BBJIITAPCKA AKAJIEMMA HA HAYKUTE . BULGARIAN ACADEMY OF SCIENCES

[IPOBJIEMMA HA TEXHMYECKATA KMBEPHETVKA " POBOTUKATA, 47
PROBLEMS OF ENGINEERING CYBERNETICS AND ROBOTICS, 47

Copmsa . 1998 . Sofia

Equivalent Noise Level and Traffic Lights
Arterial Optimization™
KrassimiraStoilova , Todor Stoillov

Institute of Computer and Communucation Systems, 1113 Sofia

1. Introduction

Trafficnoise pollution isamainsource of air pollution in intensiveurban areas
[5]- Thepurpose of this research is notonlymonitoring the pol lutionbut to take measures
to reduce 1tusingappropriate control strategy aswel l - Here theacousticnoise lewvel is
introduced asan integral parareter whichassesses thevehicleemissions. Frontednical
point of view the acoustic measurements do not need a complex technical and hardware
suppor t. The control of thegreendurationof the traffiic lights s per-formed by gppropriate
noise measurenents.

Theprablenof control ling thetraffic lights isconsideredasanecessary step for the
dynamical traffic flovoortrol [1, 21]. Theoptimal durationof the traffic ligts isdoreby
meansof minimizationofthe queve lengtatoversaturated traffic junction [12, 13, 3]- The
quete lenghtsare statte variableswhich have to beminimized acoording to the optimal time
durationofthegreen light. The variableswhich have to bemeasuredare the densityof the
input streem (vehiclesperhour) and the initial quete lenghtat the intersection (vehicles).
The traffic flovmeasurements are performed by inductive loops [19, 25] situated closed
‘tothe junction. More sophisticatedand expensivevay isto implement image processing
and software identification toolsfor real time autorattic flovmeasurements [27].

Todotain the intensity of the input trafficand to evaluate the initial gueve lenghts
infront of the junction is aproblem connectedwith acomplex and expensive technical
support. Heretheequivalentnoise level is introduced asa state variablewhichcanbe
measured for theevaluation of the queue lenghts and traffic intensity . Thenoise level as
an integal characteristic iseasy to obtainwithout cost valuable technical support.
Additionaly, the apprapriate optimal control onthe traffiic lightswi l | decresse thenoise
polluaon.

Inthisworkto reduce the pol lutionamodel of traffic queues at connected crossroad
sectionsare proposed. The relationbetweengreenand red lightof thetrafficsignalsata
single crass-road section isused asacontrol variable. Anoptimizationproblemis
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proposed. Thiscontrol policy decreases the trafic’s queue and respectively the noise
pollutian.

2. Case study

Infact the trafficnoise is continuously fluctuatingbut forashortperiodof tine itis
oconsideredasaconstantvalue. Inacaseofastraightsectionof roed theeguivalent noise
level Leqduetoﬂ”lepassingcfaseriescfvehiclesweraperioddftirre [t t]isgivenby
theintegral [20, 4]
t2
1 :
o L.,.=10 log ——- _[ Q—pz—'SE) dt ,
-t pzo
where Q is the number of vehicles passed trough the road section for the time peri-
od (t,-1); pQ and p,—theacousticand the reference pressure level . Ifthetrafficis
steedyLeq isno longer dependent on the durationof the measurements sothe relation (1)
tends tothe integral form [28]:

%) L, =Lg+ 101ogQ, L= 43dB.

FordifferentroisesourcesL, , i=1, n, theecuivalentroise level L isa logarithmic
function of the canporents L [28], givenby

n
(&) L= 10 log 210 O-teai .
i=1
Relations (2) and (3) are introduced Inanoptimizationproblenaccording tothe
traffic noise measuremert scheme consisting two control and measurement pointsAand
B, situated closedto the traffic junction, Fig-1.

' N
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Fig.1. Oneway intersectionmeasuring scheme

Thepoints A and C aresituated distantly to the junctionwhichtasksare toestinmate
the intensitiesof the inputtrafficstreans to thehor izotal adver tical trafficflons. The
poirts B and D aresituated closetothe junctionandestimate thenoiseof thevaiting
vehicles. Two noise equi libriumequations are written for points B and D. All noise
measurements are performed atadistance d fronthe street.
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Thenoiseequi libriumat point B consists of threemainnoise sourcesarising fram:
- the queue of vehicleswaiting for greensignal, Leg =L;
- the input traffic stream Le’;: L,.:
- the oautput traffic flowvdecreasing thevaitingqueve during thegreensignal L, -
Theequivalentnoise level atpoint B constirtuted fromthese three independent noise
saurces, accordingto (3), iswrittenby therelation
L, (k+1) =10 log [ 10°%:® + 10°im@9 — 1071 ],

wherek isthediscrete time.
Thevalueof L, canbe expressed by (1) as

Loe = Loy t 10 1ogQ.

