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ABSTRACT
Traffic management in cities with congestion isig bhallenge with still unused opportunities. lis&stion
control is a corner stone but this should be doneni area-wide context. The dominant traffic preaas urban
roads is the traffic flow on the intersections. ISipack is a most important cause of malfunctionimworks.
The methodology described in this paper gives @cgired approach to develop scenarios for dynaraftid
management. The detection of spillback can be thgribe analysis of probe vehicle data. Using thaflmts at
the intersections as the basic elements of theankteapacity analysis and the basis of traffic oonthis paper
develops a method to define control scenarios lyuation and adaptation of local traffic contralffiering and
metering strategies and rerouting. To support éis& df traffic managers, the monitoring, traffic magement
scenarios and evaluation by simulation are integrétt a decision support system, iTides. This nalagy is
applied in a network in the CBD of Changsha, thgitahof Hunan Province in P.R. China.

Keywords: spill back, probe vehicles, buffers, tgnag, conflict group, decision support system.
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INTRODUCTION

Traffic management scenarios are the combinatiortraffic states and appropriate traffic management
strategies. The traffic states are characterizethbyflows, queues and traffic control. The trafil@anagement
strategies consist of suitable traffic control meas on intersection level, ramp metering conant information
provision to drivers on Variable Message Signs (YM@dio and onboard devices like smart phones and
navigation systems.

For the development of traffic management scendnie® issues are important:

1. How to identify the traffic state in the road netkjo
2. How to choose and optimize traffic management nreasu
3. How to decide what the most applicable scenario is.

In this paper a methodology is described for thtesee issues for urban road networks. The methggadke
applicable in any urban road network where suitafidaitoring, control and information equipment ia#able.
The implementation details are specific for thetipalar network where it is applied and the techhiand
organizational possibilities.

Queues are normal phenomena at signalized intersscthey build up during the red phase and should
disappear during green. Also queues that do noptzigly disappear in the green phase are unav@datime
periods of large traffic demand. The problem becos®ious when queues spill back to upstream ettons
and block there the movement of vehicles that mall pass the bottleneck or when the queue spitlk tmathe
beginning of a turning lane and prevents turniadfit to enter these lanes. If this happens the/oekt
performance is reduced, which can be observededugtion of traffic flows.

The traffic management options can be distinguishéldree categoried)

« Local measures on single intersections
« Coordination measures for adjacent intersections
« Rerouting measures on a network wide scale.

The local measures are especially the adaptatitimedfaffic control, for instance to restore tladmce
between traffic demand and green phases and ddapignal cycle to the actual traffic flows. Thaffic
controllers often work on a fixed cycle when thisreongestion since vehicle actuated signals \eilehgreen
phases that extend to the maximum green lengtfal@nbe between demand and flows can lead to aetitfe
cycle time and green splits, different from thedatermined maximum cycle and green times. Espgdfadpill
back occurs, the traffic control on the downstrezam be modified to increase the outflow of the lwikh spill
back. Since the 60s of the last century severdiesthave been made on the optimal setting of Egna
oversaturated network. GazB) @nalyzed a store and forward network and devel@pmethod to minimize
delays assuming fixed routing, predictable floungle two phase signal control and a linear queuingel.
Gazis and Pott3) found the well-known bang-bang control stratedyeve one direction of the oversaturated
intersection gets the maximum green time and therdhe minimum, until a moment that this greeoddted is
reversed. As far as the authors know, this costrakegy is not widely used in practice.

Coordination measures are taken to reduce theairtfica link with spill back. We call this ‘meterin@ he
consequence might be that the queue on that Isdpgiears, but the queue on this metering inteosexti
increase and may cause new spill back and grid [Blo& constraints on queue length are an impoigaoe in
urban networks. Michaelopoulos and Stephanopod)o®0k this into account in their analytical methodyet
an optimal control for simple two phase control gnedictable traffic flows. Lieberman et &) @eveloped a
method to control congested road networks by maggattie queue lengths by coordinated intersectioirab

Rerouting is the measure to stimulate or forceais\to take a route that reduces the congestisarire area.
The simplest way to induce rerouting is to forkaét turning on congested intersectiof (t is obvious that
such measures may just shift queues, unless #mmative route has sufficient capaci®).(Therefore, such
rerouting measures should be well analyzed befag are implemented.

