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FACULTY OF ENGINEERING AND APPLIED SCIENCE 

DEPARTMENT OF CIVIL ENGINEERING 

ABSTRACT 

DOCTOR OF PHILOSOPHY 

A PROBABILISTIC MODEL FOR THE ORIGIN 
OF MOTORWAY SHOCKWAVES 

by 
Nabil Farid Abou-Rahme 

From stop-start driving through to stationary queues, traffic congestion in its various forms is 
becoming an increasingly common feature on the motorway network. Flow-breakdown on 
motorways is a complex phenomenon that occurs under a combination of specific traffic 
conditions and perturbations in the flow. 

The context of this thesis is the value of being able to pre-empt the upstream propagation of 
the sequential braking pattern (known as a Shockwave) through dense traffic, thereby 
providing an opportunity to influence the traffic using speed control. The current body of 
literature describes flow-breakdown in various forms, including car-following behaviour, merge 
conflicts, gap acceptance, and fluid models for Shockwave propagation. However, the area of 
Shockwave origins (seed-points) is relatively unexamined. 

A fresh representation of shockwaves was obtained from traffic data on the M25 London 
Orbital motorway, and this led to a deeper investigation into the properties and mechanisms 
behind the formation of shockwaves. This investigation comprised a six-month survey of 
traffic data (accompanied by video footage) in order to examine the variety and distribution of 
events that initiate shockwaves. 

The implementation of automatic variable speed-limits on the motorway network raises the 
possibility for dynamic Shockwave damping. A simple feasibility model is presented in this 
thesis, showing the importance of being able to predict the start of a Shockwave in order to 
provide adequate time to influence drivers upstream of the origin point. 

Research then focussed on how to model the origin of the Shockwave, with a primary 
emphasis on statistical inference. A probabilistic model for the origin of motorway 
shockwaves is presented, requiring a detailed description of conditions present at the 
commencement of a Shockwave. Detection of seed-points was therefore critical to the 
implementation of this probabilistic model. 

Examination of existing methods of incident detection within the data set showed that whilst 
they detected the body of a Shockwave effectively they did not extend to finding the origin 
point. Software has therefore been developed to identify seed-points, and descriptions of the 
proposed algorithms used in the software are presented and assessed on their ability to 
identify the origin of shockwaves. This study has shown that it is possible to identify the 
location of seed-points by classification using traffic characteristics. The primary variables 
used were average speed and occupancy (a proxy for headway) as obtained from MIDAS 
detectors on the M25 Controlled Motorway. 

Finally, as a proof of concept, the probabilistic method was applied to the detected data sets 
in order to demonstrate the calculations involved. Probability maps were obtained for 
individual months and the implications were reviewed. Accurate calibration of this model is 
outside the scope of this present study, and points to a further research opportunity. 

The true value of this research will be in its application to intelligent transport systems which 
combine control algorithms with vehicle-based speed control systems. 
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1 AN INTRODUCTION 

1.1 FLOW-BREAKDOWN 

From stop-start driving through to stationary queues, traffic congestion in its 

various forms is an increasingly common feature on the motorway network. 

Every day, thousands of commuters use the motorway and trunk-road 

network to carry out journeys to and from their place of work or study. 

Demand for motorway travel is rising as fast as 3% per annum on motorways 

such as the M25, but the emphasis of current government policy is on 

providing better traffic control to existing roads rather than building new ones. 

The breakdown of traffic flow is a complex phenomenon, occurring under a 

combination of specific traffic conditions and perturbations. When the source 

of the congestion appears to concentrate around a particular location the 

cause can often be traced to the effect of local geometry on traffic behaviour, 

which can provide a level of disturbance sufficient to trigger flow-breakdown. 

Congestion is not always initiated by an immediately obvious cause such as 

an accident or roadworks, in some cases traffic moves (with little warning) 

from a volatile high-speed high-density state into a flow-breakdown state. 

Once the speeds do begin to drop, it can take some time before traffic returns 

to a freely flowing state again. 

Flow-breakdown has distinct economic implications in terms of lost time and 

missed opportunities. Unlike a train journey, time in the car cannot be easily 

transferred to other tasks, and late deliveries in the logistics industry can be 

quite costly. Congestion brings increased emissions through erratic driving 

patterns and an increase in the level of driver stress and frustration (due to the 

lack of control an individual has over the length and progress of their journey). 

One study on motorway delays showed that for a particular stretch of busy 

motorway during an average weekday the recurrent congestion was 

responsible for around 3000 vehicle-hours delay (Still, Abou-Rahme and 

Rees, 1997). This indicator is explored further in Chapter 3, but the value 

signifies an aggregation of delay experienced by those drivers on the 
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motorway unable to travel at their desired speed. By comparison, the 

vehicle-hours delay on non-typical days, (such as when a serious accident 

has occurred), can reach values of 9,000 or more. The same study observed 

that over a period of several months the delays due to recurrent congestion 

were about three times larger than the congestion directly attributed to 

incidents. 

The problem of flow-breakdown is influenced by a number of significant 

factors such as distribution of speed, and the density and volume of traffic. 

Flow-breakdown appears to be the result of a combination of fixed geometric 

features (such as curvature, gradient, or junction layout) and the variable 

characteristics of traffic passing through. Composition by vehicle type can 

alter the degree of severity for flow-breakdown, whilst the distribution of 

spacing between vehicles (headway) can affect the overall stability of traffic 

leading up to flow-breakdown. 

One way of visualising flow-breakdown along a stretch of motorway is to think 

in terms of a hurdle-race. Runners come across the first hurdle and either 

pass unhindered, stumble, or fall over. If runners pass a hurdle successfully 

they then continue forward to tackle the next hurdle. The analogy here is that 

each hurdle is a potential pitfall only until it is cleared. In similar fashion 

clusters of vehicles traverse a section of motorway, passing through locations 

that are conducive to flow-breakdown. If conditions at one such location are 

favourable then traffic proceeds unhindered to negotiate the next potential 

location. 

Flow-breakdown, especially during peak hours, is not always initiated by an 

immediately obvious cause. In any given unstable flow there exists a 

phenomenon known as a Shockwave (described further in Chapter 2), a 

change of state that propagates upstream. Those vehicles involved in the 

initiation or early stages of a Shockwave are often unaware of its existence. 

Figure 1 illustrates the causality behind the occurrence of a Shockwave, based 

on the logic described above. 
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Figure 1 - Cause and effect representation for Shockwave propagation 

A temporary restriction to traffic flow may have benefits to vehicles 

downstream of that bottleneck. An example of this which can be readily 

observed is the practice of slow overtaking by heavy vehicles. The overtaking 

vehicle moves up with relative ease alongside the vehicle it is passing and 

then matches its speed for a short Interval. This creates a temporary 

bottleneck (particularly effective on a dual carriageway), thus giving 

congestion downstream a little more time to recover without being fed by a 

relentless flow of traffic. Observation of traffic patterns suggests that drivers 

recovering from a Shockwave are dispersed, but eventually regroup with a 

headway distribution which makes them vulnerable for further Shockwave 

propagation (see Dixon, Harbord, and Abou-Rahme, 2002). 

In order to make a difference to traffic behaviour, a control system would need 

to make some prediction of flow-breakdown rather than just detect it after the 

event. A number of successful approaches to incident detection are already 

available (some of which have been used as part of the present study), but 

this can be taken a step further by investigating early warning signs in the 

traffic data. 
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1.2 STUDY OBJECTIVES 

The primary aim of this research has been to better understand the origin of 

shockwaves in motorway traffic and hence, potential remedial actions. 

More specifically, the objectives of this research were to: 

• review the body of literature related to this subject; 

• identify the occurrence of shockwaves in a particular archive of real 
traffic data, and locate their seed-points; 

• examine the traffic conditions prior to the occurrence of 
flow-breakdown; 

• develop and evaluate a conditional probabilistic model in order to 
describe the data and provide a posterior distribution for the 
occurrence flow-breakdown; 

• propose future applications of the model derived. 

1.3 METHOD OF APPROACH 

The Road Traffic Act of 1991 introduced the legislative framework necessary 

for variable mandatory speed-limits on motorways and the use of 

photographic evidence for speed enforcement. 

Using the Motorway Incident Detection and Automatic Signalling (MIDAS) 

system deployed on the M25 as the basic infrastructure for the new scheme, 

the Highways Agency developed an automatic speed-control environment 

known as 'Controlled Motorways'. A key feature that differentiates this road 

environment from a conventional motorway is the use of mandatory 

speed-limit signals (see Figure 2) rather than the advisory speed-limits 

displayed on traditional motorway signals. 

The Controlled Motorway Pilot Scheme covers the south-western quadrant of 

the M25, extending from Junction 10 (A3) to Junction 15 (M4), a total of 

around 22km. Traffic information is collected by means of inductive loops and 

processed by various algorithms at the local subsystems. Congestion alerts 

are then processed in order to determine the most appropriate speed-limit to 

be displayed. 
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Figure 2 - Variable Speed Limits in operation as part of 
Controlled Motorways on the M25 London Orbital between J10 and J16 

The driver-interface consists of Variable Speed-Limit displays mounted on 

gantries at regular intervals throughout the section. Each gantry has a 

number of speed cameras mounted on the reverse side in order to enforce the 

speed-limit displayed. 

This stretch of the M25 is one of the busiest motorways in Europe, with flows 

now exceeding 200,000 vehicles per day. Traffic data (averaged over 

one-minute intervals) has been available from MIDAS detectors on a daily 

basis since 1995. Data quality was sometimes affected by faulty loops or 

outstation problems, so basic filtering was needed prior to analysis. Within the 

data are hundreds of occasions of flow-breakdown, and information about the 

corresponding upstream and downstream conditions. Such information has 

been used in this thesis to provide valuable insight into the traffic behaviour 

observed. 

The M25 Controlled Motorway section has therefore been chosen as the key 

study area for this thesis. 
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1.4 STRUCTURE OF REPORT 

This chapter has given a brief introduction to the breakdown of traffic flow on 

motorways and described the main study site for the thesis, namely the M25 

Controlled Motorway. 

In Chapter 2 the Shockwave phenomenon is described in more detail looking 

particularly at its classical definition and characteristics in terms of origin and 

propagation. The chapter concludes with a survey of the body of literature 

that relates to this field, and a logical progression as to why this present 

approach was identified as suitable for research. 

In Chapter 3 an examination of the feasibility of dynamic Shockwave damping 

sets the context and relevance of the problem being studied in this thesis. A 

six-month study into the causes of congestion on the M25 was conducted, 

and the results are presented to demonstrate understanding of the nature of 

seed-points. Chapter 4 sets out a number of alternative approaches to 

modelling the seed-points based on a qualitative understanding of traffic 

behaviour and the intrinsic complexity of microscopic models. The description 

includes reference to car-following behaviour and how, when combined with 

appropriate lane-changing models, it can lead to seed-point creation. The 

probabilistic model is identified as the most appropriate for application. Input 

required for each component of the model is explained, and the potential to 

harness the predictive power of traffic forecasters is discussed. 

Having highlighted the importance of detecting the seed-points in order to 

have some input for the probabilistic model, the thesis then concentrates in 

Chapter 5 on the methods of detection. The chapter demonstrates how the 

seed-points were identified and analysed in the traffic data, summarising the 

overall methodology. Software has been developed to identify seed-points, 

and descriptions of the proposed algorithms used in the software are 

presented and assessed on their ability to identify the origin of shockwaves. 

The relationship between speed and vehicle headway is explored using real 

data of a higher resolution than the standard detector outputs. The added 
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insight provided a useful guide as to how the seed detection software should 

be applied. 

Results of the seed-point detection experiment are presented in Chapter 6, 

along with some simple analysis of the traffic data. The probabilistic method 

was applied to the detected data sets in order to demonstrate the calculations 

involved. Accurate calibration of this model is outside the scope of this 

present study, and points to a further research opportunity. The output is 

given in the form of a posterior distribution describing the probability of a 

Shockwave occurring for various combinations of speed and traffic density. 

Chapter 7 presents the conclusions of the research and looks at the way 

forward, describing possible applications of the work and suggestions for its 

development in the context of a rapidly developing industry. The application 

of this work would ultimately be in the ability to respond appropriately to 

conditions which are highly likely to produce flow-breakdown, and to control 

flow upstream of a Shockwave to ensure the Shockwave itself will decay and 

not propagate. The work also finds application in the enhancement of traffic 

forecasting models where the effects of seed locations need to be taken into 

account. 

References and appendices are included at the end of the document. 