Thevalue Q means the number of vehicleswhichwill pass the intersectionduring
thegreensigmal . Itcanbeexpressedas

Q) =s,u®),
where s, isthemaximumnurber of vehicleswhich is possible to leave the intersection

inthehorizomtal way duringanecyclecofthe trafficligits; w(K) istherelativeduration
of thegreen lightexpressed asapartofthetotal gycle ¢

(4) c= ugreen +u red +u amber ?

u=u /c,

green
‘uw) —tredurationofappropriate trafficsignal -
Aftersubstituting L, in L (k+1) thenoiseequilibrium atpoint B iswrittenby
theequation

o) L, (k+1) =10 log [ 10°1:69 + 10% %m0 — 10% et 2000500 ]
Similar considerationderivesthe noiseequilibrium atpoint D as
(6) |_2(k+1) =10 Iog [100,1L2(k) + 10°-WLin2CO — 1 (0> L(Leg* 1010gs,(0,9-u(k)) ] i

where L,() istheequivalent noise level atpoint D fortwo consequent time discretes
kand k+1; L, , isthenoise, resulting fronthe input trafficfor thevertical axis, s,-the
maximum number of vehicles which can leave the junctionfor onecycle inavertical
direction, 0.9-u isthegreen light duration assuming that theanber light is0.1c in (4).

Relations (6) and (6) areapplied inanoptimizationproblemwhichwill minimize
the noise behaviour of the junctiion. The goal function J, ofthisoptimizationproblemis
givenengineeringmeaningofequivalentrnoise level arising fronthe twonoise sources at
points B and D. Thus, theminimizationof J, will getadesirable reductionof thenoise
behaviourof the junction. Thegeneral considerationof the gptimizationtheory imposeon
‘the components of J tobe chosen in aquadratic form. These considerationsnotivate the
formof Japplied inthisresearch as

k
(7) ‘J1 =10 Iog zp[ (100_1Ll(k+1))2 + (100.1I7(k+1))2 + (U(k))z] R
k=1

Theextremumpoint u* isevaluated fromthe firstderivativeof J,
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minJ, (W= u*=arg [dJ, /du=0]

(t3)] u*= —————————— .

The solution (8) isobtained inananalytical form whichallows toperformclosed
loop control of the trafficsignals inreal time. The input data for thecontrol law(8) isthe
aurentvaluesof trenoise leels L (0), L (0), L, ,ad L, - Duringtrecclec thesevalues
aremeasured continuously. Inthe endof the cycle themeanvaluesof L (0), L(0), L,
andL, , aresubstituted in (8) and theoptimal duration u* isapplied for thenextcycle
of tretrafficsignals. Thiscortrol policyevaluatespermarently thegreensignal forevery
trafficocle.

3. Noisemodel ingofarterial strestwith intersections

Thenoise equil libriummodel isextended for joint connected intersectionswithanarterial
direction. Two junctions on amain street constitute atraffic networkwhich endure
prolonged congestions inthedonrTtoan of Sofia- Theoversaturated trafficnetwork consists
of two neighbour junctionswirthestimated traffic loadsgiven inFig-2.

Nt ()| p=0,95 n3()

— — PS Y, Lin3 -
u, s,=1600v/h | u,
L,,=72,03dB L,,=66,98dB L, (0)=73,8dB| ,L, h =69,53dB
s, =1400 v/h s,=1600 v/h s,=1900 v/h
L,(0) =75dB L,(0)=70dB ,(0)=71,75dB

Fig.2. Traffic network scheme

Thetrafficcontrol of thisnetworkmustassure srooth trafficmotion fram left toright
directionwithout rising the vehicle queues in front of the two junctions despite the
interrystionsdoreby thetrafficsignalsal loving thever tical trafficfloss. Themaintraffic
loadarises franthevehiclespassing trough thehorizontal axis, starting from intersection
N1 and continueing to intersection N3. Thisoccasiongives reasontoassure that the input
traffic flovfor intersection N3 isconstitutedby thevolunesp s, u, , wherethe coefficient
p=0.95 isdeterminedbystatistical considerations.