The third issue is the decision making to choosestienario that is most suited in the actual sitnatn
practice such a decision making should be basedsight in the situation and knowledge of the cohtr
possibilities. Traffic management officers shouddvé these qualities, but often the situation inntégvork is
complex and not every officer has the same expegieA decision support system is suitable to hedpttaffic
managers to choose the best management measures.

The challenges of the area-wide traffic manageraentliscussed in the following sections and sugtabl
methodology is explained. The focus is the develemof a decision support system for area widditraf
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management. Section 2 deals with the monitoringthedpplication for network diagnosis. Sectiorxplains
how an intersection based analysis can be usegtitnine network rerouting. Section 4 brings theseaepts
together in an evaluation and decision supporesyst

The methodology described in this paper has ofligiheen developed for the city of Beijing)( Now it is
being adapted and generalized for Changsha, thimkcapHunan province in China. In Changsha the
intersections are controlled by a SCATS syst8nThis system monitors the traffic streams by |ldepectors
on nearly all lanes of the signalized intersectidgnsthermore, all taxis in the city have a GP®oard that
gives the position, driving direction and speedrg39 seconds. Both data sets have been usedsisttidy.

TRAFFIC MONITORING ON LINKSAND SUB NETWORKS

Congestion during peak hours is normal in many diggties. In most cases the capacity bottleneokstee
intersections. Queues are normal even in time genathout oversaturation. Due to the periodic asde the
intersections by traffic control, queues build ugal @aesolve during a control cycle. In the casewsrsaturation,
the queue cannot fully resolve during a green phBise resulting overflow queue is also a normalngimeenon
in peak hours. As Viti and van ZuyledQj show, this overflow queue even exists in condgidhat are on
under-saturated on average, due to the fact thatksr of vehicles on the intersection have a ramdbharacter.
The overflow queue becomes structural when theaaeemflow is larger than the saturation flow oé tlanes
available for the inflow, multiplied with the fraoh of the cycle that these lanes have the grepraki

Queues have a periodic character based on the ofdlee signals. The overflow queues have a steady

character growing or reducing from cycle to cydepending on the degree of saturation, the presemtlow

gueue and the equilibrium value of the overflow wpi€l0). As long as the periodic queue plus the overflow

gueue can be stored on a link without spilling beckn upstream link, the traffic conditions cancbhasidered
as acceptable. If spill back occurs, the back ef gneue reaches the upstream intersection and egdisc
performance. This can even result in complete bitackf all flows in that intersection.

Therefore, the criterion for additional controliantis the position of the back of the queue wibpect to the
length of the link. In Changsha the queues arenestid from the behavior of taxis as probe vehiclégre is
some doubt about the question whether taxis ameseptative samples of the road traffic. Taxi dsvieave to
pick up and deliver passengers and stop for thgigse. Incidental stops of less than 2 minute®edtions
where other taxis pass without stopping can beidered as such events. A second issue is thatltesgrs are
experienced with the traffic conditions. Routeshwétlot of congestion are avoided by taxi drivergich makes
the percentage probe vehicles low at roads for dhatmost important for monitoring. A third aspetttaxi
drivers is that they may drive more aggressivethsrarivers. In the observations in Changsha wedadandeed
some taxi drivers who used parallel roads for H&ydo pass the queue, but their trajectories eemilyebe
identified and eliminated.

The criterion for the back of the queue needs santber analysis. The definition of a queue as pétab

vehicles is too narrow. Drivers often drive withwier speed when they approach a standing queue. This

anticipation effect reduced the driving speed andat necessarily related to traffic density offitaszolume on
the road.

FIGURE 1 and FIGURE 2 show the analysis of taxi GRag on Laodong Road, a busy road with frequently

occurring spill back in Changsha. The data refah#road section between two intersections: threriuRoad
in the West and the Shaoshan Road in the East.
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FIGURE 1 Positions of taxis at low or zero speed along aroad (Laodong Road in Changsha) and
emer ging queue spillback of the East bound traffic.

