 
th.at all rocrts of the tarti tien f!!!letion =st be real and 

neutive. Sin.ce a critical transition r:oi.m: (if it erists) 
=st be .. 1imi t of zeros of the po.rti tion funct ion as the sue 
of the oena:rk i..ucreases ..... COllCl:>de th.at: 

THEOREM 4: 

Ther~ enst tD critical roase t=ansiticn.s in. i::::terfe-:e-~e 

:ncxJ.els associated with "'-ltc.!:.i.ru, net"Horis. 

Are there cri tical transitions ill interfere~ oe tworks? 
A 1 though the abov. theot<m dc:>o:cst rlI to s ::.he ab se = of such 
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pbena:>enI. fet & lJLrge class of n:xlels, it is possible to shOIr 

::hat cri t i c.d pben=etlll a:ri 51! in sane ne t'Irorks • A de tail ed 

discussion of critical pb::ocorna in ~er =rication 
ne t1ro:rks is beym:xi the scope of !hi s paper. HOIrever , t.lle 
reader is refernd to [YEMI 801.. !EMl 80b, !EJa 79] for 
e=ple of discmtti..::xxro.s critical ~-es of ;:bases in sane 
pade t l:m::ll dc.& st syst"'"s. 

6, S<= Criti""l C=ts 

Tho iIlterfereD.Cl:O n:xle 1 cons ieered in !hi 5 VOl:k desene s 
SOIle criticism. So:>e assu:rptions could be trivially relaxed 
"ithOttt in.cur~ any significant d:uIl1ge. It is possible to 
consider asymnc tric iIlterfe-.rence. ~ e:xclus iv e iIlterf= 
( 1. e., 'I'ben two t=.issioru an &110lred to proceed 
==ly with SOIle prcbabil ity), oon-anif= tr&nJ5IIUssion 
generation ratu (as in the pawt radio netwOrk e=Ple) 
etc. Other uscmption.s require scme di=sion.. 

Tho u stmpt ion tlat u ch tnnsmis s i on is c i thc1: idlc ar 
busy does DOt properly acrotmt for blocked tr&nJ5IIUssicns. Tl:le 
easy solution of this difficnl ty is to usrme th4t blocked 
tr&nJ5IIUSS i ens an regenerated frem the _ st.A t i st i cs U tlIn' 

arriv&1s. This is 1l.S1l;I.].1y a good approximation used routinely 
in am.lyz ing aro.l t i- a.cce s & b:roodc.a st scl=>e$. A !IXlI:'e adeqm ta 
solution will be to intrcxlnce .. blocked suta and ACOO'tlnt for 
it in tho e:x:pression for the iIlterference potenti&1. 

A.oother cri t i c&l cbj ect ion might be tb.at the mode I is 
too sutie and does DOt Acrotmt far pawt lIIOtion ill a 
nctlrark.. Apin,. the usy answer is the iDdtpeoo.e:c.ce .assm:ption 

[UEI 76], which 1I!!OIlIlt$ to regeDeration of each ptwt ill 
&11 llI:ld.Io $ on it$ way, Given a rout illi mechani 311 the amoant 
of traffie on Cllch 1 i.tJk may be de te1:mincd and the analy 5i S 

above can proceed u.s ing !hi $ traffie as the trufic ge-nerat ion 
rata, This !(Voids the need to track the lII01:ion of illdivido.t.l 
pawt.!. A lI)CX"e u!eqmta !Kllution might be obtained by 
esublishing a kinetic th=y of pawt motion ill netlraru. 

Fim11y, the problems of ~ing partition fllDoCtiens 
f or !!>On ccmpl. ex mode 1$ are oot triv ial (bowever• "" can bail d 
apon the va S t se t of me thods 1l.$ed by CO!!p<It.a t i 0tIIll jXtysi es) • 

We have demonrt...., ta d th.a t st.Ati st i c&l "",chanies 0 ffer s It 

v iJl.ble &IJd II. t tract iv.. &1 t«"na t ive to Qoe "'" ing theory in tb.a t 
it &1100rs OOO!I..r~g.rained description and .IllIl1ysis of ,."t'Irorks, 
it can handle iIlterf=, it liberates steady- sata analysis 
fran the details of the dy=ics and fimlly. it offers 
phys i cal i..Iu i ght s to tho beh.sv ior of I use- sc&l e di stribut ed 
resanrce sharing IIICIchJmiDS. TIll·s ptper pre~uts SIOItIinal -.ork 
in this d..i.r1:ction.. F1Xtm:'e work ...il1 extend the applications to = ccmpl. ex and II>C:t'e real ist ic :ra:de1 s of iIlterf=, sttuly 
tho tIlt:=~ics of mtlrarb in more details, impor1: wd 
d.eve I cp 0CIIlpt!U t i c:r::..l "'" thods to 90 I ve prcbI em s • apply tilt: 
t.h.e=odyt:3t:1ic:a1 de script i on of De tyorb to de s i g:n opt1= 
=ing (e. g. , to :ninim.ize press=-el wd fl~ comrol 
iLlgoritl:ms (e. g., coIl1:IOI ''l:>eat'' =ces) wd develcp • 
kinetic theory of traffic :notion in nearorks. 

The attthor is grateful to Bill Ha:r:mel for his devoted 
rea~, IXltes and corrections. 
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