
...,

..

..
••••
"
""
"•••
•
."J.l co•' "•

•

unA.eM 11100" NO.

Traffic Signal Synchronization for
High Flows on a Two-Way Street

G. F. Ne.ell

~-

THI INSTlTUTf 0' TIIANs'OttTATION
AND TRAlne INGINUIING
UHIYIISITl' 0' CAU'ORNIA



•
•
•
•
•
•
•
•
•
•
•
•
•
•

TIIA ...·K'" l'H1SAI "",,"CliIlf»OU.ATlOto: ..eM!;
MIGII n III'S {"f<; A TVo'().\loAY !rTHn;T

o J' Nenll

TloJ. worlt ~wo:l ~...rc br
1M sat ,k~ F"~uc.

.... r-t GP-+t~

r, C CARNES

1...t1luU! <>f TI'1I,..pof"lall"..

a...t Tram" .;.... Inoe.hlll:

Reaearch Rl!port No. 4t

••••
•

S.C. .T 0 I

Unl....nlly of CaUfOfnll

Blrkel"y. A"lr"11 1967



•
•••
•
•
••
•••••••••••

SUpptlM that IIJTIIII. _ • tw......ay _In HreeC are _tnll-.d I<> """ra"" willi.
common cycle lime and equal apilla. We wi'" I.e ,,'-e lhe of1l1e'" " •• 10 mlnl­
mlu both the total delly and lha toUll nuJnber of _tops wlhe .... In·.lntoll trAffie.
Tl>e prOOI"1T> of .. ,Um.Ung the... "rfHlJI iI, in general. quite complicaled. but If 11M
now. In both diJ'ec:lioM In! at .aturatlon, the opt' ....1 ,,"Nt ~""'n ...It of ad_
Ja"""'1 .1 1. 0.- not depend lIpOll u.. off__ betweotll odIer ..Ira of IIp'a. Tl>e
malhe Uc.l prablelll ,«Iot_ 10 .......J"I1a of "'laJ"l Mol ""- "'twOlla 011I7 •
• 'rcle ..It <II ,nterNdiolLa.

Deily. ant _h.lted from. Dald -.del _il.Il _ plA-....,.u. F.... ' , .1
n_. In thu two dir~. tM optl_1 off-. ~."c••,... ,,"OCt ....
IO the dl,ecU_ of heavier (rufk If tJo<, n_ -"""I. ......"'r. tJoeo-. II. wklol
l"anK'l of lIettll'C ...hldl.,.. the .._ del.,. • ..,~ .'01" dOMly.~ hll.er­
""..lion. the "hoi.,., of zero off.eu II Included -mane the ."...1 llettl.. It hu
tile additional advanlllge that 1I «\ ..... equal del.y. to lhe two d.lrtM:tlOflA,

'"
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INl'IlODUCTICt<

Tu deweml.... ]0.... nctwurk 01 .....ds 100 .lgnal ....Itlnga wlllch minlmbe del.,.. or atoplla a

'""I')' compl"" ","obl~m. To I(lll" >!4Jmt! ll\lllllhl Into the quaUtaU", a8"""~ of lhl. problem, 11 la

Im:rdore ""Ipf..l W inveatllate 100..... almpl" looallz"d exo.mples. In a previous ~per. Bll""' ....z,
and 100 pre>li!o\ .uthor conaldcrl!d 'lOme ..pee,", of aynchronluUu" of signals on • onIl_wa,.

atretlt. Here we consider lome r...1IlT... ol the mora complex problem ror a two-way .Iroet at

flows close to ulur.tlon, and wllh no turnl,.. traffic.

In practice lrarn" englnccn ,,_lIy ..,1 .;gnab an a two-way alreet acco.dJIlji( 10 (I.... of \he

1,,11_1l1li: .cbu........ : (8) ..,r all s'anals to operate 01\ the ILl"'" pballC (almultn-.ua J(reenR and

r~l. (h) ""'I slgnula ",Uh nllernatl"" ""1I"'ll:". each allJlll.l ha,. !lalf-cycle "fr""l from lUI

""4hhurI, (cllll ..... u maximum through-band for thol direeUon ollMlavl•• Irarrle now and, If ther"

is an)' <>pilon len. dt> the wat ""., c"n lor Ihc olher dl ....ea_, or ((I) It)' to produce nOfl-~cro

bloJl<twldtlulin boIh dlr~..,tion~ and pcrhaJ>~ mu.imlza tI>8 lum of the two bandwldthl.