Appendix A gives further background and results from the monitoring of 

Controlled Motorways on M25 J10-15. Appendix B discusses methods of data 

collection alternative to loop detectors. Appendix C summarises the 

car-following equations discussed in Chapter 4. Appendix D explores the 

issues of accuracy for data from loop detectors and the differences between 

point and section-based data collection. Appendix E gives further results in 

support of the arguments put forward in Chapter 6. Appendix F gives relevant 

software listings and Appendix G contains a glossary for terms used in this 

thesis. Appendix H expands on an alternative approach to deriving the speed 

of Shockwave propagation, giving supporting material to Chapter 2. 

PhD Thesis Page 7 Nabil Abou-Rahme 



2 SHOCKWAVES IN TRAFFIC 

2.1 INTRODUCTION TO SHOCKWAVES 

This chapter introduces the concept of shockwaves and their contribution to 

the phenomenon of fiow-breal^down. A qualitative description of the 

Shockwave as a moving boundary between two states of traffic flow is 

reviewed. 

This is followed by a comprehensive review of the current body of literature, 

from which a number of papers are identified forming the foundation for the 

hypothesis set forth in this study. 

2.2 DESCRIBING A SHOCKWAVE 

During congested traffic flow, the traditional assumption of independent and 

random arrivals is no longer valid. Under such conditions traffic is often 

affected by conditions further ahead in the direction of travel (downstream), 

and the achievable speed becomes restricted. In general terms, a Shockwave 

is a wave which moves through a fluid faster than a change would normally be 

propagated. In the context of traffic flow a Shockwave can be described as a 

high-density zone which moves against the direction of flow (upstream) over a 

period of time. The boundary or discontinuity between this region of 

high-density and other regions of lower density is also commonly termed 'the 

Shockwave' as the primary effects occur there. Such a discontinuity can 

sometimes occur well before the overall demand on a link has reached or 

exceeded the physical capacity. 

The origin point from which a Shockwave propagates can be described as the 

'seed-point'. 

Shockwaves are broadly characterised by a constant speed of propagation as 

well as by an increasingly large and abrupt drop in traffic speed as they pass 

a particular location. The severity of a Shockwave, defined in terms of the 

degree of reduction in speed, often increases with distance upstream of the 

seed-point. Even minor overreaction from consecutive drivers will bring about 

an amplification of the braking effect over time. 
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If propagation is sustained then there comes a point at which the Shockwave 

is no longer just causing a fluctuation in traffic speeds but is also bringing 

vehicles to a complete standstill. Once this level of severity is reached, the 

Shockwave begins to grow in another dimension, namely the duration for 

which this effect remains at a particular location. Cumulative delay is 

introduced by a range of readily observable behaviour by drivers, for example 

the need to get into gear and pull away again, or perhaps waiting until traffic 

ahead has moved more than just a couple of meters. Each delay is small and 

sensible but the accumulation defines the time for which a Shockwave acts at 

a particular location. We have therefore identified five characteristics of a 

Shockwave which can assist our understanding: 

• physical location of the Shockwave origin point (a seed-point) 

• direction of travel for the boundary between traffic states 

• speed of propagation (assumed constant but varies slightly) 

• severity of impact (speed reduction across the boundary) 

• duration of impact (time until vehicles achieve speeds similar to 
those before encountering the Shockwave). 

A simple scatter graph of traffic data for density (k), velocity (v) and flow {q) 

shows them to be related in the approximate form q = kv. On a macroscopic 

scale, a platoon of traffic (with properties /c?, vi) approaches another platoon 

(with properties /c^ V2) such that k i < k2 and Vi > 1/2. We can represent this as 

follows: 

ki, Vi kg, V2 

The abrupt increase in density in the direction of travel between the two 

regions on the carriageway defines the Shockwave. This boundary travels at 

a velocity (u) that can be defined in terms of the properties of the associated 

vehicles, given that conservation of flow holds true across the boundary. 
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Flow in: 

Flow out; 

q, = /c, (l/y - u) 

qo= k2{v2- u) 

Solving these equations for boundary velocity (u) gives: 

u 
(^1 - ) 

assuming that q = kv holds true for the specific traffic data being observed. 

Although flow at the boundary is conserved, the speed of propagation is the 

ratio of the differences in flow and density between the two platoons. Since k i 

< k2 and i/? > 1/2 the value of u is often negative suggesting backward 

propagation against the direction of travel. Although other combinations are 

possible, this study does not examine them. 

Figure 3 uses vehicle trajectories to present an example of Shockwave 

propagation. The Shockwave becomes apparent when consecutive vehicle 

journeys are examined following a minor disturbance to traffic with relatively 

high flow and density. In Figure 3 the Shockwave can be seen as the shadow 

region or ridge, travelling from left to right upstream. Each vehicle has a 

similar response to the braking pattern of the vehicle in front, this 'chain 

reaction' passes back upstream the message to brake. Once a vehicle has 

responded to the Shockwave, it then appears to return to its original speed. 

The width of the diagonally propagating ridge can be seen to widen over time, 

suggesting that the degree of braking is amplified by the successive reaction 

of drivers as the wave propagates. Once a Shockwave reaches the end of the 

platoon, the message becomes ineffective, since there are no more cars 

behind to continue to react to the braking pattern. The Shockwave has 

dissipated. 
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Figure 3 - A Shockwave defined by consecutive veliicle trajectories, 
after Leutzbach (1988) 

The Motorway Traffic Viewer (IVITV) facility (developed at TRL Limited within a 

project led by the author) provides a variety of graphical representations for 

loop and signal data. As part of the M25 Controlled Motorway monitoring it 

was possible to identify shockwaves within the traffic data, and demonstrate 

that the speed of propagation is approximately 19km/h (with variation from 

18-23km/h). If this boundary velocity (u) can be assumed constant for the 

propagation of the Shockwave and the relationship q = kv holds true to the 

data set then the difference in flow across the boundary is directly proportional 

to the difference in density. A fuller discussion of how the boundary velocity 

equation can be applied to the available MIDAS data is given in Appendix H. 
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Often, those vehicles involved in the initiation or early stages of a Shockwave 

are unaware of its existence, the direct effect of a Shockwave being felt 

anything up to 20 minutes later at a location upstream. Assuming this speed 

to hold true at every stage of the Shockwave, the tail-end of the Shockwave 

will take between 1 -2 minutes to propagate a distance of 500m (average 

spacing of loop detectors on the M25). 

Figure 4 shows examples of flow-breakdown on the M25. This diagram plots 

the one-minute average speeds of traffic against time (horizontal axis) and 

location (vertical axis). Traffic moves from bottom left to top right. 

Shockwaves can be seen in this diagram as diagonal lines (from top left to 

bottom right) of lighter-coloured (lower) speeds. On many days the 

shockwaves exhibit an apparent periodicity (in the region of 10-20 minutes 

between consecutive shockwaves arriving at a specific location) suggesting 

that some regenerative process might be at work. 

The speed of propagation can also be derived as follows. If the capacity of a 

motorway lane is around 1800-2300 veh/hr then during flow-breakdown 

approximately this number of vehicles will join the back of a queue in that lane 

every hour. If each vehicle is assumed to occupy around 10m of road space 

in stop-start conditions then the queue extends on an hourly basis by 18000-

23000m (or 18-23km). Hence the boundary between moving and stationary 

traffic moves upstream at a speed of around 18-23km/h. 

When flow-breakdown does occur, the restriction of traffic flow may serve to 

improve conditions downstream, since the flow is now controlled. There are 

even cases where the temporary restriction caused by flow-breakdown allows 

traffic downstream to recover and start moving again! Observation of M25 

traffic data as part of monitoring the Controlled Motorway suggests that when 

recovering from a Shockwave, drivers are dispersed from one another, but 

eventually regroup with a headway distribution that makes them suitably 

primed for propagation of another Shockwave. 
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Figure 4 - An illustration of shockwaves on the M25 J10-15 Clockwise, using the Motorway Traffic Viewer 
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2.3 REVIEW OF LITERATURE 

2.3.1 Scope of review 

This review considers early theory of traffic flow, shockwaves, and some of 

the causes of congestion and flow instability (including some less tangible 

causes of flow-breakdown). Motorway junctions are a major cause of delay 

through congestion, and over the years a significant amount of literature has 

been published about this effect. A short summary of car-following models 

has also been included in this review because it sets the scene for 

shockwaves and the nature of speed-headway relationships which form an 

important part of the work in this thesis. 

2.3.2 Early theory of traffic flow 

Research work on vehicular traffic flow has followed two distinct paths, a 

quantitative approach using statistical methods on traffic data, and a 

qualitative approach using classical or intuitive mathematical models. 

Charlesworth (1950) described the experimental methods in use at the time, 

including measurement of mean speeds, flows and the differences between 

point measurements and journey measurements. Wardrop (1952) gave an 

account of the statistical theories being applied to traffic flow at that time. His 

focus was on the relationship between flow and density, as well as the 

changes in flow due to overtaking. Haight (1958) made an important 

contribution to the development of thinking on queue propagation. 

Lighthill and Whitham (1955) took the theoretical approach in a different 

direction and applied the hydrodynamic modelling approach to traffic flow on 

crowded roads. The paper was extended to examine the movement of a 

high-density region along a crowded road using the 'kinematic wave model'. 

The emphasis was on assigning the high-density region with certain 

properties that would dictate its behaviour in propagation. Their proposals 

were surprisingly accurate, defining a Shockwave as a region bounded by 

discontinuities in the flow rate, moving slightly slower than the mean vehicle 

speed and suggesting that vehicles passing through this region would have to 

reduce their speed suddenly on entering it. Implicit in the work was the 
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suggestion that flow-breakdown can arise either from a particular site acting 

as a bottleneck or from instability in the traffic flow itself. 

Prigogine and Herman (1971) extended the ideas proposed by Lighthill and 

Whitham. They described concepts such as 'follow the leader' behaviour as 

being responsible for flow-breakdown, the dispersion and absorption of 

kinematic waves, and perturbation-dependent stability of flow. The theory is 

based on expansion of classical continuity equations and the use of statistical 

averages for parameters when dealing with a population of car drivers. 

Prigogine and Herman identified a number of shortcomings in their theory, 

including the fact that it did not provide any indication of the flow-density 

relationship within the wave. The description of the Shockwave itself was also 

recognised as limiting because it did not allow the possibility of wave 

deformation over time. 

One of the key assumptions implicit in the fluid-based theories is the 

homogeneity of the medium in which the wave is propagating. This 

assumption holds valid for fluids but not necessarily for traffic - where the 

behaviour of an individual driver is not predictable, and the distribution of 

vehicle types within the flow is also non-homogeneous. 

May (1994) provided a review of the earliest papers on Shockwave analysis. 

Before the 1950s only photographic techniques were being used to analyse 

density characteristics. May cited a study by Johnson (1928) in which aerial 

photography was used to observe that density along the Washington-

Baltimore highway was greater at intersections and near the two cities. 

Another early paper by Richards (1956) began by assuming a linear 

speed-density relationship and then focussed on the discontinuity of density, 

the basic identification of a Shockwave. 

2.3.3 Flow-breakdown on motorways 

There are two basic approaches to analysing flow-breakdown in the literature: 

• traffic passing through a capacity restriction, considered as a 
Standard queuing problem, relying on queuing theory to develop the 
analysis; 
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traffic modelled as a fluid and wave representation, used to 
examine changes in traffic speeds as well as densities through the 
affected region. 

Chin (1996) compared the two approaches. For Shockwave analysis traffic 

was considered as a fluid, and wave representation was used to model the 

changes in speed and density through the 'restriction'. Chin observed that 

traffic wave propagation is essentially a non-linear function, but for the 

purposes of analysis it is often assumed to be linear. He concluded that 

whilst Shockwave analysis provides a better understanding of the congestion 

situation and the physical dimensions of the moving queue, it requires 

assumptions about speed-flow relationships which may not be accurate. 

Kulkarni, Stough, and Haynes (1996) suggested that traffic flows are 

self-organising. Their model implied that there is little or almost no advance 

warning of when and how congestion and flow-breakdown occur. The 

complexity of the problem was explained, with individual commuters leaving at 

different times each day, and sometimes varying their destinations. Individual 

commuters might also vary their driving behaviour, thus giving rise to a highly 

stochastic macro-level system. Speed would vary simply as a result of 

interaction with other vehicles; these perturbations may be enough to trigger 

flow-breakdown. However, the paper does not cover the possibility of specific 

locations combining with unstable flow as catalysts for flow-breakdown. 

Kuhne (1991) suggested that chaotic behaviour may be used to describe the 

otherwise 'irregular' pattern for Shockwave occurrence. His model had two 

control parameters (bottleneck capacity and mean density), which determined 

the traffic behaviour. Regular shockwaves appear as stationary solutions of 

the model. At the bifurcation point the traffic will move into either supercritical 

or sub-critical dependence on the control parameters. These two states 

correspond to flow-breakdown or free-flow. 