In Figure 1 the GPS position of stopped and slalvlying taxis are visualize between 8:00 and 1(tD0e is
on the horizontal axis). Their position in metelsng the road is along the vertical axis. The sgetions are
1870 m and 2910 m resp.
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FIGURE 2 Trajectories of taxis along the Laodong Road. The speed of the taxis until 8:20 is
considerable lower than in the time afterwards

FIGURE 2 shows the trajectories of taxis. The slofthe trajectories represents the speed. This is
significantly lower in the time until 8:20, whiclhews the existence of a slowly moving queue. Omeotserve
in FIGURE 1 that in East-bound direction a queuidiswp between 8:00 and 8:15 and that this qupilis s
back to the Furong Road intersection. In obsertlieghreatening spill back is not too complicatethg the
GPS data, the flow data and the traffic controisT® a mesoscopic monitoring approach based oragee
microscopic traffic data. Therefore, the trigger tlaking measures to avoid spill back is the obesigon of low
speeds at the upstream road segment (or the d@anstoad segment of the upstream intersection).

Recently, the Macroscopic Fundamental Diagram (MB@yoposed for the assessment of the traffie stat
urban road networkd{). The MFD is an empirical macroscopic diagram shgwhe relation between the
generalized vehicle density (GVD) on one axis dredgeneralized traffic flow (GTF) on the other akizhe
GVD becomes higher than a certain level, the ndtecomes less effective because of spill backuetigs.
This results in a lower GTF. The MFD is a typicalaroscopic monitoring method with the disadvanthge
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several completely different traffic states carediive same GVD. For instance, in the example aireig only
the East bound direction had the spill back, thestMdeund flow (the blue dots in Figure 1) was mstaller
and gave no problems. If we would have the totad/fbn the link balanced over both the East bountiVilest
bound directions, there would no spill back onmeitof the directions. That balanced situationthassame
GVD as the situation shown in Figure 1. This ma&has a macroscopic measure as the GVD is not thie be
criterion to monitor the traffic state of a link énnetwork unless the whole network has a homogeneading
(12). As Knoop et al.13) show the MFD should have at least a third axigwlives a measure of the spatial
inhomogeneity of the density. Gridlock is directidependent and is, at least in the case studigdsipaper,
not uniform over an area and the queues appeavi® & stochastic character.

Therefore, we used the estimated queue lengthtlier6000 taxis with GPS, the traffic flows as meadwvith
loop detectors on the lanes at the stop linestamtink saturation flows as measured on the sft (

CONFLICT GROUPSASCONTROL UNITS

Most methods for the optimization of congested eks assume simple two phase control. Often thiictra
control is more complex and an analysis of the cipaf an intersection and the appropriate tradtioitrol
should be done. In the method described in thigiptye concept afonflict groups is used, sets of directions on
an intersection that all have pairwise a conflar instance, on the intersection of FIGURE 3 scomlict
groupsG areG; = {02, 31}, i.e. the conflict between the crosspedestrians 31 and the motorized traffic 2,
G, ={03, 06, 08},G; = {03, 07, 34},G,= {04, 08, 32} etc.

<+— 02
K 03

08 —>
07 4

]IIIWIIT

FIGURE 3 Example of an inter section with conflicting flows.

—
31 o
I
32—
—

Of course, some conflicts might be permitted, sagl03/08 and some might be completely ignored, aach
when right-turn-on-red is permitted. Such permitied ignored conflicts are only safe and acceptélthere is
not too much traffic for such conflicts or if spacimeasures are taken to control the conflict @gtrol signs
showing that right turning traffic has to give pitg to other traffic). For the remainder the ditieas of the
conflict group have to be given consecutive grddre whole signal plan can be considered as thgriatien of
the control of the different conflict groups.

A directioni with a flow rateq; and a saturation flow needs at least a fractigyis =y; green time, thus per
cycle with duratiorC the different directions of a conflict gro@ the time to be given to all direction should be

at Ieastz y,C. If the remainder of the cycle time is necessanlie transitionsl( is the sum of unused
i0G

yellow time, clearance time, and startup del@y), the minimum value of the cycle time for a cartfijroupG

is

Coin 2 Lk (1)
1->y,
i0G
Due to the fact that the arrival process of traffistochastic, the cycle time should be considgiabger
thanC,,,. Webster found many years ago a formula for thetectfme that minimizes the delay for simple two
phase intersections. Recalculation shows that \#ebgbrmula (6) gives too long cycle times for multi-
phase controlled intersections and that a suitayatke time is given by
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Cope 2 14l +4 0G
-2
i0G

(@)

It is obvious that the denominator in equationgl2uld be larger than zero and that the cycle bemmes

larger whenY, = z Y, becomes larger. A good traffic control strateggoisry to reduce the maximum value
i0G

of this sum for all conflict groups. This methodssimilar to the approach followed Xu et dl7 who

determined the capacity of an urban network byyaiad) the capacity of conflict groups on the inéamtons..