The lalt of thcllC lC""me~ h:ll reC<lI"ed considerable Utenllon recentIi, 3. 4 There " .... n_

a ""rlety of computer slgor;thma for dclennlnallon of 8()ttl~1 wbJch live. mIla;mum lotai band_

width. Before compulerll \her.. were allO many graphical or trl.l_and-error methods lor findillj(

m:ud",_1 or "".r InfiXlmal bI'lnds. Deepile tho popularity o(thl. problem. ItoIrever. it doel not

obviOll.ly Il!Id to dc"lr:lhle II,ming.. The eapaclly of • slgTlall~ed Itreel il dclermined ""'inl)'

hy lhe green tl~l. partieularl)' \be lhorlell flTelln lime, IilId il almost alw.ylll'll:er \han the

capacify of the through-band. In !DIJI)' "ue. lho! bandwidth II only .. emall fracllun of \he !treen

tlme. fl wJll, therefo..... nol be unCOmmon to ha"",. now whlell ,",ceed~ the capacity of \be

through_band bul <100. IIOII!J<~ the <:flpllclty of tl>Il highway... In euch cwaes. tho Iyetem ie

capabl" of carrying thle eleady n_ ..ith oni)' finite dela)'l. hut 110 driver can take adVllnr.a~ of

tl>Illhrough-b:md. It Ie cerlalnly not obviou. lhallhe mu.imlzatlon of \be bandwidlh II .,quI""lenl

10 minimization of delay. Or ltopll or lUIy olher obJeetlVt! with lOme e<:onomlc Ilgnlllcance.

In order 10 aatlmale tlclay., II.<lp8, ete. an a tw....w.y atret!t wa will aoop' hara tha eommOn-

I)' used (001 nol ""ceu.rlly realletle} poetulate lhal all c travalh'C between the lame pair of

adjacent intersection. (In the lAme dll'<lctlon) hne the ma Ir.",,1 time. EqUivalently, theyalJ

ha ... \he aame a,..race ""Ioclly an there II no epreadlng 0( a platoon. wa llao traat thIIl traffic

.. If It were. COIItI~ nuid whkh hal R maxlmum now rate 0( a durllll dlaoeharp from a

queua. \he NIIM at every Interseetlon (more generally we may lui... a In one dlrf!ctlon and.'

'f' In the other direc:tlon).

The al.:ll\dllrd ..a)' of repreaelll.!ng \be now of tralllo graphically I. 10 draw apace_time lra_

jeclorlea of \be cu, .. In Fig. I. We ulIla]]y draw theae DI If car. Ira",,1 at a conatant veloclly

hetwc.,n any plIlr or interaectlOlUl (not neceaNrlly the a.mo for ever)" pair, however). Btll

actually lIia onl)" the travel time. between Interae<:l\ona that enter Into the anal)'ala. !IO the do_

tatled .hape or the trajectories between lnteraectlon. la Irrtllevan\, Thle II merely R convenleni

way of plclurlng the travel tlmee.
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Fig. 1

If Ti ia t.hetravoI time romany intersea tJ: 0 , i, to the next j +1 intersection, and 'J'i t is the

t.ravel time from intcersection HI to i, 1"1 ~Ti ,'II ca..n make SOlUe elementary transformations

which in effect make T i. ;;; T-'. Suppose we measure times at in r5 cUans i ~nd HI with diff r­

en cloc.ka which are set sO that the time t. as seen by an observer at intersection 1 diff rs1 .

from that seen by an obsener at in~ersectlon j through

t. 1 ~ t_
I 1

(T, - T.')/2.
l 1

A cal" ,'raveling from i to H1 stnrting at t
i

;0 ,0 f r ~xample i' arrive at H at time t
i

;;;;; Tior

A oar trav6ling f'rom + to' .s,mrting at t. ~ >0
1+

III arrive at i at time t H I '" 7.' OF
I
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Thullt,y "",~"url"g Ilm.,. "I varlo", 1l«Jl31.....bth.. 10 non~yn<:llrolwu. tI_ origin., ,"" orlgl­

n.~l problem m:lpil into Qr\C with eq,,"l "Inve] limes" (Or the two dlrcclloR8 between ".ell ,laIr

I. 1'1. llercMh", we w,IlI'hoo... "\. r
l
'.

Th<: <li"I.:""''''''. Ih<: ,·"Inelile. u( Cllrll, and the In..,1 II"",. Tj bot",cen dlllcrcn! Inwr ..""U"".

may JIll _ary .. lUI I, Lull"'" deb,... OOI"'noJ only un IlKs Tj In Fi". 1. It III Imlnalur;,,; h'.... we

"",,,,,,,re Ihu ,,,,11,,,11 ~1.''''JlI cnordH'3.u, "s I"n~ "" 11K! <I1"grnm 8!>ow" lAc c"rn,o;t TI' 1""""1(\

.,f p1olli"K ,,,,LlIa) ,11"1.:""",, "'C COII!d jullt." .."II .,"''''' III<! ;nwr"",,,tion. I lIlIOll'l a '\IIo,la"",,"

HI J1~rl. with 'I nny "rhltrary """8~1. '"'" "truj<.<cturlcll" 01 ,,:orll ....""t<t \""n MVI" "."h",·

Ity" • v bel,.,.",," ewry pair '" Inter"I!<,tlon8.