Helbing (1997) reviewed a family of models based on the continuity equation 

for a fluid,, and suggested a new approach to account for vehicular space 

requirements and velocity fluctuations due to imperfect driving. In his parallel 

empirical study, Helbing agreed that the normal distribution was a good 

PhD Thesis Page 16 Nabil Abou-Rahme 



approximation for tfie average velocity distribution. His hypothesis was that 

the larger the fluctuation of speed within a group of vehicles, the more likely 

flow-breakdown is to occur. However, in grouping the traffic data by density 

Helbing found that there was a "significant deviation of the empirical relations 

from the respective discrete normal approximations", which occurred only at 

traffic density of 40veh/km/lane. His explanation was that the averaging 

interval might have been too long due to rapid stop-and-go waves. However, 

having performed a linear stability analysis of his new microscopic model, he 

made the assertion that traffic is in fact unstable above a density of 

12veh/km/lane - a value far below the 30veh/km/lane he had identified 

empirically as the threshold for stop-and-go waves. 

Helbing also identified the tendency for driver behaviour to conform across all 

lanes, such that the occurrence of a Shockwave on one lane is followed 

seconds later by similar occurrences on the other lanes. 

Flow-breakdown due to roadworks is not directly related to this study, 

although roadworks do create their own seed-points. Hunt and Yousif (1994) 

identified and evaluated the major contributory causes of capacity reduction at 

motorway roadwork sites. Within their study period, the largest contribution to 

congestion came from driver behaviour at the merge area. 

Edie (1963) described traffic behaviour at a tunnel. He specified a bottleneck 

arising from a curvature in the alignment coupled with an ascending gradient. 

Discontinuities in the flow profile for the tunnel occur at the base of the 

upgrade and again more sharply at the brow. Little research on gradient 

effects has been conducted, other than to identify them as potential 

bottlenecks. A paper similar to the work of Edie was published by Chin and 

May (1991). Here traffic flow is investigated in a tunnel about 200m 

downstream of the tunnel exit and the characteristics of the geometry are 

described. 

Another common cause of flow-breakdown on UK motorways is the so-called 

'rubbernecking' phenomenon. It should generally be considered as the effect 

of an incident or distraction to traffic on the opposite carriageway. 

Abou-Rahme et al. (2000) and Dixon et al. (2002) identified it through distinct 
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traffic patterns within the IVI25 detector data. Dudek, IVicCasland, and Burns 

(1988) described the benefits of setting up 'accident investigation sites' to deal 

with the aftermath of an accident out of the sight of passing motorists. 

2.3.4 Effect of motorway junctions 

Over the last forty years, a significant volume of research has concentrated on 

flow-breakdown arising in the vicinity of motorway junctions, (especially 

motorway merges). The relationships between slip-road flows and main 

carriageway flows, the capacity of the motorway near and away from 

junctions, the different types of merging manoeuvre, and the effects of 

different geometrical merge layouts have all been studied. 

Chang et al. (1994) described an integrated real-time ramp metering model 

for non-recurrent congestion. Their study focussed on the real-time aspect 

with short execution times and the model works by comparing the traffic 

conditions with a linear flow-density model. The model illustrated the potential 

for real-time control. 

Elefteriadou, Roess, and McShane (1995) looked at flow-breakdown on a 

merge. Their work was based on merge junctions, but moved away from 

identifying a maximum capacity and looked at conditions when 

flow-breakdown actually occurs. This is not always the result of peak 

volumes. The paper presented a probability function built on the occurrence 

and size of on-ramp vehicle 'clusters' instead of simply the volume. 

Elefteriadou (1997) extended the research to describe the mechanism by 

which flow-breakdown might occur at a merge junction based on the 

characteristics of the clusters identified on the ramp. 

The results from a UK-wide survey containing 35 sections of three lane 

motorway were presented and analysed by Hounsell, Barnard, and McDonald 

(1994). They identified the different types of flow-breakdown, with a speed 

reduction followed by a flow-breakdown if the conditions were right. The 

condition of traffic immediately before speed breakdown - especially in the 

offside lane - is associated with headways of less than 1 second for speeds 

of around lOOkm/h. Mathematical approaches to identifying the location of 
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flow-breakdown and values for capacity were presented. The work also 

touched on the effects of flow composition, with the percentage of heavy 

goods vehicles being of particular significance. A probabilistic approach was 

adopted here, with a distribution for total flows in vehicles per minute. Due to 

the spacing between video cameras on the survey, the particular causes of 

flow-breakdown were not identified. However, the 'capacity funnel' and the 

'merge phenomenon' were both alluded to as possible mechanisms. Their 

paper proposed approaches for defining both motorway capacity and merge 

capacity. 

Hsu and Banks (1993) described a problem that is common to the M25, 

namely that of effects from flow-breakdown at a location downstream 

influencing the stability of traffic at a particular location. Most significantly, 

they found that the queue building back from the downstream bottleneck then 

affected the ability of traffic to join at the merge point. They examined the 

flow-occupancy relationship over a whole section of freeway and synthesised 

a curve looking for the effects of location on the interpretation of the data. 

Banks (1991) discussed the theoretical aspect of a previous study, which 

examined flow processes at a freeway bottleneck. He identified that the 

capacity immediately downstream of the bottlenecks tended to decrease by a 

small amount when traffic was congested, and that the process of 

flow-breakdown seemed to be triggered by speed instability. The flow 

decrease appears to be related to the increase in vehicle passage time. 

Results from the more recent Controlled Motorways monitoring compare well 

with these observations, with shockwaves appearing in traffic data as distinct 

regions of relatively high occupancy. 

Models have also been used to describe flow and behaviour at motorway 

junctions. Michaels and Fazio (1989) reported on a model of freeway 

merging, which was explicitly based on driver-behaviour. The model 

considered relative velocity and distance separation and was tested 

successfully on over 100 merges, providing estimates for suitable merge lane 

dimensions. Stanton (1992) described driver behaviour in the merge area 

and the subsequent flow-breakdown arising from conflict manoeuvres. Fazio 
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et al. (1990) developed a model of diverging on the basis of purely 

behavioural considerations. By examining the critical distance required to 

perform the diverge manoeuvre, and modelling the decision process, it was 

possible to assess the performance of junction design. However, the paper 

does not cover flow-breakdown as a result of diverge activity. 

Wang et al. (1993) described the application of INTRAS, a microscopic 

simulation model which predicts both flows and lane change rates. In this 

model, vehicle interaction was deterministic (whereas empirical models reflect 

something of the stochastic nature of flow). The emphasis of the study was 

on determining the change in capacity brought about by merge activity. The 

capacity differentials highlighted in that paper can sometimes become 

seed-points for flow-breakdown, but an improvement in capacity does not 

necessarily alter the driver behaviour through the section. 

Other motorway models include FREWAV (Ostrom et al., 1993), WEAVSIM 

(Zarean and Nemeth, 1988), and SISTM (Hardman and Taylor, 1992). In 

each case, vehicle behaviour is governed by a car-following algorithm and a 

lane-changing algorithm, taking into account the individual properties of each 

vehicle. Each of these models has limitations (mainly in the interaction 

between these various algorithms) which present difficulties with the 

replication of shockwaves observed in traffic data. 

2.3.5 Car-following models 

Car-following algorithms are mathematical models describing interaction 

between individual vehicles in a traffic stream. The basic functional form of 

many microscopic models is based on a psychological argument where the 

behaviour of each driver can be described by the following relationship: 

Response Now = Sensitivity x Stimulus Earlier 

The response can be classified as braking or acceleration, and the stimulus is 

the deviation from a zero relative speed. Each class of car-following model is 

characterised by its particular definition of sensitivity. In mathematical 

notation if Xn(t) is the position of vehicle n at time t, then the model can be 

expressed as 
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(f) - (f)) 

where a(t, t) is a sensitivity function and t is a constant time lag between 

successive evaluations. By using calculus, the expression can be integrated 

and a speed-density function derived. The stimulus is usually a function 

of the relative speeds consecutive. The resulting car-following model would 

be developed with the intention of validating it using some macroscopic 

model, and reproducing a flow-density curve with sufficient accuracy. 

Chandler et al. (1953) and Pipes (1967) considered sensitivity as a constant, 

inversely proportional to the time lag t. This represents the simplest form of 

the model, and supports the macroscopic relationship between flow and 

density proposed by Ashton (1966) as: 

P jam _ 

I p ; 

Gazis, Herman and Potts (1959) proposed an inverse relationship between 

sensitivity and relative distance, on the basis that as vehicles moved further 

apart, the following vehicle became less affected by changes in the relative 

speeds. Gazis, Herman and Rothery (1961) went on to consider a model with 

a non-linear sensitivity parameter, inversely proportional to the distance 

headway between vehicles. Pipes demonstrated that this model 

corresponded to the form of macroscopic models proposed by Greenberg 

(1959) and Underwood (1961); 

q = Ap\u y jam 

P 

These models do not perform well when flow is low, though it is unlikely that 

vehicles are following one another during such traffic conditions. Edie (1961) 

combined the advantages of each model by splining the Underwood model 

below jam density and the Greenberg model above jam density. Gazis et al. 

(1961) attempted to obtain parameters for the general form of the 

car-following equation. However, they could not draw any firm conclusions as 

the parameters were not connected to any real driver characteristics. 
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Pipes (1967) considered the use of perceptual factors in proposing a model of 

this form and Herman et at. (1959) proposed a model based on drivers 

looking two vehicles ahead. Newell (1961) considered a car-following model 

that described the velocity of the vehicle explicitly in terms of a velocity-

headway function. The function chosen was derived from data but contained 

some free parameters. 

Bando et al. (1995) suggested a similar type of model but this time described 

the acceleration of the vehicle explicitly in terms of a velocity-headway 

function, 

-k 7) = (f) -

where a is an acceleration constant and V{b) is velocity expressed as a 

function of headway. The model was tested with vehicles on a circular road 

and converged into a series of 'dense-sparse' regions where the density was 

alternately high then low. 

Holland (1998) provided a detailed stability analysis of models such as those 

described above. Stability analysis of car-following models was pursued in 

order to explain sudden unexpected flow-breakdown, where small 

disturbances to a traffic stream are amplified as the disturbance moves 

upstream. A stable car-following model is categorised by perturbations that 

are smoothed out as they propagate upstream. Holland showed that if 

anticipation-time is greater than reaction-time, a driver will anticipate 

upcoming waves and smooth them out. He also discussed how individual 

drivers may have a stabilising or destabilising effect on the traffic, namely that 

drivers stabilise flow more if their desired speed does not change significantly 

as headway changes. Holland concluded that flow is more stable when 

vehicles are spaced further apart. Mason and Woods (1997) described the 

stability of a platoon of vehicles and proposed a method to distinguish the 

impact of driver behaviour on overall stability. 

Seddon (1972) and Gipps (1981) followed a slightly different route, relating 

reaction time to the interval between successive recalculations of 

acceleration, speed and displacement. Gipps in particular used parameters 

that corresponded to obvious driver or vehicle characteristics. The model 
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incorporated damping and amplification of disturbances to traffic and also 

allowed freedom to switch between braking and accelerating, thus replicating 

the oscillatory behaviour that characterises unstable traffic flow. Benehokal 

and Treiterer (1988) developed a car-following model along similar lines, 

incorporating traffic characteristics such as inertia and modelling the dual 

behaviour of traffic in congested and non-congested situations. 

More recently, Addison and Low (1994) and Jarrett and Zhang (1997) used 

non-linear analysis for dynamical systems to identify chaotic behaviour in 

traffic flow using car-following models. Some replication of the oscillatory 

behaviour for successive vehicles was obtained through accumulation of 

chaotic behaviour. 

To summarise for car-following models, some of the early studies involved 

parameters that did not correspond directly to driver or vehicle characteristics. 

The models of Newell and Bando are innovative but still contain free 

parameters. Intuitive models (such as Gipps) contain parameters more 

closely related to driver or vehicle characteristics. But none of these models 

can really replicate shockwaves without significant adjustment of the 

parameters. However, Shockwave propagation is the best indication of the 

location of a seed-point and since car-following models attempt to describe 

this behaviour the approach is given further consideration in Chapter 4. 

2.3.6 Incident detection approach 

Most incident detection algorithms work by detecting the congestion caused 

by an incident and flagging up warnings elsewhere in the system. Gall and 

Hall (1989) explored the logic for distinguishing between incident congestion 

and recurrent congestion. Abou-Rahme et al. (2000) illustrated the distinction 

in terms of Shockwave patterns within detector data. 