Another rule for signal control is to balance theeq times by allocating the available green t@nel to
directioni proportional toy,.

The strategy for network wide traffic control cam dxplained now within this framework. There ame¢h
levels to control traffic when queue spillbackhsdatening:

» Local tuning of the traffic control
» Controlling in- and outflow of critical links
* Rerouting traffic through the network in order &mluce the load on a critical intersection.

For the first kind of control we have to check gresent structure of the traffic control and timeirig. In the
example of the case study, the intersection hadabenetry as given in FIGURE 4. The intersectios afthe
off- and onramps of an elevated road, making isfims for traffic from the elevated road to turghi or left
and for traffic from the sides roads to pass uiiderelevated road or to enter an onramp.

The control structure was a three phase control wlzere the East and West approach had consecutive
phases and the South and North approach had sivealia green. For traffic conditions outside thekgeaurs
this three phase control worked rather well, buteavy traffic conditions the conflict between & causes
problems.

Therefore the first recommendation to solve thé bpck on the East approach is to modify the stmgcof
the control scheme by making all phases confle fiThe next step is to verify the length of theleynd the
green phases. This is simply done by verifyingdégree of saturation of each direction in the presaffic
control. Volumes are measured by the loop detedtioessaturation flow has been measured for theasiced
intersections in Changshd5j, so the degree of saturatigrdefined as = (yi/s . C/g;) whereg; is the green
time given to directiom. (In factx; is the ratio between the minimum green time nedygeitbw | and the actual
green time). By redistributing the green timesnratessary and possible — and changing the cyots ti

oversaturated directions can be relieved unlessiteesection is really over saturated aE Y, >1 or one or
i0G
more conflict groups.
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FIGURE 4 Thecritical nerio Withthe numbered directions (inter section Laodong Road with
Shaoshan North Road in Changsha). The background isfrom Google Earth.

If for one of the conflict groups at an intersentlg; is too large (a valu¥s > 0.85 is already large, because
in that situation the intersection does not haécent reserve capacity to handle the fluctuasiamthe arrival
rates). In the case that the queue problem camnsolved by adapting the signal timing, a decisias to be
made:

» allocate the queues on links that can act as bsjfface with sufficient room to avoid spill back to
critical intersections, or
e reroute traffic over intersections that have siiifficient capacity.

Buffer space has a limited storage capacity anidhaile a temporal character. If we assume thdtanafll
continue to follow the same routes, buffering i@l done by metering the inflow of the criticailior by
giving the flow on the critical link more green &nat the cost of other direction on the criticaéisection ).
The consequence of both solutions is that queuesae at other links than the critical on. Thisliezates the
queue and is, of course, a temporal solution.

The other approach is to reroute traffic such thatcritical conflict group is relieved. The negrtton gives a
possible methodology.

A METHODOLOGY FOR OPTIMUM REROUTING IN A SIGNALIZED NETWORK
The basic principle to choose optimum reroutinthét traffic streams are reallocated to the netvgordh that
the maximum value of the load ratio for all cortfijigoups in the controlled area is minimized. Tdgproach is
basically applicable if there are rerouting alté¢ines with spare capacity. If it is not possibldital sufficient
spare capacity, the methodology still gives thesjtilgty to distribute the oversaturation in a badad way.

As an example we use the networkbGURE 5 where intersection 2 is oversaturated. The ctitioaflict
group is {202,206, 211}. In order to reduce thesisection loading, we can consider the possiltiityeroute (a
part of) flow 206. Some options are to reroute @ or more of 4 alternativ€$GURE 5 b explains this.
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FIGURE 5.a Example network to explain the rerouting methodology. FIGURE 5.b Alternative routes
for 206: 1isthe original one, 2 goesvia 106, 701 and 606, route 3 takes the path via 104, 808, 506 and 202
etc.