Without lou of il"OOTllllly, we may the ....for" <"pr_ol gr"phJcully any sll(n.l1 "Y"'"hr""l~nlk>n

probl..m lor ",hlch 11"0:..., 18 flO 8prcndlng of pla_ by "" equlvale~1 pr'~ll..m In whi~h nil cau

Ira",,1 ..'1111 ,'tIloelty v ,n one dlre~lIon ~nd ., In the otlM,r direction.

Nl:AIlLY SATURATED }'1.01'l$

On.. <.If 100 rompllcall""" ..eoel~loo wllh the analysl" of trafO" n"", th ......gh a "lil:NlI .y.wm

uillea from the po>Ie'blllly tlull A pluoon of COIn Which leavo8 Intorlle<'lion I wilhln a lime I"..

than I"" groon time may l", aplll Into ""0 pIlrla at inter""'~llon 1+1, pIIrt ~I""rl"fl: at the "nd or a

Itr""n aDd tbe r"al allh<! alllri of the """Ilr""n. Tho! outpol from 1+1 may, theNfOl"O, L"O<I\.... ' ..

t'a'o dUlconneded pI"lOOn., One I",,,aing ""ar the beelonl.. :uld the other 00" r lho;, "nd of I""

R"reen. 11le.... platoon. may In turn be Bplll Into ......,l1er pIece. at <>ther d_,,"lream lnteraec_

lions. Ac<:ordmg to lhe p.......nt Idealized mudt<1 wllb no pl.toon -rreadJ.., too now from ""me

inler""cUon could C<>IIt.:Iln arbitrarily ""'oy dllconoected Ii ..... ",ter""la of flow wlLh.ln each R"recn

lime. The number, wldtha, "lC. of lIM!R fl...... Inlerva!l al lnll;neetlon I wLIl dcpePd upon th..

total traffle flow, and the "" tho off_"I. l"'tween a!gnal I and arbltnrll, man,. .Ignall J. J < I.

Theselong-rnnge erfllCl.O or otraeu opan lhe flaw pIItt..r .. ar.. particularly pror>ounced at 1_

n_•. Indeed tho bandwldlh for a .,..lem of alma'a depend>! ullOn I'" r"lall,... offaeU hetwC<ln

!!i_lmala. not juat neIghboring onea. For hil!;h n_•• howe'"Cr. the delaY" and a~ al OM Ift_

",r....,11on depeDd maInly lIJ"lft tbe 011",,1.0 of nearby In"'raecUon••nd th8 analyal. or the naw

paltern become..... Inlll'llly Ilmplu

PTevloolly Buckley ut .I!> cONIldare<! the deln,. 1.0 • platoon In",,11Dg butwe<:n onl,.. pelr of

InterlleeUona. Uklrc .«OIInl of the fael thallhe platoon mliht be aplll Inl" two llOlrta "I the

d_natream Intllraecllon. 1lIa1 tho: ayoohronlutlon PI'oblem reduce. 10. alud,. only of nenreat

Ilelghbor Inteneell"". al .......rl,. aaturated naw. w.. noted prevlously by lhe .uthor". bllt In

thla prevlOUI peper the Ir.rne wu I..... ted by c.r.following type modela ('WIth Ipreadh'l!: of lIM!

plaloon). Beeau80 of the complellity or the modal, the Conseq""OCOI or Ihl. WeNl "'" an.a.llzed In

detail.

In the roliowlnC anal,.all we ..allme thai all .ignala operata on. common cycle time T :

they all h:"... the ..me green IJme 0 Ind the aame capacity teO In tmlI directIon and .'0 In lhe

"ther dl ....ellonj' and the n__ thrOU&h the .yalem are Irbllnrll,. CIOM 1.0 the.... eapacltlos (flawe

10 and s'o per lime T In the two dlreeUOM)
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1lM: r1_ Icnl"K any .'K""l I, rep,..,aenlud by a n .... rate 0 ,luri"" the rcd \lme n lltI~ a utu_

ratlon n ..... rate duru,« Knten lime G. T1>e """'I .lgnif,canllo.t...... Qf this I, that thl' n_ pIIl_

tern depend" upon the time at ..hleb .. cycle "lII,t, rolaU~e to ..._ ".bltrl.Y lime orllfln but [.

independent of too oil',ute of ....y "tOO. Ilgnal,. '"'" del.,. pot CJ"'1.. ,uJfertod It hl1or.,cUon

l+ I by car' Ir.~lI"C from In\.(l.lNlcUon I III l+ I depenell upon the off,",I' between IIgnaI' J and

;+ I, but I, Independent 01 off,..,tJI betw<llln any other Ilgnal.. Al,o the del.Ry per c}'('l" ulf".""

at In\.er..cllon I by cUI traveling from lr.teructlon 1<-1 to I dep!DdlI upon the off..,11 0111)' be­

tween Ilmlll I and I+t. ".., ••me pr0l'l'rtlel ara ""lid ra. I"" llI.Imber 01 stop_ per CJ'l'le.