Busch and Fellendorf (1990) empirically compared a number of well-known 

incident detection algorithms designed for use with traffic data. Each 

algorithm detects incidents by recognising unexpected changes in the traffic 

data, and the authors recommended using a Kalman filter along with a robust 

local forecast algorithm to detect significant shockwaves (see also Kalman, 
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1960). Nihan (1993) presented the results of a large application of this 

approach on the Washington State DOT ramp control system, describing the 

advantages of time series analysis over pattern recognition in terms of 

predictive capability. 

Ritchie and Cheu (1993) illustrated another type of approach to the historical 

learning required for incident detection. An artificial neural network was 

trained with data obtained from a microscopic freeway simulation and then 

used to classify traffic at regular intervals as either incident-free or incident-

related. The change in state was used to trigger an incident alert. Rose and 

Dia (1995) tested the approach using a similar model for detector data. 

Taylor (1998) conducted a detailed review of incident-detection algorithms, 

with the focus being on their ability to detect incidents that lead to the build-up 

of a queue. The California Algorithms compare traffic conditions between 

adjacent detector stations. Analysis is based on variables derived from 

minute by minute reading for loop detector occupancy. Developments to the 

California Algorithm brought about a clearer distinction between incidents and 

shockwaves. A reproduction of California #8 applied to M25 traffic data is 

presented in Figure 5. The graphical display shows Shockwave states in blue, 

whilst alarmed states are shown in red. For this particular application, the 

parameters required by the algorithm have been optimised to detect 

shockwaves. 
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Figure 5 - A sample output from the California #8 incident detection 
module, showing basic Shockwave patterns in blue 
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The McMaster Algorithm is a station-based algorithm (single point), unlike the 

California class that examines the differences between consecutive loops. 

This algorithm calibrates each location separately in order to account for the 

level of variation at a single site. The McMaster algorithm distinguishes three 

possible flow conditions based on the values of the occupancy-flow pairs, 

namely uncongested flows, upstream blockages and congestion. The 

congestion boundary can be defined using a minimum occupancy threshold. 

The boundary between upstream blockages and uncongested flow is defined 

by a quadratic function that is best calculated using uncongested data. The 

calibration process helps derive this by extracting occupancy-flow pairs for 

points that exceed a minimum speed and determining the least-squares 

optimised fit. The quadratic boundary is given by subtracting various multiples 

of the standard deviation between the curve and the selected points. This 

'relative-approach' improves the transferability of the algorithm between 

different sensors as it eliminates the need to know the actual ranges of flow 

values at each individual location. Developments to the McMaster algorithm 

over the years (see for example Gall and Hall, 1989) have rendered its logic 

similar to the California #8 in that it proposes to distinguish between incident 

and recurrent congestion. 

To summarise, incident detection can identify a Shockwave once it has 

happened and the necessary conditions are being fulfilled, but this does not 

necessarily assist with locating the origin point prior to (or during) the first 

stage of propagation. Examination of traffic patterns to derive a predictive 

approach would provide more time to act in dealing with the effects of flow-

breakdown, but any predictive system would need to be coupled with an 

effective incident detection algorithm to validate and evaluate the outputs. 

2.4 FOCUSSING THE STUDY 

In reviewing the literature for this study a number of papers were of particular 

interest. Hounsell, Barnard, and McDonald (1994) presented statistical 

analysis for a large database containing information on recurrent congestion. 

The role of probability in transport research work is a longstanding one; 

probability distributions are often assigned to a variable where discrete 
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decisions need to be made. However, attempting to describe the probability 

of flow-breakdown occurring with any accuracy, purely on the basis of 

evidence upstream (or prior to the event) is relatively new. Elefteriadou, 

Roess, and McShane (1995) described a motorway-merging model in terms 

of the probability of a cluster of a given size appearing on the ramp at any 

time. 

The theoretical basis for this thesis builds upon concepts proposed by 

Hounsell, Barnard, and McDonald (1994) and Elefteriadou, Roess, and 

McShane (1995). In defining the scope of the problem there are two main 

points to consider, namely detecting the conditions that signify the start of a 

Shockwave and detecting the actual propagation. Therefore, the objective of 

this research is to develop the probabilistic approach and apply it to traffic 

data in order to determine the probability of flow-breakdown occurring under 

specific traffic conditions. The method consists of detecting seed-points, 

examining traffic conditions around those seed-points, developing a 

probabilistic relationship for the occurrence of flow-breakdown, and using 

these results to make predictions. 

The next chapter describes an empirical survey on the nature of seed-points. 

Chapter 4 presents the conceptual framework within which a probabilistic 

model is developed, and Chapter 5 describes the approach to seed-point 

detection and the composition of the database for analysis. 
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3 PRELIMINARY ANALYSIS OF SEED-POINTS 

3.1 INTRODUCTION TO STUDY 

This chapter presents the methodology and results of a preliminary study 

conducted by the author in order to understand the causes of congestion and 

determine the relative contribution of each cause to the overall congestion on 

the motorway. 

Comprehensive monitoring of the M25 Controlled Motorway was conducted 

by TRL Limited for the Highways Agency, a summary is provided by Dixon, 

Harbord and Abou-Rahme (2002). In this context, the author carried out a 

more detailed investigation on congestion over a three-month period between 

October 1996 and January 1997. Congestion on both carriageways between 

J10 (A3) and J15 (M4) was monitored using detector data at 500m intervals 

covering both directions of the 23km section of road. 

The events which lead to shockwaves occurring are also summarised below. 

A more detailed treatment of this study can be found in Still, Abou-Rahme and 

Rees (1997). 

3.2 CONTEXT OF PRESENT STUDY 

A simple model is presented in this section in order to provide context for the 

present study. Examination of sample shockwaves contained in the loop data 

suggested a speed drop of between 15-20km/h in the early stages of 

Shockwave development. Once this has been flagged, it is necessary to 

determine whether the fluctuation in speed will work its way upstream and 

become a Shockwave, or whether it remains a local disturbance. 

If an average speed of 19km/h is applied for the Shockwave (based on a 

simple gradient calculation using the MTV Plot), then the position of the 

Shockwave tail can be determined over time. Assuming this speed to hold 

true, the Shockwave will take between 1 -2 minutes to propagate back around 

500m to the previous detector upstream. 
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Based on the assumptions already discussed, the simple Shockwave 

propagation model can be illustrated on a distance-time graph as shown in 

Figure 6. 

du A 

Ad 

Shockwave 

Figure 6 - Schematic representation of Shockwave and vehicle trajectories 

The grey triangle is a schematic representation of the Shockwave propagating 

upstream with increasing time. The single lines show the estimated trajectory 

of vehicles upstream of the seed-point at the same time as the Shockwave 

commences. When the lines cross the triangle the vehicles have encountered 

the Shockwave, and the resultant braking will form part of its propagation. 

The gradients of the trajectories are defined as follows; 

-

2̂ = 

Ad 

W 

Ad 

4 

moving at current speed 

the speed needed to clear the Shockwave 

It can be seen that (t2 - ti) is the width of the Shockwave. From these 

equations the speed-limit required to slow the upstream traffic back long 

enough to avoid the effect of the Shockwave can be determined. The smaller 
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the distance between the Shockwave tail and the point of effective speed 

control, the lower the speed-limit required to achieve the outcome. 

The relationship between Ad and the initial distance between the seed-point 

and the vehicles upstream is linear. However, the relationship between the 

required speed-limit and the duration of the Shockwave effect is inversely 

proportional. Figure 7 shows three sample profiles for a platoon of vehicles 

detected 1.5km, 3km, and 6km upstream of the seed-point and travelling at 

50mph. 

Q. 
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1.5km 

3.0km 30 -

6.0km 

20 2^ &0 &5 4^ 
Duration of Shockwave (mins) 

Figure 7 - Plot of required speed-limit against duration of passing Shockwave 

For the distances involved along the Controlled Motorway section of the M25 

it can be seen that speed-limit settings of 50mph and 40mph will provide little 

extra time for vehicles 3km upstream to accommodate the passing of a 

Shockwave. According to this simple model, a 30mph speed-limit will provide 

a space of 2.5 minutes when displayed to vehicles 6km upstream and 1.5 

minutes when displayed to vehicles 3km upstream of the site where the 

Shockwave is first detected. 

However, lower speed-limits do have an important effect in this model. The 

application of a 20mph speed-limit 6km upstream of a seed location will 
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provide a space of nearly 6 minutes, long enough for downstream traffic to 

recover from a severe Shockwave. Even at 3km upstream the 20mph setting 

provides a space of nearly 3 minutes. These speed-limits might be displayed 

to drivers as part of a sequence, and during periods of congestion when 

flow-breakdown has already taken place, the overall effect on the motorway 

could be beneficial. 

It is here that the present study finds application. The ability to predict the 

occurrence of shockwaves (or at least describe the probability of occurrence 

with some degree of confidence) would significantly assist in the 

implementation of control systems. In terms of the simplistic model described 

above it is clear that a time contingency would allow control using acceptable 

speed-limits (such as 40mph) making Shockwave dissipation a more feasible 

function of the control environment. 

3.3 THE ORIGIN OF SHOCKWAVES 

3.3.1 Defining a seed-point 

A seed-point is the location at which a Shockwave begins, and from which the 

propagation of a Shockwave can be traced. This origin point can be 

considered as a combination of volatile traffic conditions, the effect of local 

geometry, and a specific disturbance. A sudden change of lane in busy 

traffic, or a surge of demand through a curved section of motorway would both 

be candidate events for the commencement of a Shockwave. 

Whilst a significant amount of information is available regarding shockwaves 

and their propagation, relatively little is known about the characteristics of 

seed-points. We can consider a seed-point as an unknown process that 

receives inputs (flows coming from upstream), and generates outputs (either 

stable flows or shockwaves). A Shockwave may begin at a specific location 

but its effect does not remain in the same location. Occasionally the origin 

point itself can be moving, as in the case of an escorted heavy load. 

Preliminary examination of video footage and corresponding traffic data from 

loop detectors shows that causes of congestion can be classified under one of 

PhD Thesis Page 30 Nabil Abou-Rahme 



three generic headings ('unpredictable', 'predictable' and 'recurrent' 

congestion). 

3.3.2 Unpredictable congestion 

Unpredictable congestion covers those situations where it is not possible to 

predict the tinne or location of an event that could potentially cause 

congestion. Figure 8 shows some examples of these unpredictable causes, 

including accidents, animals on the carriageway, vehicle breakdown or 

combustion, distractions such as low altitude aeroplanes, security alerts, shed 

loads and extreme weather conditions. 

3.3.3 Predictable congestion 

Predictable causes of congestion include those situations where it may be 

possible to predict the time and location of an event that has the potential to 

cause the congestion. Figure 9 shows four examples of such causes namely 

low sunlight, fixed lane closures, mobile lane closures, and the passage of an 

escorted slow-moving vehicle. A certain amount of preparation might be 

possible here including traffic alerts and police presence, but in general the 

ensuing congestion is simply accepted. 

3.3.4 Recurrent congestion 

When traffic flows are lower than the nominal capacity of a carriageway or 

junction, the traffic will flow without any significant reduction in speed. As 

traffic flow approaches the capacity of the carriageway or junction so the 

probability of congestion occurring rises. Congestion here is defined as slow-

moving high-density traffic often characterised by speeds varying from 

0-30mph. Because this problem mainly occurs at high traffic flows the 

resulting congestion can frequently be extensive. Figure 10 illustrates the 

three main locations along a motorway where congestion caused by weight of 

traffic can occur, namely at the merge, diverge, and between junctions. 

Problems at merge junctions can arise from direct conflict at the merge point 

between those vehicles attempting to join the main carriageway and those 

vehicles already travelling on it. 
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Figure 8 - Unpredictable causes of congestion 
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Figure 9 - Predictable causes of congestion 
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Figure 10 - Recurrent congestion 
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These conflicts often come about when the main flow is dense enough to 

reduce the number of gaps perceived as acceptable for merging drivers. In 

other cases, drivers on the main carriageway migrate towards the offside in 

order to accommodate heavy merge-arm flows. There is also a type of flow-

breakdown initiated by an unsustainable increase in capacity due to 

temporary acceptance of a smaller headway. This capacity bottleneck tends 

to occur between 800-1000m downstream of the merge point. 

At the diverge junction itself, a common cause for disturbance to traffic is the 

activity of drivers making a late lane change (the so-called 'swooping' 

manoeuvre). Other manoeuvres involve slowing in order to make a normal 

lane change, hesitation that leads to lane-straddling, and drivers coming back 

out of the diverge lane in order to overtake a vehicle before making their exit. 

It is also common for flow-breakdown to occur simply because of blocking 

back from the roundabout at the end of the slip-road. 

Away from the junctions the causes for flow-breakdown are harder to identify, 

nevertheless they are there. Detailed observations of traffic behaviour 

indicate that the phenomenon includes the most subtle of perturbations to 

unstable flows, critical headway being encroached, excessive lane changing, 

influence of geometry and other local effects. 