Thenoise equilibriummodel (5) weas appl ied for the case of arterially connected
intersections. Thecontrol argunentsare the relative greendurationsy, andu, , respectively
for both intersections. Theestimationof the feasibleareas ofvariationfor the controls uy
and u, Isperformedasfollons:

Intersection N1

- The input trafficnoise of the horizontal axisnustbe less thantheoutput one during the
greenpraseof thetrafficsignals
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L,,=101og10%"m <10 logs, u10%*= or u>10%'¢mw /s =0,57.

- The input trafficnoise of thevertical axisnustbe less thanthe outputone :
L,,=101og10%"~ <10 logs,(0,9-u,J) 10%"= or u,<0,9-10" ¢ /s, =0,74

Boththese constraints limit the feasible regionofu,
(€©)) 0,57<u,<J0,74.
Intersection N3

The inputtrafficnoise for the horizortal directionnusthbe less thanthe autputoneduring
thegreenphase u,

I_in3 =10 Iog [p s1 ulloo-lLEqi] <10 IOQ(Sg U310°-1Leqi) -

Inthisrelationthevalue of u mustbesubstitutedwith itsworstcasewhich is the
maximal duration of u, . Thisvalue isgivenfram (9) as

u™=0,9 - 100! CGinteaid /'S
After rearanging the loner boundary of u, isobtainedanalytically:
u,>ps /s,(0,9-101 Gt /5) =0,62.

Frananalytical considerations conceming the noise feasible equill ibriunfor the
vertical axisof juctionN3, therelation is
L,,<101og[s,(0,9-u)10°"=] or ux<0.9-10'¢mbw /s, =0,66,

(1o

(10) 0,62<u,<0,66 .

Relations (9) and (10) determinethe feasibleareaof cortrol variations. Thenoise
equi libriuneguationswrittenfor the junctionsaregivenby:
- junction N1, horizontal axis:

L, (1) =10 log[10%*4® + 100t — s U, 10% =i ]
- junction N1, vertical axis
L,(1) =10 1og[10°>*=® +10%"=—s, (0,9 —u )10% =] ;

- junction N3, horizontal axis:
L,(1) = 10 log[1071 5@ + 101 — 5, U )10° 1],
where L, .= pu, s 10°1w;
-junction N3, vertical axis:
L,(1) =10 log[10%*+® +10%%m—s, (0,9 - u,)10% =i ].

The goal functionof theoptimization problengives theengineering meaningofthe
equivalentnoise level , produced by themultiplenoise sources

A1)  J=10 log{(10°1L®)? + (10°ILMD)? + (10P1L®)2 + (10°PLLW)2 +
+ (U, 107 %)? + (U, 10°2wi)7}
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Hence the optimization problem conceming the trafficnetwork is
(12) min J
ul u3
L LLL

2 73 T4

L= L +10 log(a, -s,u,),
L= L. +10 log(-B,+s,u,),
L= L +10 log(o, +ps,u,-s,u,),
L= L +10 log(-B,+s,u,),
0,57<u,<0,74 ; 0,62<u,<0,66 ,
where
o, = 10%1 G@-beq) 4+ 1002 Cinnbeas)
—B, = 10°1 GO + 1091 Gl — 0,9'S,
o, = 1001 GO-begd |
—B, = 1001 GOt + 1001 Cincbea? ~ 0.9 S, .
The solutionof this constrained problem (12) is foundby substituting L (D), i=1,4

in J and thenthe minimumof J iscalculated in regard tothe boundaries (9) and (10) .-
Analytical solutionsof the optimization problem (12) canbe found by the systemequations

u*=arg {dJ /du=0} and u*=arg{dJ/du=0}.

Afterafewalgebraic operationsthevaluesu and u areexpressed inadeterminant

form
as) u*=D,/D, u*=D,/D,
where
~ SP(L+p)+s+1 -pS,S,
) I-ps,s, s;+s,+1 h
0. = o,s, +B,S,-pa,S, -pS,;S, ,
| a,S,+B,S, s2+s+ 1]

D =

3

2 2 2
sP(A+p)+s+1 oS +B,SpSS, '}
—PS;S, 0,S, + Bss4

Applying relations (13) and the constraints (9) and (10) the solutionof the
constrained optimization problem (12) it isobtained inananalytical form

[ u* if 0,57<u%<0,74 [ u% if 0,62<u*<0,66
@ w =1 057 ifux<0,57 ; u°, =1 0,62 ifu%<0,62
| 0,74 ifux> 0,74 | 0,66 if u*>0,66.