The Ultal del.y p'" C')'de (or the Ultal ..mber of .~ Ptl. eye''') In I aptem of lnloor_etlona

La the "urn of lIMo delays on all _Wroachu. to all \ntenodionl. II W<l """"Ide. only t .... delay. to

the thr""l!:h_lnffic on the one .t,..,.,1 (not .Ide-Atreet dIlI.,I). Iho delay. {or Il.opsj per cycJ., In

U,o 8y51"'" Inln b(l .. rl'toon ~, tile form

deltyt l8to~1 • Lldl + dt' I,
d r .. delay (11opooJ at t!Kn:tJ Ii I for Inrnc "Kwilll from t<l 1+1

•
d

l
.. delay ("01>'11 al ItgnaI • fOl" lUlU" mo~lng from H I til t.

The CO<Ilrlbulion fOl" each I In lhe sum dependS upon 1.1", ofr.... ' 1AI1.."",n I ....~ r. I but not on ony

other offseu. The off&eU ..hleh mtnJml. the lOlal deity tetopl) a~ therefore u-e ..hich

mlnlmho ees:-reICI,. tM "oolrlbutlon for eo."h I. T\Il Clobal 0('Jt1 miutlon Jlroblern Ih.e rod"""e

10 a collootlon of separ...... prdllen>B I..... u"h pollr of ad"_1 I"'.......lton. (Milt Ihlll thLII la Mlt

<be ease for the "~ldth Il\llimlutlon)

To ..inlmi>:e delaye or llOplI It eurrlCN _ 10 !<ludy In delllll onl,. the delaya be!'<t.een adja_

""'0\ 1""'....."11""•.

A[);IACENT INTERSECTIONS

For 1Om<i! paIr of adJacenllntllr..,,,tJone land 1+1. 101 r be thu trav,,1 Urn" from I to i_I (or

HI to I) end 101 ~ be the off"l of the elgNI Ii I rolauve 10 I. 1ilnCe we ... III he c"".IJerlnll: her"

only, '1 ....10 pair of Inlereecli""e ....e ... lIl diedlrtllho Implied Inde" i on ~ or~. AltIO .in""

eny funcllOl\ll of.. and ~ 1.0 be .""luated hern .. III be polrlodic I. lime ... Ith period T. It "'11\ be

con'l'&n.enl 10 agr<lIl thallhtl 'I'lI1"'" of T. O. or r-O .....1\ be in"'rprn'n<! •• ,twll • ...,.I"u moduln

T (or suitable aq"r""lnnt'l

Flgt. 2a and 2h .now ""0 lJPleal~ ot n_ ""lie..... from I to \_1. The broluln It"", rep­

rount \hoi Ir.)<lclOdea of ""r. I""olng toture&cll"" I at either lhe bell"lnnL'II: or I"" end of ,

g>'1lOn. If 0" 0 - .. " Rilla Ftc. 2a. t.'>tm every atr ra dela,.ed RI 1~1 by the ,.,ne all'lOlUll."_T

and total delay per cycle " aO(" - T)

a",,",lf'" <IoIla,. pee car " ".-

ma..ITrHlm deley to a.:oy Cnr " ,,- c

h'erR&" number 01 8lop11 per car " I

IOUI n~",ber of ttops per e,'Clo • sO

Ifo~"- .. ,,n ,,,
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(b)

If. aowe vel." , 0 < T -6 G as In F'g. 2b, then til e cars which leave from H within a time

'r -6oafter the ignal <I' HI tW'ns green have ell del- ycd a tim R. The remaining cars suffet

no delay, Thus

total delay per eye k:

av rage delay pe CaT

maximum delay to any car

average numb r of stop per al"

total numher of stops

= f,- - o}s R

"::::l 'b- - 15 RIG

'" R
-'" (T - o)/G

-= (T - 6)

if O<T-15<O (2)

Each of he above quantlties considered as a function of 0 is p'ec wise Unear. The best oli­

set is obviously 0'" T for which no car is delayerl; the 'Vo st 1 6 - T =R (or equj aleotiy T- (i =G)

for which every car '51 delayed a time R. Fig. 3 shows. some typi al gr phs 0 dela " stops, an

maxim,um delay va fJ. Thes re shown only for 0 < 6 < T but are defined for other ranges of /j

through the pe iodlcity. . i.gs. 3b and 3c show that the abjectiv s of few atop and of a small

value fa the largest delay 'to an - car are not compatible with ch other (except at T - 0). If a

signal stops only a few cars. thes cars have a larg deJay (name y R~ but 'f the signa causes

a small llIaxinmm delay then 11 cars are stopped.