3.4 DATA ANALYSIS FOR M25 

3.4.1 Data preparation 

The loop detectors provided good quality information at one-minute intervals 

on average speeds and flows. This information was used to identify periods 

of congestion and to quantify the extent of the congestion. Data was 

processed from large binary files in order to extract the speed and flow 

information at each loop position on both carriageways. These files were then 

loaded onto a workstation running dedicated software and graphical 

packages. The Highways Agency 'Roadworks Bulletin' and the MIDAS Sign 

Settings database were examined and a log was kept of the times and 

locations of any roadworks on the M25 J10-J15. 
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3.4.2 Analysis using MTV software 

For each day and for each carriageway direction, an overview plot of the 

traffic speeds on the M25 between Junctions 10 and 15 was produced using 

MTV. Figure 11 shows a typical pattern for the clockwise carriageway 

covering all day 30 October 1996 (a sample day from that study). A grey 

scale is used on the plots to represent the average speed. The lighter the 

colour the lower the average speed - with black representing SOmph and 

white representing Omph. if the Omph reading is associated with zero flow, 

then the white shading is replaced with red. 

The early-morning period (from midnight to around 05:00) was ignored 

because of the large number of red areas (implying that very few vehicles are 

on the motorway at this time). As a tool, this overview plot was used to 

identify the times and location of areas where traffic speed falls significantly 

below the speed-limit. For example, Figure 11 would suggest that the period 

from around 07:00 to 11:00 exhibits a level of congestion that needs 

investigation. A similar plot was produced for the corresponding period on the 

anticlockwise carriageway. 

After the initial assessment of time and location for slow-moving traffic, plots 

containing more detail for the area of interest were produced, again using 

MTV. Figure 12 shows the detailed plot for the morning peak period between 

06:00 and 11:00. 

With this level of detail it was possible to break down the times and locations 

of slow-moving traffic into a number of separate distinct zones and to allocate 

a unique identification number to each zone (described further in the next 

section). The characteristic patterns of slow moving traffic within each zone 

normally provide a clear indication of whether the congestion is caused by 

weight of traffic (i.e. recurrent congestion) or by an incident. 

In Figure 12 the slow-moving traffic between 07:00 and 08:30 is caused by 

flow-breakdown due to weight of traffic between Junctions 13 and 14, while 

the slow-moving traffic from 08:30 to 11:00 shows all the characteristics of an 

incident. 
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Figure 11 - IVITV Speed Plot showing congestion pattern for the clockwise 
carriageway (30 October 1996) 
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Figure 12 - MTV Speed Plot showing more detail for 06:00 to 11:00 
(30 October 1996) 
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The traffic speeds are consistently low as the vehicles are queuing behind the 

incident (as opposed to the stop-start behaviour during normal congestion). 

Downstream the speeds are consistently high as traffic leaves the scene. In 

cases where the distinction is not as clear as that shown in Figure 12 the 

police logs help determine whether or not it is an incident. 

3.4.3 Evaluation of congestion 

Due to the widespread availability of speed and flow information from the 

MIDAS loop detectors, the 'Vehicle Hour Delay' (VHD) indicator was chosen 

to measure the extent of congestion in each of the zones identified on the 

plots. VHD is derived from a simple manipulation of the relationship between 

speed, time, and distance. For a defined length D with N drivers passing 

through in one minute the VHD for that minute is 

W O : 
^ 1 1 ^ 

X D x N 
V ^actual ^desired j 

It indicates the total delay (in hours), incurred by all drivers in the defined zone 

through being unable to maintain a predetermined desirable speed (for 

example 80km/h). During periods of signal control on the M25, this value 

represents the maximum speed for free flowing traffic. 

The area of congestion is approximated by a trapezium, the four points of 

which are uniquely identified by coordinates of the form (time, location). Since 

speeds above the predetermined desired value are ignored by the VHD 

calculation it was not necessary to make the initial approximation too 

accurate! Figure 13 provides an example of this process, with two areas of 

congestion marked out by trapeziums for illustration purposes. The 

coordinates were listed in a clockwise manner beginning at the top left corner 

(the origin point). 

The four coordinates were then processed using another purpose written tool 

developed by the author within MTV, designed to calculate the VHD figure for 

vehicles within the zone. Figure 14 shows a screenshot with sample input to 

obtain the total VHD for the day. 
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Figure 13 - Illustration of the trapezium approximation to congestion 
arising from two identifiable origin points 
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Figure 14 - Screen shot from VHD Calculation Software 
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The result for each zone was appended to a data file for the particular day on 

which that congestion had occurred. All the files were then imported directly 

to the final database in order to minimise the risk of data input error. Each 

record was assigned a unique ID Code, the coordinates of the zone and the 

value for VHD obtained through calculation. Implicitly contained within the ID 

Code for each region of congestion were the date, time and location of origin 

in terms of carriageway and loop site. As an overall check the VHD value was 

calculated for the whole day and compared with the sum of the VHD values 

obtained for each specified zone. 

On average, the sum of individual zones formed around 90% of the total VHD 

for the clockwise carriageway and between 80-85% of the total VHD for the 

anti-clockwise carriageway. 

3.4.4 Video survey 

A gantry-mounted configuration was chosen for a video survey during late 

1996, consisting of two cameras facing upstream and two cameras facing 

downstream. Cameras were discretely hidden on the gantry so as not to 

distract drivers. Filming downstream captures brake light sequences which 

can be informative with regard to Shockwave triggers. Filming upstream gives 

a clearer view for lane changing and allows some estimate of headway to be 

made in certain situations. Suitable filming periods were identified from the 

traffic data, and video clocks were synchronised so that a comparison 

between the video recordings and the traffic data would be possible. 

Three particular sites on the M25 were chosen for viewing on the basis that 

they provided the best examples of recurrent congestion caused by merge, 

diverge, and mid-section effects. 

• M25 J13-J14 Clockwise, at seed-point between the junctions. 

• M25 J11 Clockwise, downstream of the merge point. 

• M25 J13 Clockwise, at the J13 diverge point. 
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3.5 VIDEO SURVEY RESULTS 

3.5.1 Mid-section flow-breakdown (M25 J13-J14) 

Flow-breakdown occurring away from the proximity of junctions can arise from 

a number of contributing factors. From the video survey, one significant factor 

appeared to be high density of traffic combined with the reaction by drivers to 

brake lights ahead. On this section of motorway, changes to both gradient 

and horizontal alignment also appear to adversely affect the behaviour of 

traffic, leading to flow-breakdown in conditions of high volume and high 

occupancy. Lane-changing manoeuvres were easily accommodated with no 

evidence of drivers braking as a result. 

Test drives were made by the author along the clockwise section between J13 

and J14 to observe behaviour and local conditions. After the merge at J13 

the motorway follows a downhill gradient past marker 4896A. The uphill climb 

then begins at marker 4897A (100m further along in the direction of traffic 

flow) and some acceleration was necessary to maintain speed. However, 

drivers also had to anticipate how the vehicle in front would respond to the 

change in gradient, and so headway became shorter or longer depending on 

the accuracy of this judgement. Headway distribution within a cluster of 

proximate vehicles would have been significantly altered as drivers adjusted 

their speeds relative to one another. This condition continued past the loop 

detectors at 4900A and 4902A. Evidence for this behaviour was found in the 

occurrence of much frequent braking (drivers touching the brakes) with no 

apparent change in speed. 

Between 4904A and 4906A the gradient levelled off, still uphill but less steep, 

and by 4907A the gradient was not noticeable. Here a second readjustment 

took place as some drivers found themselves going too fast. Thus there were 

two noticeable incidents of braking along the section observed, each of which, 

in conditions of sufficiently high occupancy, could become a trigger for 

flow-breakdown. The significant change in traffic conditions between loop 

4902A and loop 4907A is therefore most likely brought about by the change in 

traffic state due to the gradient. 
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It has been observed that the capacity of a motorway merge is often found to 

be greater than the capacity of the main carriageway, (see Hounsell et a!., 

1992). Because drivers accept and maintain a shorter headway in order to 

accommodate merging manoeuvres during peak hours, a region of 

high-occupancy flow is established. Evidence suggests that as this traffic 

moves downstream, away from the merge, maintaining a short headway is no 

longer necessary. This increase in headway creates a capacity bottleneck 

and flow-breakdown soon follows. Flow-breakdown can be attributed to this 

cause whenever the seed-point is located closer to J13 (upstream of 4900A). 

Perturbations in the traffic flow also occur on the second curve of the s-bend 

between J13 and J14. The high occupancy region of traffic does not always 

degenerate into a capacity bottleneck, as described above. Due to the 

relatively short distance between junctions along that section of motorway, 

drivers do not always 'relax' their headway in the same way as if they were on 

other motorways. A distribution of short headways in the traffic flow is 

maintained until vehicles encounter the second bend (between markers 4906 

and 4907). From the video footage it can be seen that headway distribution is 

then affected by an involuntary relaxation of headway due to drivers 

negotiating the bend in their own particular manner. 

3.5.2 Marge-related flow-breakdown (M25 J11) 

Video evidence showed that during the morning peak hour, the origin of 

flow-breakdown appeared to alternate between the 'capacity bottleneck' and 

the first significant bend. Occasionally, the flow-breakdown was not caused 

by local effects, but was the result of a Shockwave which had originated much 

further downstream. It was interesting that a conflict at the merge caused 

perturbations to the flow but did not bring traffic to a standstill, whereas 

flow-breakdown arising from the 'merge capacity bottleneck' caused standstill 

in the nearside lanes. The effect of a Shockwave coming from further 

downstream was distinguishable by flow-breakdown occurring in the outside 

lanes first, (rather than the nearside). 

Design of the merge junction plays a critical part in its performance. Filming 

at this location identified an unnecessary conflict brought about by the 

PhD Thesis Page 42 Nabil Abou-Rahme 



two-lane slip road merging with the three-lane carriageway to become a 

four-lane carriageway. Those vehicles in the right-hand merge lane were able 

to migrate onto the main carriageway if they so wished. A good proportion 

remained in lane and these vehicles were forced to merge with vehicles from 

the left merge lane as that particular lane came to an end. This is important in 

terms of what the drivers are expecting at a merge. Those vehicles on the 

main carriageway would anticipate vehicles merging from the left. Those on 

the merge arm would anticipate having to merge with vehicles from their right, 

although at the point where the left merge lane comes to an end, drivers were 

being forced to carry out a second merging manoeuvre, this time with vehicles 

from the left. Occasionally in the video, a driver was unable to merge and 

ended up on the hard shoulder, eventually becoming desperate and forcing 

an entry. 

3.5.3 Diverge related flow-breakdown (M25 J13) 

The videos revealed that flow on this particular section of motorway is 

characterised by lane changing. Aggressive or absent-minded drivers can 

perform sudden lane changes across more than one lane (known as 

'swooping') causing other drivers to brake suddenly. As before, the effects of 

these perturbations can be manifested as shockwaves. 

There were a few examples of drivers finding themselves in the slip road and 

attempting to rejoin the main carriageway after the diverge lane markings 

have changed. This manoeuvre was not always expected by drivers on the 

main carriageway and caused some disturbance. 

Other possible causes of flow-breakdown include local traffic problems 

causing tailbacks on the slip road and the effects on the main arm flow from 

'queue jumpers' who wait till the last possible instant before leaving the 

motorway. Such vehicles could be seen braking whilst still on the main 

carriageway, the driver's behaviour being influenced by what was happening 

on the slip road as opposed to the vehicles immediately ahead. Wedlock, 

Peirce and Wall (2001) studied various schemes aimed at combating the 

swooping behaviour in diverge areas, and demonstrated the benefits of 

ghost-island layouts. 
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3.6 RESULTS FROM THE TRAFFIC DATA 

3.6.1 Presentation of results 

After filtering the data, the completed database consisted of 880 acceptable 

instances of congestion, the origin and magnitude of which could then be 

determined. This equated to 66 days over the three-month period, including 

weekends. A complete incident log was also collected, with details of 

accidents deemed to be responsible for causing delay on the M25 between 

J10 and J15 in both carriageway directions. 

The vehicle hour delay was only calculated within the Controlled Motorway 

section. This approach may have underestimated effects of particular causes 

outside this section of motorway by anything up to 15% on days without major 

incident. However, this was not immediately relevant for analysis being 

conducted within a defined area. Some rationalisation of category headings 

has been applied for the smallest values, for example 'tyre debris' has been 

amalgamated with the category 'debris' because their contribution to the 

overall delay index is so small. 

If an incident appears to have occurred outside the study section, such that 

congestion arising from that incident has propagated back but the cause is not 

identifiable, the cause of this visible congestion is classified as 'not known'. 