The result of rerouting is that traffic that origlly passed intersection on direction 206 is noimgisther
directions. The consequence is that 206 getsidaictand the critical conflict group gets a lowalue ofY,
while other conflict groups have more traffic ared g higher value of.

A suitable assignment of the rerouted flow can &einined by minimizing th¥ value of all conflict groups
that are influenced by the rerouting.

If we assume that fractiam, of the flow still uses route 1 and passes int¢ize@ via direction 206q,
travels via route 2 etc. and that the volume oftthffic that has to be rerouted\is while the volumes of the
other flows is given by, theY value of the conflict groups that are influencedlie rerouting are:

G,1 = {206, 202, 211}
Y21 = 01V/Sy06 +(Coot A3V)/So02 + Op11/Sp11

G2 = {2,5}
Y22 = (0202t 03V)/Sp00 + Q205/S205

G.3={5,8}
Y23 = (Cla0s +04V)/Sp05+ 0208/ Soos

62’4 = {6,8,11}
Y24 = A1V + O08/Soos + O211/S11-

In the same way the relevant conflict groups onitkersections 1, 3, 4, 5, 6, 7 and 8 can be aadlgnd the

Y values can be expressed as linear functions afa,.
The best rerouting strategy can be solved by alsioytimization procedure:

{a}=arg '}/Li}n ND|2XYG (an.a,,0;,0,) 3)
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Under the condition thaE a =1
i

If an all-or-nothing rerouting is applied, the veduofa; should be 0 or 1, for a soft rerouting also naeger
values can be allowed.

It is obvious that there is not a general besttemiuDepending on the structure of the network, ftbws and
saturation flows of the other directions involvdiferent optimal solutions will be found. Furtheore, the
solution depends on the selection of feasible soée selected 4 possible routes, in reality tlwoehof
possible routes depends on the geometry of theanktand the range within which feasible routesciresen.
The wider the range, the more routes might be ifiledit Since the optimization (3) is simple andtfake
number of alternatives is not critical.

The difference of this simple rerouting method attter methods in the literature is that the othethmods try
to minimize delays, while this method tries to aptie the utilization of the network, especially the
intersections. This might be more interesting far traffic management that the optimization of geld he
solution gives also input for the calculation afrel settings.

APPLICATION OF THE REROUTING TO THE NETWORK OF CBD CHANGSHA

The network for which we applied the queue managgemethods is a part of the CBD of Changsha, the
capital of Hunan, P.R. China. The city center eiqmeres frequent congestion. Notwithstanding invesiisin
traffic control, installation of Variable Messaggyi®s (VMS) and adaptation in the road geometrygestion
occurs daily during the peak hours. In severalasagestion spills back to upstream intersectiansing a

reduction of their performance.

Renmin West Rd

Tianxmn Park .
eS| Renmin Midde Re
Tiaman

Jiarun

angjnang Midele Rg

Guihu,

Dahua Hote
B

Famous

L\ Tujiachong
FIGURE 6 Map of the application area with the queue spillback (red line) on the Laodong road. The
critical intersection isshown with a bluecircle. The best rerouting isto turn left already to the

Huangtuling Road

The map of the area is given in FIGURE 6. As shawiigure 1, spillback (marked in red line in FIGER®)
occurs on the Laodong Road between the intersegtiarked in blue circle) with the Shaoshan NortaéRand
the Furong Middle Road. The critical intersectisittie one between Laodong Road and Shaoshan Noatth R
According to Figure 1, the critical time is betwegA0 and 8:30, while the queue spillback occuosiad 8:15.

A check on the available queuing space in that pevéod showed that some buffer space was stillabla
on the Laodong Road West of the intersection withFurong Middle Road. The intersection betweeroSten
Middle Road and Chengnan East Road had a rathkeitiiffic load. On the South side of the criticeda, the

Huangtuling Road still had space and intersectapacity.
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The metering and rerouting strategy became, thexgefo restrict the inflow to the Laodong Road frima
intersection with the Furong Middle Road during pregiod 8:00 to 8:15, and to give traffic comingeothe
Shaoshan Road from the South the advice to usdubagtuling Road to turn Westwards instead of ngneft
on the critical intersection, as depicted in bllie&s. This advice can be given by a VMS on theaShan Road
before the intersection with the Huangtuling Road.