qUllt!.ons (1 and (2) apply ale or he tra: de travel ng trm '+1 to i. prOVided we reinterpret

the parum ter as those seen by traffic moving in the opposite direction. Botl} directions see

the sa. values of G, R, and T. Ala tbe trav 1 time T has bee defined so as to be he same

in both directions. The oniy changes in notation are iliat is 1s reptaced by e I and the ofiae'l: 15

from i to HI is changed to the offset "from i+l 0 i '(01' to T- 0). 1'11e g apl.tB of total delay or

,otal stops VS. (, [or the reverse traffic differ {rom those of Figs. Sa and 3b only in that the

yerUea. scale Ss changed by a factor 8'/5, and the graph is l"e - ected alb . t a vertical Une at

5 ::::: T /2 (equha]entl li is measured backwards from T iIu:ltead Q orward from 0). The analogue

of Fig. 30 i obtained by only a renectiOD, but Dot a reacaliiDg.

We: are primar]y OJlcerned witlJ th sum of the d lays or tops r the two dlrectio '8 t e. the
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m of Ltc gl"aphs ll. WI) n • gs. ::l~ or

:ib will theI r c t1nlerpln·t. fur h re­

vers flow. Th sa composJte urv a

are Iso plec wise Hear UL can hay a

variety of different geom tries dopend­

iI1g upon values of T. R, G, and B Is.
These::J1" Ulustrated in F1gS. 1 a d 5.

Fig. 43 h V5 some IHustrationa 0

total delay per eyel • v . 6. Th br J'ken

llne u 'v{~a ['opr' enl. the delacy ai. i+ I

or the fOTwa rr traffic , the do ~d lin

tb~ In at.1 lor leI' ~ve . h·uHic.

and the oUd lin he slim of lh's two.

111 all case tbe soli 1- .oe cu:rl/~ are

piecewis Une w'th chan:g~s f sJo at

0'" T, T - G. -'r, and G - T. The LocOl­

tio and e 'en the order of these point

depend!l n he 'wlles of T, G, nd H,

but flot on sand g'. The slopes and

heIgh f til curve,. owe e I dupe fl

also 011 and s. Fig. 3a' ppH s f r

G < R and Iii -.: .sr, W will exam In lhis

case irst.

R+G

r------........ I

T(bJ 8

'.....
t)

~<.J

~
ill ClJ
QCl

--+-.......llr'------.......
R+Go r-G r 8

(0..)

56

sGR

ti~....
~~

he choice of TiO. s' slnlpHftes the de­

lay curves in tllat the delay a a function of () (extended by periodicity ou sid~ 0 < 6 T) u~t

be y1l1metric abu· () - 0 and & '" T /2. lllce the total de ~ay Curves ar . pi cewis linea.

this sym etry Implies that the cm'ves must have lope a t5 c and t'} = T/2. unl sa 0 ;;; 0 o'

T/2 happens to be a point 0 dis conti lUity .for the slope. t foHows als r om these Pf' p ties

that the minim m delay must be reallzed;l either {} '" 0 0 6 = T12. altho gh a zero slope I.

th s points impHe::1 that, he alues of /} hich giv minJm m de ayare not unique,

The top gra.ph, ( 'ig. 4a for T - 0 (or any tnul lp of 1') hows unique ettlng {) :; 0 'EoI'

minimum delacy. In this (lase a;;;;;; IS simuIl:aneou ly {he optimtll for both dlrec ·on5. For

0< or <: G/2 as In grap,h (2), the optimal Be Ling is stm ali;;: 0, but ruso for any {; with - 'T '" Ii <T.

The minimum delay is now posi ·ve. At T ;;;;;; G/2 in graph (S). the total. delay is independent of

15. For G/2 -< 7' < G 'n graph ( ) t the optimal setting shUte to the range 'T ~ 6 < T- T jncluding

the poinllJ ;;;;;: T 12. As 'T increases fUl:'ther the minb'llllm delay at 6 = T /2 de reaseR. "nere ar

some va~iatioDs In the slla of the delay CUT'Ves Clt 0 '" 0 as 'T morea 'e' pas G. but nnal Ly at

r"" T/2 Ul minimum, delay again reiwhcs z r wl1 n!.he . If eye c [fset is simu1tnncQusly "pU­

mal for bo h di eotjons. As T increa .s p' s T 12 the p ttern r f d Ia "urves repeats it r f:mt

wjth ahaJi cycle plla e l:i! itt.. ThuB diag am (7 and (~) are the same as (1) Id (2) except f r

a shift in .5 by 'F/2.
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Although th uncs uf . ig. 4a appJ- only 1'0 s.=o s' and G < R. it 1 easy to see I 'am the e

diagrams \ 1I httppcn 1n mor" gene a1 'as(\s. If, for example. s > 8 1 we simply a.dd to the

present type (oud d lay curves an extra amollnt p oport:i.omd to (5 - SI) ti s the d la.y curve fOT

the for~ '81'd traffic (broki D line. Tn horizontal portions of the composi c delay curves wm
now be sloped in uch a way that the opJma setting: is always a 0 'T, the ~elting which gives

~ero d lay to the heavier traffic.