Where a definite cause could be identified, the VHD applicable to J10-J15 

was included. 

Delay from accidents contributed around 19% of the overall delay for the 

three-month period under study. Table 1 shows the relative contribution from 

the 79 incidents of varying severity. The most severe accident of the period 

occurred on 21 October 1996, contributing 6525 out of 7271 VHD on the 

clockwise carriageway, and 4165 out of 4547 VHD on the anticlockwise 

carriageway - a total of 10690 VHD for the one accident! A heavy goods 

vehicle crashed through the central reservation from B to A carriageway, 

obstructing both carriageways for around five hours. Removing this single 

accident from the calculation would change the proportion of delays 

attributable to accidents from 19% to 15% of the new total. 
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Number of 
Accidents 

VHD 
% of Total VHD for 

Accidents 
1 10,690 24 

5 17,440 40 

10 25,088 57 

38 39,616 90 

79 44,120 100 

Table 1 - Contribution of individual accidents to total 'accident-related VHD' 
between October 1996 and January 1997 on M25 J10-J15 

Figure 15 shows the split between recurrent and incident-based congestion 

for all identifiable VHD. It can be seen that the recurrent congestion 

contributes almost three times as much as the incident-based congestion on 

this section of the M25. In numerical terms, this amounted to some 170,000 

VHD for recurrent and some 49,000 VHD for incident-based congestion over 

the whole monitoring period. Figure 16 shows the relative VHD on each 

carriageway. 

Relative contribution to total VHD by cause 

RECURRENT 

78% 

INCIDENT 

22% 

Figure 15 - Distribution of VHD between recurrent and incident-based 
congestion for M25 J10-J15 (October 1996 to January 1997) 
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Contribution to Total VHD (230,700) by 
Carriageway 

A C'WAY 
65% 

B C'WAY 
35% 

Figure 16 - Distribution of VHD between carriageways for 
M25 J10-J15 (October 1996 to January 1997) 

Figure 17 sliows the contribution of each category to the total VHD calculated 

on the motorway, for the 66 suitable days. The category named 'other' is 

broken down into further subdivisions, as detailed in the magnification of the 

2%. 

Both diagrams illustrate the variety of causes of congestion, as well as the 

relatively small contribution made by these causes compared to the effects of 

an accident during peak hour, or the effects of recurrent congestion. Only one 

definite case of 'rubbernecking' (vehicles slowing to observe an incident on 

the opposite carriageway) was identified during the monitoring period, 

although other instances have been observed (see Dixon, Harbord, and 

Abou-Rahme, 2002) 
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Contribution to Total VHD (230,700) by category 

MID-SECT NOT KNOWN 
23% 5% ACCIDENT 

19% 

1 OTHER 
2% 

MERGE — 
29% DIVERGE 

22% 

Break-up of the 2% (OTHER) Cateogry 
Total VHD = 5156 

VEH FIRE QUEUE RNEC^,„^^ 
12% 3% 8% 

DEBRIS 
29% 

SLOW VEH 
3% 

BRK DOWN 
36% 

Figure 17 - Contribution to total VHD by category for M25 J10-J15, both 
directions between October 1996 and January 1997 

3.6.2 Other causes of congestion 

Whilst no security alerts were recorded on the M25 during the period of 

monitoring for this project, a significant security alert did occur on both the M1 

and the M6, between 3 - 4 April 1997. The alert led to the M1 being closed for 

9 hours between J17 and J19, and the M6 being closed 30 hours in the same 

region. The total closure brought about considerable delays and 

demonstrated the relative seriousness of this cause of congestion. Given that 

public safety cannot be compromised, the motorway must remain closed until 

the area has been thoroughly searched. 

There were a number of instances of shed loads on the M25, but all occurred 

outside of peak periods and therefore did not generate any noticeable 
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congestion. On other sections of the M25, spillage has caused significant 

delays. An example from the data can be found on 06 March 1997 where a 

diesel spill had J2 of the M25 closed on the clockwise carriageway during the 

afternoon rush hour. Within the results for this study, one instance was 

recorded where a driver collided with the back of a queue. 

The M25 runs north-south along the particular section being monitored for this 

project, and no significant effects of sunlight were noted. Anecdotal evidence 

suggests that low sunlight is a significant problem on the M40. 

3.7 CONCLUSION FROM PRELIMINARY STUDY 

A detailed study of congestion caused by weight of traffic was carried out on 

the M25 for data collected between October 1996 and January 1997. Video 

surveys carried out between late October and early November provided focus 

on both driver behaviour and possible mechanisms leading to flow-

breakdown. Three generic types of flow-breakdown were investigated and 

conclusions drawn. In addition to recurrent congestion, a log of all congestion 

caused by incidents was maintained, with the causes being determined from 

police records and other sources of information. 

Flow-breakdown in the mid-section between junctions is seemingly unrelated 

to merge or diverge-related problems. This study has suggested that 

flow-breakdown is caused by a gradient phenomenon whereby the interaction 

of vehicles with each other is affected by changes in vertical alignment of the 

road, leading to braking and increased instability. Changes in the horizontal 

alignment also appear to provide perturbations to unstable flow. Therefore, 

flow-breakdown in the mid-section is the result of a combination of two 

factors: 

• the existing characteristics of the flow through that section (in terms 
of stability, headway distribution and quantity); 

• the physical features of the section requiring any action on the part 
of drivers to negotiate (for example, an uphill gradient). 
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In the vicinity of a merge junction, flow-breakdown often occurs because of 

the difference in the capacity of the merge and the capacity of the 

downstream section. Other causes of flow-breakdown include direct conflict 

at the merge point itself, and a migration of drivers from the nearside lanes to 

the offside lanes of the main carriageway in anticipation of the merge. On the 

M25, the most common cause of merge-related flow-breakdown (observed in 

this study) is the downstream capacity problem. 

From the video evidence, flow-breakdown at the Junction 13 diverge was 

more directly related to lane changing, especially with drivers 'swooping' 

across more than one lane at a time and drivers joining the diverge lane late 

in order to avoid queuing. Occasionally problems would arise when a vehicle 

in the diverge lane attempted to rejoin the main carriageway. Each of these 

activities causes braking on the part of other drivers, which in unstable flow 

conditions will lead to flow-breakdown. However, traffic blocking back on the 

slip-road from the roundabout at J14 made a much larger contribution to the 

total VHD in this study. 

A number of different types of accident were responsible for flow-breakdown 

throughout this period, and between them contributed to 22% of the total 

VHD. 
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4 MODELLING SEED-POINTS 

4.1 INTRODUCTION TO MODELLING SEEDS 

Having gained a better understanding of what characterises the origin of a 

Shockwave on the motorway, the research then focussed on how to model 

these seed-points. 

In raw traffic data the seed-point is abstract, there is evidence that it has 

occurred but classifying it and distinguishing it from other traffic patterns is not 

straightforward. In the preceding chapters a survey of real seed-points on the 

M25 pointed to a number of possible causes, ranging from gradients through 

to behaviour at junctions. The combination of geometric properties and traffic 

characteristics was presented as the essential ingredient for shockwaves to 

occur. 

This chapter explores two theoretical frameworks from which a seed-point can 

be understood. Each framework is based upon observations and research 

conducted by the author during his employment with TRL Limited. At the time 

of writing there remains much scope for development in each area. 

The first of these frameworks, the 'Mechanistic Approach', seeks to identify 

the origin of a Shockwave through implementation of mathematical models 

describing car-following behaviour. The question we ask is whether there is 

enough scope within the car-following mechanism to generate shockwaves? If 

not then are there other means by which we might consistently induce them? 

The second of these frameworks, the 'Probabilistic Approach , is the 

framework within which the remainder of the current thesis has been 

developed. Using inferential statistics, the objective of this method was to 

derive a posterior distribution for the likelihood of Shockwave occurrence, 

based on real traffic data. 

Each of these areas is now examined in more detail. 
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4.2 THE MECHANISTIC APPROACH 

4.2.1 A particular example of car-following 

The Mechanistic Approach has to do with the generation of shockwaves 

through the mechanism of the car-following algorithm. 

Section 2.3.5 gave an overview of different schools of thought for modelling 

car-following behaviour. The background to the work presented in this section 

comes from an investigation by Abou-Rahme and White (1999) in 

reinterpreting the non-conventional car-following models proposed by Gipps 

(1981) to explore its ability to model the propagation of shockwaves. Aspects 

of that work are reported here both to highlight potential within the 

mechanistic approach and to provide an alternative approach to the 

probabilistic model. 

As mentioned in the literature review, a microscopic model called SISTM has 

been developed at TRL Limited for the Highways Agency. SISTM describes 

the behaviour of vehicles on a multilane carriageway, and has been calibrated 

over many years using traffic data collected from a number of motorways in 

the UK. An initial investigation by the author into the ability of SISTM to 

replicate speed-flow behaviour on the M25 found that whilst congestion 

patterns for stationary traffic were reproduced well, there was no scope for 

generating and reproducing a Shockwave through the normal modelling 

process, (Abou-Rahme etal., 1996). 

The investigation then focussed on a particular implementation of the Gipps 

Algorithm within SISTM, to understand how shockwaves were being treated. 

The stability and sensitivity of the car-following model to its constituent 

parameters were examined by developing vehicle classes whose behaviour 

was regulated by various aspects of the car-following theory. The parameters 

in the model were investigated in order to permit the propagation of 

shockwaves following a given disturbance. The investigation of seed-points 

was based on the possibility that minor disturbances within unstable flow 

regimes may occur through ordinary vehicle interactions. In fact this would be 

of great assistance in modelling regions of less pronounced fluctuation in 

PhD Thesis Page 51 Nabil Abou-Rahme 



traffic parameters such as speed and occupancy often observed prior to a 

Shockwave actually propagating). 

Although the parameters in the Gipps model correspond to characteristics of 

drivers and vehicles, calibration according to the situation modelled is 

required. This is because modelling of a motorway network and an urban 

network require quite different parameters for speed. 

Three key assumptions were made in the formulation of Gipps' car-following 

algorithm (these also influenced his choice of initial parameters): 

• a vehicle will not exceed its driver's desired speed at any time; 

• free acceleration should increase with speed (as engine torque 
increases) then decrease to zero when approaching its desired 
speed; 

• a driver will at all times maintain sufficient headway between his 
vehicle and the vehicle in front. 

The equations derived by Gipps using these assumptions are reproduced in 

Appendix 0. The equation for free-flowing traffic was obtained by driving an 

instrumented vehicle through traffic and fitting an appropriate relationship to 

the speed values derived. A vehicle in free-flowing traffic would be influenced 

by three factors all relating to itself, (desired speed, previous speed and 

maximum acceleration). 

The equation describing behaviour during congestion conditions makes use of 

an additional parameter dealing with 'reaction time'. The effect of adding this 

term is to cause vehicles to commence braking earlier and to reduce braking 

as they approach the point at which they must stop, and thus creep slowly up 

to this point. Gipps believed that the behaviour of the vehicles was 

determined by the relative magnitudes of this variable and the apparent 

reaction time. If the additional reaction time was equal in magnitude to half 

the apparent reaction time then a vehicle travelling at a safe speed and 

distance will be able to maintain a state of safety indefinitely (providing the 

willingness of the driver ahead to brake hard has not been underestimated). 
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In real traffic this is not always the case and therefore when the willingness of 

the driver ahead to brake has been underestimated, the additional reaction 

time may have to be increased to avoid vehicles colliding. Gipps suggested 

that a smooth transition was possible between the two basic traffic conditions 

(described by Equations 1 and 4 in his paper). However, this does not occur 

when the leading vehicle brakes harder than the following vehicle has 

anticipated, or leaves the lane, or when a new vehicle moves into the gap 

between two vehicles. 

Abou-Rahme and White also looked at the effect of estimating the braking 

rate. When b is less than the term containing the speed of the vehicle 

ahead contributes more to the new speed of the vehicle, and the disturbances 

to the following vehicles are damped. This means that the driver has 

overcompensated for the velocity of the vehicle ahead. When the braking of 

the driver ahead is underestimated, these disturbances could be amplified. 

Gipps suggested that three factors control the behaviour of the traffic, 

• the distribution of desired speeds 

• the reaction time for drivers, x 

• the ratio of mean braking rate to driver estimate of mean braking 
rate 4 . 

This investigation looked at the sensitivity of the Gipps Equations to these 

three basic factors. 