The different traffic management measures wereuat@dl with a simulation program Dynasmda®)( The
program was used initially for off-line simulatiom the future it will be used for real-time simtita as well.
The simulation results are given in FIGURE 7. Thhgw that this rerouting plus the traffic contrptimization
at the critical junction reduces largely the sgitil, reduces travel times and delay. The averagdeuof
10  vehicles travelling in the study network is reduyoetiich means that the average travel time hasrbedess.
11  Since some traffic had to take a longer routetaked trip distance increased. This example shdwatsdn
12  effective scenario could be found for a given leottick.

O©CoOoO~NOOUTA,WNE
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KPI - Key Performance Indicator
110.0% -
100.0% /t\ 'S
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a ‘ \
60.0% &
50.0% ‘
40.0% Total Travel Time Total Queue Time Total Trip Distance | Vehiclesin Net
| —+—Base Scenario 100.0% 100.0% | 100.0% 100.0%
Scenario with Control 89.5% 93.5% | 104.9% | 66.1%
14 | —#—Scenario with Control & VMS 86.8% I 86.4% | 104.3% | 60.2% |
15 FIGURE 7 Simulation resultsfor three scenarioswith evaluation of different performanceindicators
16

17 A SCENARIO BASED DECISION SUPPORT SYSTEM FOR THE TRAFFIC MANAGERS

18

19 As mentioned before, the combination of a traffates and suitable traffic measures is callesdeaario.

20  Several of such scenarios can be prepared in advHribe traffic conditions of some scenario ogehe traffic
21  measures that can deal with this situation carebemmended to the traffic managers.

22 The structure of such a decision support systemmistraffic data is collected in real time andrstbin a

23 database after initial processing. The historitaiesl data are used to develop scenarios. Thersogm@ae also
24 stored in the database. If some specific situatimours, a scenario can be presented to the trafitagers who
25  can chose to implement the measures. That canrigewng the traffic signals, by giving information VMS,
26 by manual control by police men on the spot andibing information to road users by Internet, melphone,
27  or navigation system.

28 The total decision support system with the namedegi(9) is being developed now for the city of Changsha
29  and will be implemented this year. It will contairdatabase for the historical and real-time traféita, a set of
30 traffic management scenarios and a simulation praghat can be used on-line with the input of messu

31 traffic volumes. FIGURE 8 shows the structure & ithides decision support system.

32

33 CONCLUSION

34

35 Traffic conditions during peak hours or specialrggdike incidents often require measures to agdigations
36 that reduce the capacity of the network. Queuesfaea unavoidable, but it should be avoided thegugs block
37  the access of parts of the infrastructure and resltleeir performance. This can be a full intersactir just

38  special lanes. The criterion for applying queue agament is the threatening or occurrence of spiib&ince
39 thisis a phenomenon on a link more than on a wheterork, the use of queue length detection ispgmapriate
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mesoscopic method to trigger queue management nesaflrobe vehicles give a suitable monitoring
instrument when the percentage probes is suffigidigh. Queue lengths can be estimated from stbppe
vehicles, but an analysis of trajectories givesam®mtailed information about queues.

In case of threatening spill back traffic managenseenarios can be chosen. The measures shouldasork
well on local as on area scale. The methodologipptoach to develop control and rerouting scendhiatswe
follow is that the measures are chosen based onflat group analysis of intersections involvedtsFof all the
loading factors of the conflict groups is checkitn the cycle time and green split. If the adamtabf these
control parameters is sufficient to avoid queudl bpick the scenario measures are sufficient, otiser
metering of the inflow can be a solution, whendlieues that will be caused by the metering cartdredson
links with sufficient storage space. Finally reingtcan be considered, where one has to take lcatredrouting
will not cause problems on other intersection$anetwork. This is achieved by minimizing the nmaxin load
factor of all conflict groups that are influenceglthe rerouting.

Since the diagnosis and selection of suited traffimagement measures is rather complex, a decispport
system is developed which gives advice to theitraffanagers and informs them about the impactef th
measures.

iTIDES

Integrated Traffic Information and Traffic
Management Decision Support System

)
Offine Traffic o
Simulation

Traffc signalling
Traffic
(signals and
Emaicn o)

‘TAXI Fleet, loop detectors, ANPR cams

FIGURE 8 iTides Framework
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