Th en'e G > R is only sJ 19htly different from G < R. - in "Jig. :In lhe ote of G and H war

I terchatJged send ng G R' to G > R. the gr ph fOl:" e~y would b~ ['enacted bout th ]inc

i') '" i L e.. 6 - T' - ""-0. In Fig. 4&, the broken Une curves wou[d m pinto cutvesUke the

dotted Unc CUTVe and vice-versa. Th total delay would reta.in Ule same form as 9hown in

Fig. 3a except that T would be mapped into -T (or T - "1"), Ig. 5a shows the {'aBu.lting s qu noo

of diagrams analogouB to Fig. 4a but fOr G > .

In any esse, d lay win be at lea t fo 0;' 1" if s:> s' and fOI" 0'" -"I" if s <: Sf, If Is

close to 8 r. t d lay vs. 6 l,; ves usually will b quite nat neat' the minimum. If s:: 1 the opti­

mal value of 0 i typicall not unique. From the various case shown In Figs. 4.a and 5a, plus

th ir e ten ions to T/2 0( T' < T one can con truct Fig. Sa. For any value of T, the values of 6

con med in the shad areaS of the ~ - T space 0 Fig. 6,Q. reprcse t those val es which give the

minimum delay if s '" 8'. Fo example, if 0 <: r <: G /2, the o,ptimal values of i5 are 0 :s /j:s 'f

a.nd T - IS :5: 6·:5: T. The s~nne igure appUes for either G <: R 0 R <: G.

Figs. 4b and 5b for s - s' show the tob numbe of stops pel" eye c for thesa.me sequence of

T values as i· . igs. 48 and 4b. ThehlLpe. of these curve.s are slightly differen fo G <: Rand

a :> R but haVoe the following common ream, es. For 0' e umber of 9 ops iB zer,o at /) c 0

bu s dIscontinuous at6 !CO O. or 0< T < G/2 th total stops has a minimum for - "I" <: c5 <: T. the

same a {or the delay. For 0/2 <: T < T/2. however, he minimuttl stops occur at l) =' T and

() "" T - 'T only. th opt m3} etting for on dire tlan O'f the other. AT"" T /2, the total stopa

drops to zero 9.;gain discontinuously a 6= 'f/2. Thepattern ;en rpeate, for ,... ~ T/2 ,axe pt

w'th lli shift ,of 6 by T /2.

If s >S 1 the curves fo· total (lumber of Btops differ from those of Figs. 4bnd 5b ill that an

excess of tb broken line curv nlUst be added. This will m all casea eause tho mmimum nm­

bsl' of stop to occur at {i C i" (un quel)') favoring til direction of uamc with the heftl/ier Dow.

Fig.6b hOW's the value of 'T' wh10h give the minimum numbar of stops for B =" 8'. For

'0 <: 'I' <0/2 OT T/2 <: T <: 'f/2 + G/2" the settings which give minimumelay are also those

Moh gi e minimum stops. For G/2 <: 7" <: T/2 01' T/2 + 0/2 < or < T, h wever, the settings

which ghre minimum stops at" y t5 ;± T wherea.s those which give mfnimum dela ,cover a

ra - ;e of valu between.thcse.
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INn," PR ETATION

The m<><leJ dCI"".lbed lM!re Is 8O,",.dy r.II.,<:U!d by the aaeumpUon. that 0) the ... II ..., pl••

t""'" spr.ldl"ll', (2) tbo... la no turnln& traffle, and (3) the now I" nearly ...tural~-d. I\'ltldn

the.... Itm ltation. how.,_•. "e l.'OIIC.ude thai it I. ""ulble to simultaneously minim Ir.ll !be total

do'lilly and the total numOOr or Siopli at all Inl<lc&eCUoM for the IhrOUlfh traffic. A ...melee! ..""_

dillon for thl, I, thai I1lIIl off8<llll 11-0 .. o...._.....y procre..1on for tlIc dlrectlon of Irafflc with tho:

I....... now 16]" Tl for sill, or ~I" -'j tor.1J 1\ If the noo." a~ equlll. howey.... Il\ere are

olher optimal 8O,lltJng>I. and If tho fk:oI<a .r. Marly llQual th,,", may bo .. wide range ot I(IIU~ •

• hkh II......... rly mlnlrnalllelaY" WId lIU>pt. In !he I.II..... ~. the _ de,lrabl" _tlh,. with_

In thl, cup of IIOnly optl mal IICitlIlfl8 may bill determined bl' eondltl"". other than de;.,.. Or

Ilap.. or may bf! mo,lIf1ed conslderlbly by mo~ .C(;urll.te ","'mate•.