4.2.2 Stability within the Gipps model 

The transition from stable to unstable car-following behaviour is important 

when considering the origin of a Shockwave. Stable car-following behaviour is 

such that any perturbation to the behaviour of the lead vehicle is smoothed 

out as the perturbation propagates upstream. In order to reproduce 

shockwaves and observe them spreading out as they propagate, the stability 

of the car-following model must be considered, since it is likely that the 

spreading out of the perturbation is caused by unstable traffic. 
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The general formulation of a car-following model is 

where x is the reaction time and a is a sensitivity parameter. May (1990) 

considered the behaviour of the following-vehicle and how that would 

determine the stability of car-following behaviour. Stable behaviour occurs 

when the following-driver is very attentive and therefore has a short reaction 

time. There is no over-reaction in the response and large acceleration or 

deceleration only feature during emergencies. A short reaction time and a 

low-sensitivity response are the characteristics of stable behaviour. If the 

response time of the following-driver is slow (so x is large) and that same 

response is an over-reaction, there will be a significantly large acceleration or 

deceleration. A long reaction time and a high-sensitivity response are the 

characteristics of unstable behaviour. 

May suggested that stability can be thought of in terms of a parameter, C 

which is the product of the reaction-time and the sensitivity parameter, 

C = OTT . 

There are two kinds of stability that occur in traffic flow, local stability and 

asymptotic stability. Local stability involves the lead vehicle and the next 

following vehicle only, whilst asymptotic stability involves a large (infinite) 

number of following vehicles. The variation in behaviour, both locally and 

asymptotically, depends upon the parameter C. Therefore, as an extension of 

the Gipps model this parameter was calculated and the effect of varying the 

value on the car-following behaviour was investigated. 

Gipps remarked that the estimate of the braking of the driver ahead affects 

whether the signals are amplified or damped. If is underestimated then 

the disturbances are amplified and vice-versa. Therefore it is intuitive that the 

value which corresponds to the stability parameter in the Gipps model is b. 
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4.2.3 Estimating braking for the vehicle ahead 

In his paper, Gipps estimates the maximum value of the braking parameter as 

-3.0m/s^. In practice the estimate of braking is too small and so drivers react 

late and brake harder as a consequence. Within this investigation, the 

estimated braking parameter varied from -2.5m/s^ to -3.0m/s^ for all vehicles. 

The displacement-time plot representing this is shown in Figure 18. 

I 
i 

time (epoch) 

Figure 18 - Overlapping trajectories indicate collisions within the Shockwave 

Here the Shockwave is spread out as it moves upstream and other 

shockwaves are created by some of the following-vehicles. A collision 

occurred because the final velocity of this vehicle was set too high and it 

moved further numerically than was physically possible! However, the 

problem of vehicles colliding had to be overcome. One method of overcoming 

this problem of collision was to increase the value of 0 (the additional reaction 

time). The resulting displacement time plots show very smooth vehicle 

trajectories and no Shockwave behaviour at all! 

Alternatively, if the constraint is violated, the displacement of the vehicle can 

be altered so that the following vehicle does not collide with the vehicle in 

front. This represents a driver realising the need to brake harder and stop 

close to the vehicle ahead. As a result, the space that would normally have 

PhD Thesis Page 55 Nabil Abou-Rahme 



been left for safety (according to assumptions made by Gipps) is actually 

encroached. Of course, in real life there will always be a chance that the 

driver does not brake hard enough and a collision does occur. Therefore if 

the inter-vehicular distance is too small the new displacement is calculated as: 

+ r ) = + + T ) -

when the velocity of the vehicle is above 5m/s. This means that the vehicle is 

allowed to move as far as the vehicle ahead has just moved, but no more. 

When the velocity of the vehicle is below 5m/s the vehicles are allowed to 

move bumper to bumper and so the new distance is: 

x,(f + f ) = x^_Xf)-5n-i+;7 

where ri (in metres) is a constant between 1 and 2, representing the extra 

length added to the vehicle length to make the effective vehicle length. By 

introducing this value the assumption (A3) from Gipps is relaxed. Recall that 

Gipps stated that the extra safety reaction time was required in order that 

vehicles stopped slowly behind the vehicle ahead and did not breach the extra 

space in the vehicle length. Observed behaviour does not always support this 

assumption, since drivers often come too close to the vehicle ahead and need 

to correct their speeds. 

The modification now included in the model means that in high density flow 

the braking behaviour reproduced is more true to life. The new velocity is 

calculated as 

+ T) = - + T) -

T 

The results obtained using the new displacement and velocity calculations are 

presented in Figure 19. The two shockwaves on the right of the picture are 

propagating from the disturbance to the profile of the lead vehicle. The 

Shockwave on the left has not been caused by the lead vehicle, but by 

disturbances being amplified within the traffic flow. Slight perturbations in the 

trajectory of one vehicle lead to larger ones reproduced for the following 

vehicles. A greater error in estimated braking will lead to a greater 

amplification of these perturbations. 

PhD Thesis Page 56 Nabil Abou-Rahme 



New shockwaves were also created in the trajectories of the following 

vehicles, not directly related to the behaviour of the lead vehicle. It is this type 

of seed-point which is the basis of the Mechanistic Approach. 

Natural seed-
point leading to 

Shockwave 

time (epoch) 

Figure 19 - Example of Shockwave generation using Gipps Algorithm 

Focussing on the question of effective amplification, the work conducted by 

Abou-Rahme and White led to extensions in the modelling equations to 

incorporate the following additional features: 

• inertia for vehicles that have been stationary for some time and take 
longer than normal to respond to the vehicle ahead moving off; 

• anticipation of brake lights ahead when approaching a slow-moving 
section, including an awareness parameter for every driver. 

Incorporating additional equations to model anticipation of brake lights had 

significant effect on the Shockwave behaviour. The Shockwave is seen to 

spread out as it moves upstream and only dissipates when there is insufficient 

demand, that is, when vehicles are too far apart to be influenced by the 

behaviour of the vehicle in front. 
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4.2.4 Modelling seed-points 

The results from both the simple model and the microscopic model showed 

occasional shockwaves occurring independently of those which had been 

induced for the purpose of demonstrating car-following behaviour. A closer 

investigation of these was conducted with a view to understanding what 

properties within the car-following model would replicate seed-points. 

Initial analysis showed the independent Shockwave within the microscopic 

model to have been caused by a collision, and it was a curious feature of the 

model that changes to the car-following algorithm had in fact increased the 

overall number of collisions. This was because of necessary changes to 

acceptable headway settings and braking estimations allowing a vehicle to 

come closer to the next vehicle than would be comfortable and then brake 

harder (creating a more realistic oscillating motion). Further investigation of 

how the microscopic model dealt with vehicle braking showed a lack of 

distinction between 'maximum desirable braking' and 'maximum possible 

braking' rates. The braking rates used within the model must also be updated 

and this would precipitate a re-calibration of the whole model, activities that 

are outside the scope of this thesis. 

Improvements to how driver perception is represented in the microscopic 

model led to the identification of another important deficiency, namely that the 

driver assumes the braking rate of the vehicle in front is identical to his own! 

This unrealistic assumption does in fact counter-balance the number of 

collisions overall, but it is not a satisfactory assumption. It is recommended 

that the revised car-following algorithm (which assumes the braking rate of the 

vehicle in front is related to the class of the vehicle in front) be implemented 

and alternative solutions to the high rate of collisions be investigated instead. 

The purpose of this exercise was not to promote the merits of Gipps, but to 

demonstrate that seed-points might occur independently within a car-following 

model. Although Gipps claimed that the equations would never allow vehicles 

to get too close, a constraint was included to affirm this and necessary 

extensions made by Abou-Rahme and White to overcome situations where 

the constraint was violated. Propagation of shockwaves was demonstrated in 
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motorway traffic and the model equations were modified to improve replication 

of this behaviour. Relaxing the assumption that vehicles will never get too 

close has also improved the reproduction of shockwaves and even caused 

some shockwaves to be generated. 

In conclusion, it was possible to replicate the origin of a Shockwave within a 

car-following model by varying the stability parameters. This result provides 

an important input to the modelling of seed-points, but forms only part of the 

overall picture. Although this particular car-following model could 

accommodate Shockwave origins along with Shockwave propagation, much 

depends on the environment in which the car-following algorithm is used (for 

example, how it relates to a parallel lane-changing algorithm). If a full 

implementation of the car-following algorithm becomes available within a 

microscopic model (such as SISTM) then replication of seed-points using this 

method can be tested in detail. 

Brackstone and McDonald (2003) considered four pertinent issues relating to 

the successful modelling of traffic flow and driver behaviour, including the 

relevance of safe following-distances, the use of time Increments in 

microsimulation, and the role of asymptotic behaviour in generating flow-

breakdown within a model. Clearly the challenges expressed in that paper 

need to be addressed if progress is to be made in modelling the origins of 

flow-breakdown using car-following theory. 

4.2.5 A deterministic extension 

Observation of traffic data on the M25 has shown that a seed-point also has a 

distinct 'location-based' property, in other words shockwaves frequently arise 

from a specific location. Whilst the Mechanistic Approach is useful in 

modelling the actual generation of the Shockwave, it does not allow any kind 

of control with regard to where the shockwaves occur. 

In Chapter 3, a number of possible causes of congestion were identified 

based on an empirical study for the M25. The mechanism common to each of 
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these cases is a redistribution of headway within a cluster of proximate 

vehicles. For example, as vehicles negotiate a curve in the alignment some 

drivers will tend to accelerate into the bend, some will cruise at constant 

speed and some may lose speed. The headway will change as a result of 

passing this location and for no other reason. In order to model such 

behaviour, a number of properties must be considered such as driver 

aggressiveness, vehicle power and so on. 

A particular location could therefore be classed a seed-point. The effect of 

such a location on vehicles passing it should be to force a redistribution of 

vehicle spacing according to the logic described above. 

Once redistribution has occurred, a certain number of vehicles may find that 

they are now too close to the vehicle ahead and thus brake to compensate. If 

the appropriate traffic conditions exist then this will lead to the propagation of 

the Shockwave from just downstream of that location. The first indication of 

any sustainable speed drop will be a few hundred metres upstream, namely at 

the geometric feature itself. 

Two points are worth noting at this stage. Firstly, a significant amount of 

calibration would be required in order to extract parameters that led to a 

satisfactory number of disturbances being created at the specified seed-point. 

This could only really be tested and validated once a satisfactory microscopic 

model was in place and replicating Shockwave propagation. Secondly, the 

approach is only useful if the focus is on Shockwave modelling, since the 

predetermination of a location as 'Shockwave prone' may be restrictive to the 

versatility and performance of a microscopic model in the long term. 

However, neither of these considerations prohibits the deterministic approach 

from being taken forward. 

4.3 THE PROBABILISTIC APPROACH 

4.3.1 Inferential and Bayeslan Statistics 

When dealing with headway distribution for a platoon of vehicles, it is common 

to think in terms of probabilities. Luttinen (1994) presented a four-stage 

PhD Thesis Page 60 Nabil Abou-Rahme 



approach to determining the best-fit shape of headway distribution, depending 

on traffic conditions. The paper also highlighted some of the problems typical 

of research in this field. The exponential distribution was the preferred model 

for extremely low flow conditions. The gamma distributions could be used if 

simplicity is a requirement and if there is empirical support for short headways 

having a low probability. The log-normal distribution falls between the simple 

non-realistic and complex realistic models, but it has theoretical advantages 

as a follower headway distribution. The generalised Poisson distribution was 

recommended for demanding applications with adequate computational 

facilities, in particular for looking at vehicle arrival rates. 

Inferential statistics provides a mechanism for incorporating new information 

(from empirical observations) with prior information about random events. 

The link between the prior information and the empirical data is provided by 

likelihoods that are also probabilities. The result is a posterior distribution that 

reflects both the empirical data and the prior information. 

Thomas Bayes (whose work was published posthumously in the Philosophical 

Transactions of the Royal Society of London in 1764) first documented this 

principle in 1761. The introduction stated that the purpose of his approach 

was: 

"...to find out a method by which we might judge concerning the 
probability that an event has to happen, in given circumstances, upon 
supposition that we know nothing concerning it but that, under the 
same circumstances, it has happened a certain number of times, and 
failed a certain other number of times". 

The classical approach to inference is the estimation of an unknown 

parameter (9) by that value which makes the data set most likely, in other 

words the maximum likelihood. The overall framework within which Bayesian 

inference works is conceptually identical to that of statistical inference. There 

is a population parameter 0 about which an inference can be made, and a 

probability mechanism f ( x | 9) which determines the probability of observing 

different data x, under different parameter values for 0. 
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The fundamental difference to classical inference is that 9 is treated as a 

random quantity. Inference will be based on the probability distribution of the 

parameter given the data f {B \ x) rather than that of the data given the 

parameter f{x | 9). This leads to more natural inferences, but to achieve this it 

is necessary to specify a prior probability distribution f{B), which represents a 

certain belief about the distribution of 8 prior to having any information about 

the data. This notion of a prior distribution for the parameter 9 is at the heart 

of Bayesian thinking. 