Theanalytical relations (13) al lovthe control algoritihmtobe implemented ina
closed loop.- The control systemcontinuouslly performsdataacquisitionfor the inputnoise
L,, ad the resultingnoises in front of the junctions L(0) . Thegppropriategreensignal
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Fig.6. Greensignalsof intersections1and3

durationswi Il beevaluated according
tothecontrol law (14) and inplemented
Toreverycycle of thetraffic ligts.
Relations (13)-(14) were
applied inasimulationprocedurefora
sequancecftrafficocles. Thereaulting
ocontrolsand thebehaviour of thenoise
leelsaregiveninFig.3,4,5,6ad7.To
compare the simulation resultwith
practical inplerentationthecalaulated
sequence of u® and u’ of the
simulationweregpplied forboth traffic
Junctions. Theestimatednoisebehaviour
isnotedasL, , i=1, 4. Dietothe limited
number of avai lable sound exposer
meters (only two), the resulting
equivalentnoise levelsweremeasured
two by two. Itmeans that for one day

applying . and L, only L (1) and L, (1) is measured. The next day the experiments of
applying the sequence L, and P, were repeated but measurementswere done for L (1) and
L,(D) - Thisnoninstantaneous technology of data acquisitionyieldsadditional data
inaccuracy - Despite thisnonprecise treatmentof the cortrol scheme,, the real processkees
decreasingcharactersofall noise leelsL,, i=1, 4, whichberefitsthegplicationofthe
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noiseequi libriunmodel ing in real time implementation.

4_Conclusions

Thiswork applies acousticmeasurements to the optimal control of trafficsignals. The
acousticmeasurements are connected inaclaose loop form to the control processwhich
adapts thegptimal solutions totrenonstationary trafficconditions. Duetotrecorrelations
between the acousticnoiseand the vehiclesexnaustions, thiscontrol problem introduces
eplicitlythreenviromental pol lutioncosiderations. Thedevelgamentofcontrol algorithms
for aset of simply connected urban junctions intersections operating by acoustic
measurements influences positively the envirommental pol lution inurbenaress.

References

1.Al-Khali L. Anurbantraffic control: a general approach. — In: Transactions on Systems, Man and
Cybernetics. Vol . SMC-15, 1985, No 2.

2_.Abramzuk, T. Image processingtechnique applied to trafficmeasurement. —In: Control, Computers,
Communications in Transportation. IFAC Symposium CCCT*89, Paris, France, 1989, 77-81.

3.Barriere,J.,J.Farge, J. Henry. Decentralization hierarchy inoptimal traffic control . — In: 5th
IFAC/IFIP/IFORS Conference on Control inTransportation Systems, Vienna, Austria, 1986, 209-
214.

4_Beruard, B. Environmental noise measurements. —Techn. ReviewNo 1, Bruel&Kjaer, 40, 1986.

5.Blosseville,J. Titan. Newtraffic measurement by image processing-— In: Control, Computers,
Communications in Transportation.—In: IFAC Symposium CCCT*89, Paris, France, 1989, 69-
3.

6.Bresse,B.,A.Mocheoine. Traffic management, energy and pollution.—Recherche, Transports,
Securite, 1990, No6, 119-124.

7.Cremer, M. Flowvariables: Estimation. Concise Encyclopediaof Traffic and Transportation Systems.
(M.Papageorgiou ed.) . New York, Pergamon Press, 1989, 143-148.

8.Gazis, D. Thetrafficcontrol — theoryandapplication. — In: D.C.Gazised., Traffic Science. N.York,
London, Sydney, Toronto, Wiley Interscience, 1974, 209-229.

9.Grau,R., J.Barcel o. CARS: Anexperience indemand-responsive traffic control .—In: Proceedings
of 1st Meeting of the Euro Working Group inUrban Traffic and Transportation, Landshut,
Technical University of Munich, Germany, 1992.

10.Henry, J., J. Farges. Traffic congestion control .- In: Control, Computers, Communications in
Transportation. IFAC SymposiumCCCT*89, Paris, France, 1989, 257-261.

11.Kim, K., M. Be I 1. Development of integrated traffic control strategy both inurban signal ized and
motorway networks. — In: Proceedings of 1st Meeting of the Euroworking Group in Urban Traffic
and transportation, Landshut, Technical University of Munich, Germany, 1992.

12.Lim, J.,S.Nwang, I. Suh, Z.Bien. Hierarchical optimal control of oversaturated urban traffic
networks. — Int.J. of Control, 33, 1981, No4, 727-737.