So..... 01 the ob}eclJons to. one-....,. P"'Il'retlolon 011. two-....,. .I~eel Ire: (I) lhe del.y. a~"

unequally dlat~ibultJd ~lWeen tile t'II'" dl~"~t1"na of !low. (2) II the alre"t In queelion I, pa~t of a

netw,,~k, the pr""reulOll may eonnlel ... llh lbIl "ptlmaJ ....tti•• Inr Olhe~ al ......I•• (3) It the .... I.

1"....I"ll ....me. Ihfl.....tU... e:O". larye dolll)" 10 trlffi~ I~rnlng Into II:e m:olo llreei progru_

.10Il I~om till llde .tt'""t. and (4) ,!nee lrav"l ~mel vary during the doy. lhe .ettlnga muat Iho

change dl;r".- the da,..
SuPPOIe, lor ""am/lla tltn\ tramc I. "" hu.,. thaI one mu.t employ a lone eyde 1Ill'Wl 10

.ubl".... adcq""", "".... lly "1"lt,. t .... ltreetl tllllG tn be Ill'l8r than 2TI lor alit U. In addItion,

Ihfl n_. are "".rly .,qual In the two direction., lhe .bove tIleory .,olald _m to J"'U" the

commonly ".ed leoom.. of!!!!? offaelll (Ill "0 10r.1I I). From Fir', 6a and 6b we ice lhat for

T
l

< 0/2 .ny off",,1 .,IIJI -T
1
~ 4'" • T1 rive. bd.h lJIe mini ..... '" ltopli and dellY. Which 0( lhe...

III moel dulrldll.. , Ih••"lor". m".... be bA-.l "p"" 01"". """,Ideratlon•. The chotco III .. 6 for

oil I h... the adVln[.~ that 1\ (I) ,I"",. equal dallY' to tbe Itlm" In both dlrecU""a, (2) II com­

p<tllbll' w[tb I nf!twork B)'llebronLr..llon wltlt II" 0 .Iao 011 all other Ilree... , (3) Ie nolobvioull,.

bad lor lJIo turn!lIfl" trlrr;~, and (4) cloea not dCpfnd upon the ,pend of lralllc.



"
If '00 Inff,c I~ hc~'Y In h0111 diceell""•• ,I Is coo.taln], dc~lrahlc to ..,11"" ..Ig""r" "" thn! all

drl,·crs tra''\JuJIII: lhu enll." .."quen"" "r RJ,("OJa .uffer rompilral,lu d<llfty~ '!l:urdl..B11 or <11 • ...,_

\lon. Sinee hy oor ""...."".1... eaU traveling In 1he ""me dlre"llon nil hu 1100> "" ..... vIIJ<>clty.

the order In which "UrB I"",.., """ Inlero.,,,lloll I. the I18.me as lor .Ily other Inlen""tk>n. All

can which lell"" Ihe firs! InlcrMellon within lhe sarno 1'"""11 and .1110 lea ..... 111<1 In8' In~r...'Ct.Ion

within I"" lm""'lCrc"n II.ft"" IdenU".lt ........J Ume•. ThOfMl which lea... 1ho 1&,,1 lnlerllectloo8

durl"ll dlflerem (reen Ume" h:I,'lI" d,lf"n:nco of Iravel time "'111,,1 to R, Ind<!ptlndolal 01 how

many .Ignol. !.here may I>o! In the Gyslem. FOf"" 10lIl: ""'lucne" of signal. the.., diff.,..,,,.,.,,, or

R In delays lor car.. tu,,,l'''ll In tilt: Bame dlrcctkln nol 01 sreat pracUc81 ImportancCl. Cln

tra .-cling In <>pp<.>"'10 d.roellon. "oold. huwe,,,.. II, widely dJff~renl dolays d<:J't'ndlllll: upon th~

nu"~",,c of oilt""l& and 11M: IIChcme of synchconI7_~(lon.

In contr~8t wllh th" orl:UmenUl of tIM: l•• t ~""tlon whleh ...eru con<-..r....d wIlh 100 t01.aI dollay to

all c.ra at. ,ln~le Inter8,,<:th>n land llou 101,,1 lIday tv ~11 cara at all inter"""Uun••• tho, pro""nl

argo ........1 tICal, ..·tth too tol.:ll ""loy 10. alnc'" ear u:on tnler....cU"".. Even th<\oulh different

cars may luffer different dcl~y" "I diff"rent in~r""ellone. the .boveeonc!u.l<>M flnplr tllal it Is

IIOt poulble for lhe dtlfcrenCUI In delays betw....n two CUI Iravellng In I"" pme dlreetloo 10

aCCu!IluJale. A drIver ",ho lurfen a r..btl"lly laTJil delar.t Ule interNetion wlll find hlm..,lf

,n. f.vo ....d position .1 ..-...,., later intersection,

If.· s', then relardl~u of lhe v.be. or 1110 7
i
• 11 Is aJ".fI poellble to *,1 a seq""nce of