13. Lopat in, A. Modeling the Traffic Load Process and Urban Vehicle Sheduling. Moscow, Transport,
1985 (inRussian).

14_Messmer,A.,M.Papageorgiou . Automatic control methods appl ied to freeway network traffic.
—In: 12th IFAC World Congress, Australia, vol .9, 1983, 233-238.

15.Michalopoulos,P.,G. Stephanopoulos. Analgoritimfor real time control of critical intersections.
TrafficEngineeringand Control, 20, 1979, 9-15.

16. Michalopoulos,P.,G.Stephanopoulos. Oversaturated signal systemwith queue length
constraints:single intersection. —TransportationResearch, 11, 1977a, 413-422.

17. Michalopoulos,P.,G.Stephanopoulos. Oversaturated signal systemwith queue length
constraints: sistems of intersections. - TransportationResearch, 11, 1977b, 423-428.

18.Mitani, M. Ohta. Apractical evaluation method of Leq based on the beta distribution matched to
the restricted fluctuation range inactual randomnoise.— Acoustica, 69, 1989, 185-183.

19.Papageorgiou, M. Applicationof Automatic Control Conceptsto TrafficModellingand Control.
Springer Verlag, Berlin, 1983.

4 3



20. Saenz, L., R. Stephens (eds.) - Noise Pol lution. JohnWiley&Sons Ltd, 1989, p. 446.

21. Scemama, G. Traffic control practices inurban areas. Anual ReviewReportof the National Research
Institute of Transportand Safety . Paris, France, 1990.

22.Shaw, E., N. O I son. Theory of Steady-state urban noise for an ideal homogenous city.
—J.Acoust.Soc.Am. 51 (6), December, 1972, 1782-1793.

23.Singh, M., H. Tamura. Modelingand hierarchical optimization for oversaturatedurbanroadtraffic
networks. — Int._Joumn of Control, 20, 1974, 913-934.

24.Singh,M.,A_Titli . Systems: Decomposition, Optimizationand Control, Oxford. UK, Pergamon
press, 1987.

25.Strobel, H. Computer controlled urban transportation Systems. Asurvey of concepts, methods and
experiences. — In: IFAC/IFIP/IFCRS Conference onControl in Transportation Systems. Vienna,
Austria, 1986, 25-45.

25.Taylor,1.,C.Margaret, G. Geary. Queue volume — ameasure of congestion. —TrafficEngin.
Control, 28, 1987, 582-585.

26. Yamaguchi, Sh., Y. Kato. Apractical method of predicting noise produced by road traffic controlled
by traffic signals. —J. Acoust. Soc.Am. 86 (6), December, 1989, 2206-2214.

27.Wan, C.L.,K.W.Dickson. Road trafficmonitoring using image processing—asurvey of systems,
techniques and applications. — In: 1FAC Symposium: Control, Computers, Communications in
Transportation, AFCET, Paris, France, 1989.

28.Zarkov, N.,M_.Konstantinova. AcousticCharacteristicsof Sofiacity (A-Marinov, ed.). Sofia,
BAS, 1988 (inBulgarian).

OKBUBAJIEHTHAHA YPOBEHE lIyMa M OIITVMMM3aAllA
cBeTOoPOPOB B Tpaduke

Kpacmmpa Cromiosa, Tornop CTOMIOB

VHCTUTYT KOMIIBIOTEPHEX M KOMMYHUKALMOHHEIX cucTeMm, 1113 Copusa

(PeswomMme)

Ob6cyxnmaeTcsda npobjieMa ONTVMAaJIbHOT'O ylpaBJleHUs CBeTOOOPOR B Tpaduke. B
3allayue OVMHaMUUeCKOM ONTVMM3alluM YPOBEHD llyMa BROOUTCSA Kak [IepeMEeHHOM
cocTodaHMA. [IpenyioxeHa 3aMKHyTasd CUCTEMa yIIpaBJIEHN, KOTOpas onpenesgeT
MPONOJIKMTEJIBHOCTE 3eJIEHOT'O CBEeTa B 3aBUCVMOCTMU OT SKBUBAJIEHTHOI'O YyPOBHSA
mwyMa . 9Ta cTpaTerusa ylpaBJIeHMS yMeHbllaeT IyM B MHTEHCUBHEIX [IYHKTAaX
IOBVDKeHMS . [lOKa3aHel DKCIIEPUMEHTAJIbHEIE Pe3yJIbTaTHL.
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