IIJn8I. ItO all to .Imolillneoully minimize tOlAI "opa and toLIl ....1.y••nd at lhe same Ume koop

lhe difference In del.)1I belween any t-.io can I.... than R. eWD If lhe t-.io cara tra.-ellnoPllO'Ilte

directlons. If, for ex.ample, Ih~ cumulall''<:l del.y at all .liMle to. car lravellllllin the lorward

dl ....etion (I _ 1+1 _ 1'2 •... ) ie lou than thai In I"'" rever. dir..cl;on, lhen any .icnal havl"'l! a

6
1

wblch lavora the IraHic In lhe lo",..rd dlrecllon (6
1

• r
l

fw example) ca.. be ....Itehed to -6
i

without cauelnll" any "bange In the tolI.l delays or dopa for the enll ,,.llem. Thl. wUl. bow_

eYllr. Incre.&<: the tr.""lllme. In the forward dlrecllon ""d dec thOlltl In the ....ver"" dl-

rectloc>. Thl. c:On be done tor II m""r I ... I""a II nece.urr to btl..: !boll urmmelry in Ira",,1

lime to. point .here any addltlo.....1 e"""lI"•• lJl onlr .wllch the favor to the oppoalte dirll<ltlon.

Ono p"ulb1e acbeme ....Id be to ""I ,""veral cotUleCulive 6
1

.t 6
1

.. t I' lhell eet the """t ...""rnl

61 at 6
i

.. -r
l

lite. blla""I"lI: the number of IIgnaI. with 6
1

" t
l

alld .71 &0 as to lweI' the delay.

in the two dlrecllo". nearlr equa.l. Ther .. la obvlOWlly still a COI'I8hlerable number 01 ••,. In

wblcb these ob/OcUve, can be Q>et.

If q " q' • however, the IHIlt1J'lf. which mlntmttll del.yl and 'lope are unlq.... alld fllVOl' the for_

ward trlme (61 " r
l

lor all I). 'There I. no ..,U1"l1: whlch elmulta1'lllou.lr mlnimiu. both stopa

and delaye ...d II"'" II"" almUar tra\"lll time. for the two dlrectlonl (unle,. the r l Ire all 1\ or

T/2). If w.. u.~ &Orne economIc value. 10 delafl. etopa ""d uymmetrr III tra..,l time. we

can. how..ver. find ttlne' .b1eb minimize cu.t by CQmpromlll"ll: thoM connlcllnc obj..ctl"....

We may for ""ample 1 61 " r l fOl' moet but not all L

R"C"rdI"l1: the notwork aynebronlutlon probl..m, It ie clear that • achoma of optimal Iynchro­

nlzaUoe fOl' oM aet of .tr....ta III .....twork ......,. be lncomptlllbl.. with I"'" optlm.l for otl>er



.I t., partlculady If thu alr'1t8Q cnry one.....)' InJIl,,- The tb.eory ~Icrlbed IIt!r.. I,,"Oltl,

howe r, l.IuI.t lhe connlel In obJectlvea between traffic moville Ie opp<>alta dll'oct!ona on 100

aame "treel I" typicany mucb moro ""\'fire. SID"" thtI delaY" and a~ '01" ......1)' equal flow"

on a ,,,,,o-wa)' Itreet are rath"r Insonaill"", to the selU...a o""r a ...Ide n .... of valuea, lila not

unlikel)' that one ahould fll'ld aeltl"l!"l which minimlzo del.ya and .topa ahnullaneoual)' on all

atree\.a (bull>ol for boIh dlrtl<;UOnll on the ume .t......t). ThuI, for exlmplo. the setling 6
1
.0

ia optimal In mllll)' llluaUon••

Wa h.." not dl.cuasod he .... the problem of chui.,., In c)'cle Urn.. Q,vtoual)' the dela)'a a ....

• aMIU.... t<> the C1cle lime and tnffie eTllllneerl do typically ....Iuct a c.rc1e time '"" U '0 mlIU

r
i

.. multiple of T/2 for aome I (11 po&Slble). Utile '1"1 ar", dlff"r.. n! h"twl!lln diffur~nt In"'rll.-':_

tlons, It la. of course, nut IIl1lally """llble to o;kl thl, for III l. Somelime.. Ilia nol ",,1II1ble In

practice to do Ihia f..r Ill)' l. U the interaecUOM are cl..- t~ther, !he Urn.. T· 2r, rna)' be

100 aborl hI KL.'u lilt! neee8Q8.ry e~It)', The d ....leu of T la eertalnJy an ImpOrla1ll upo:d of

the problem. btIl a change in cycle time ..1ll .Iao cloa.e the capaell)". Sincu the pro""nt lheor)'

I.....etrlctod to flowl per cycle equal to the CIIps"'l)' per cycl.. , IIJI IJ><:relll<l In cycle tlmo III

likely 10 chance the problem Into Dna out.lde! tM acope of tiMI pre...nt a.-I)'a".
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