In its most basic form, the Bayes Theorem is a simple result concerning 

conditional probabilities. If A and B are two events with Pr (A) > 0 then 

Pr (eM) = ^ ^ x P r {A\B) 

This relationship is expanded in terms of probability density functions (pdf) 

allowing an inference to be made about the unknown parameter on the basis 

of prior knowledge and the data. The application of this study will therefore be 

to make a prior estimate of the flow-breakdown parameter (6), and then use 

the observed data in order to improve the estimate. 

4.3.2 Applying the model to traffic 

In Section 2.4 the conceptual basis for this thesis was attributed in part to the 

work of Elefteriadou, Roess and McShane (1995). The paper gave a good 

critique of conventional attempts to identify flow-breakdown using the speed 

flow curve. It also presented the problem of flow-breakdown at merge points 

in terms of a chain of events with assignable probabilities that could be 

summated. Elefteriadou (1997) refined the process for identifying one of the 

key events in that sequence (the arrival of vehicle clusters) by using Poisson 

distribution. This is a common application, assuming that the time between 

vehicles (or headway) is exponentially distributed such that the probability that 

there is an event during time T is (1-e"^^). This is acceptable for periodic 

arrivals (such as ramp flows or light mainline flows), but in the specific case of 

heavy motorway flow an improvement on this approximation is required. For 

example, the Poisson process assumes independent arrivals, but the concept 

PhD Thesis Page 62 Nabil Abou-Rahme 



that traffic flow may consist of two classes of vehicles, (constrained and 

free-moving) was proposed as early as 1955 (see May 1990 for a review). 

Haight, Whisler and Mosher (1961) examined the methods used to describe 

the distribution of cars on the road, showing the difference between headway 

during free-flowing traffic and headway in the lead up to congestion. Buckley 

(1968) proposed that the only inhibition to the underlying Poisson traffic 

process is the existence of a so-called 'zone of emptiness'. If this zone is 

distributed in time as g(t) and if the headways greater than the random variety 

sampled by g(t) are distributed exponentially as h(t), the composite pdf for 

headway becomes: 

f{t) = 0 g{t) + (1-(p) h{t) where 0 < (|)< 1 

The equation is dominated by g(t) for small headway, and by h(t) for larger 

headway. Banks (1995) also commented on this distinction in his review of 

the assumed relationships among traffic flow characteristics, as he developed 

a dual-density model for the traffic data. 

The natural implication of the above discussion would be to start seeking an 

improved vehicle arrival model. Figure 20 shows sample one-minute 

averaged flows for a particular location along the M25 Controlled Motorway 

(with height indicating flow value for that minute, and colour indicating the 

corresponding speed). Figure 21 shows a similar data set but for a different 

day. At first glance the profiles appear to be the same, but closer examination 

shows the daily variation to be significant. Although it would be generally 

useful to have a statistical model for the probability of finding a particular flow 

at a specified time, this does not address the problem in hand. 

A probabilistic model for the origin of motorway shockwaves requires a 

detailed description of the conditions present at the start of flow-breakdown in 

order to make an inference about the statistical relationship involved. By 
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Figure 20 - Sample one-minute flows from M25 for 31 January 1997 at detector 
4907A, displayed using MTV 
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Figure 21 - Sample one-minute flows from M25 for 30 January 1997 at detector 
4907A, displayed using MTV 
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denoting the flow-breakdown variable as (9), and the specific traffic parameter 

as (q), then in Bayesian notation the model becomes: 

f(0\q)- ^(9 I 
\f{q\d) %-(#) dd 

Once it has been integrated, the denominator for the right hand side is not 

dependent on 0 and therefore could simply be written as f{q). The prior pdf 

71(0) is a statement of belief about the occurrence of flow-breakdown. By 

integrating both sides with respect to 0 during the interval (0, 1) it becomes 

possible to evaluate the denominator. 

The difference between this work and that presented by Elefteriadou is 

therefore in the definition of probabilistic events. The focus is on traffic states 

and how these are classified, rather than on vehicle arrival times and flow 

rates. The next section expands on how the flow-breakdown variable 0 is 

treated. 

4.3.3 Specifying the prior function 

The prior function in this context is a statement of our present beliefs on 

flow-breakdown (0). Classification of flow-breakdown is a subject of much 

debate amongst transport professionals and there is no straightforward 

answer. In the next chapter this is given further consideration and a 

systematic approach to classifying seed-points is presented. 

Kerner (1999) offered a helpful discussion around this subject and referred to 

an intermediate state between free flow and congestion called 'synchronised 

flow'. He also proposed further subdivisions in terms of stability. The 

existence of an intermediary state is implicit within this current study and 

fundamental to the proposed model. The flow-breakdown variable (q) is used 

to distinguish between this intermediate state (the beginning of congestion) 

and the remaining two states (free-flow and congestion) both of which are 

irrelevant to seed-points. However, the boundaries between these traffic 

states are also defined by the detection method adopted. The prior function is 
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based upon a binary variable that operates within the constraints of a 

predefined search space. See Chapter 5 for further detail. 

The prior function can be described as a Bernoulli distribution with respect to 

the variable (9) as follows: 

71(9=1) = (p) 

71(9=0) = (1-p) 

For a sample size of (n) possible points containing (r) successful outcomes 

and (n-r) unsuccessful outcomes, the probability of (r) outcomes can be 

expressed as: 

p'b-p]"-' 

There is a finite and definable number of combinations for such a sequence of 

events to take place. Using the common notation the equation becomes: 

» c , p ' ( 7 - p r ' 

or the Binomial Distribution. In this case, the estimate of 71(9=1) simply 

becomes (-^). With inferential statistics, the outcome does not depend 

entirely on the choice of prior function, and dependency is inversely 

proportional to sample size. The assumptions taken here are reasonable, and 

can be improved by the size of the data archive being examined. 

4.3.4 Selecting a likelihood function 

The likelihood function will be derived from the database of seed-points. It is 

a description of the distribution of traffic variables associated with the 

seed-point (according to the definition in Chapter 5). Corresponding values 

associated with non seed-points are also required. Because of the data 

resolution it should be possible to work with the discrete values for frequency 

distribution without resorting to standard functions. However, there may be 

circumstances where it is expedient to do so, therefore a brief discussion of 

suitable functions is required here. 
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For traffic analysis the generalised Poisson distribution is usually considered 

appropriate for looking at random arrivals during low flow conditions or the 

distribution of a single traffic parameter about a critical point. But the 

seed-point detection process gives rise to a slightly different type of 

distribution. 

Early examination of the data sets obtained through this process showed 

signs of a possible normal distribution for the individual parameters. The 

distribution of speeds associated with seed-points followed a bell-shape, and 

the distribution of occupancy followed a similar pattern. 

In practice the probability of a particular pair of values occurring would simply 

be the product of the two likelihoods obtained through the normal distribution 

of the independent variable. But there are two further points to consider: 

• the implicit relationship between speed and occupancy (in this case 
a proxy for headway); 

• the dependency on both variables by the algorithm developed for 
seed detection (how the pair are grouped in the first place). 

The distribution of variables associated with the seed-point must therefore be 

examined as a coordinate pair (rather than as independent variables) and the 

extent of that dependency must be taken into account for the remaining 

calculations. 

As both variables displayed an apparent similarity to the normal distribution it 

was logical to consider the suitability of the Bivariate Normal. This distribution 

is expressed as follows: 

N(k,v) l 

which is distinguished by the presence of an additional variable p (the 

coefficient of correlation). The value of p is zero when the covariance 

between k and v is zero, making the above equation equal to the product of 

N(k) and N(v). 
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Figure 22 gives an illustration of the bivariate normal distribution. 

3 3 

Figure 22 - An illustration of the double-bell bivariate normal distribution 

Five statistical parameters therefore need to be calculated - namely the 

means, standard deviations, and covariance for speed and occupancy (pk, Mv, 

Ok, Ov, and pi<v). 

4.3.5 Summary of the Bayesian Model 

The Bayesian Model allows us to derive a posterior distribution for the 

probability of flow-breakdown occurring given that a traffic data (q) has been 

detected. Since 0 is in fact a binary and discrete variable, it is possible to 

rewrite the equation solving the integral as follows: 

f(0=^\q) = 
f{q\e=i)-7i{e=ij 

[f{q\ 

the denominator being f(q) a distribution of the traffic variables throughout the 

data set independent of 0. Finally, it is evident that the sum of the two 

probabilities describing the occurrence of flow-breakdown equals 1 so a 

simple substitution gives: 
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f{e=1\q)- - f(q\J=i]-4s=-f] 
M q | ^ = l ) X ^ = l ) ] + M q | a = 0 ) . ( l - ; / z ( ^ = l ) ) ] 

The prior function in this case is taken to be a simple ratio. This value is 

applied through the equation to every 'combination' described within f(q | 0=1). 

Effectively the prior function should then be written as a matrix (with the same 

value in every cell), and applied to every combination of (v, k) within the 

search space. Once the posterior is obtained it is possible to exploit the key 

feature of Bayesian Inference, using this posterior as a refined prior for a 

new set of (similar) data. 

4.4 SUMMARY FOR MODELLING 

This chapter has proposed two approaches to modelling seed-points and has 

explored the feasibility of both. Investigation within the Mechanistic Approach 

was limited mainly by the availability of a microsimulation model that could 

adequately represent shockwaves. It was hoped that implementation of the 

refined car-following model proposed by Abou-Rahme and White (1999) 

within SISTIVl might have yielded such a tool, but this has been delayed by a 

series of external factors. 

The rest of the study will now concentrate on implementing the Probabilistic 

Approach. The basic form of the statistical model has already been 

presented, and this will be used to analyse the data set obtained through an 

incident-detection and classification approach described in the following 

chapter. 
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5 DETECTING SEED POINTS 

5.1 THE NEED TO DETECT SEED POINTS 

The previous chapter described the development of a probabilistic model 

using a Bayesian approach to accommodate prior belief about Shockwave 

occurrence. In terms of data requirement, the probabilistic model uses a 

detailed description of the current conditions during which flow-breakdown 

occurs, in order to make a statistical inference about the relationship involved. 

Detection of possible seed-points in the traffic data is necessary to provide an 

estimate of the prior function (describing the frequency of flow-breakdown) 

and to provide a distribution of values for traffic parameters associated with 

that flow-breakdown. The approach to detection must therefore be able to 

distinguish between the origin of a Shockwave and the main body of a 

Shockwave, and then record the associated traffic data (in particular the one-

minute speed, flow and occupancy values). 

To address this requirement and facilitate numerical analysis, a software 

utility entitled SeeDetect® was developed by the author using Visual Basic. 

SeeDetect® reads traffic data from binary files and stores it in predefined 

arrays, separating the information by lane and calculating the lane average as 

an extra part of the array. The software core comprises a series of modules 

for testing incident-detection algorithms and a special module that holds the 

main algorithm for seed-point detection. Notable features include the ability to 

visualise Shockwave patterns, to identify seed locations (either automatically 

or manually), and to store comprehensive information about the seed-point in 

various database formats. 

Figure 23 shows an actual screenshot derived from the current version of 

SeeDetect®, with a selection of seed-points marked as coloured rectangles. 

The software has been set up to load MIDAS traffic data (speed, flow, 

occupancy) in blocks of six-hours (the day can then be covered in four 

viewings). There are simple controls for scrolling back and forth across 

successive six-hour blocks within the same day, and the relevant time interval 
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is displayed on the screen. The 'manual select' button provides the ability to 

select the seed-points visually using the mouse (useful as part of the initial 

learning phase). The software is also capable of displaying information about 

each cell and marking the seed-point and its surrounding data region. 

) SeeDetect - [Traffic Data Display] 

RIe View %ools Msc Window Help Jglxj 

J13<d> 

nm 

CuM3ranQ:58 1(159 47G7A lanel lace 2 LAHE3-46rth.4% Lanai 

p Seed Detection 

I f ASD P a M d e i s j | Auto Select j 

Manual Select | Cleat 1 Debug j 

Dole |1Z1I9B r Flow Start Time I " ® " " 

um=rrnr ^ ' r Shocks End Time |i2;00 

Figure 23 - Some possible seed-points identified using 'Manual Select' feature, 
against a greyscale speed background, (shockwaves appear as white streaks) 

For each selection, a full catalogue of information is sent along with an index 

marker to a database, and this information can be accessed directly or 

through SeeDetect®. The output currently includes the date, time, position, 

carriageway, lane number, and speed/flow/occupancy at the seed-point and 

the surrounding locations in the data map. 

As well as processing the seed-points, the software allows the user to 

examine the Shockwave tails. For every complete Shockwave object (a seed 

and tail combination) additional properties for the Shockwave are also stored 

(for example the speed of propagation). All this information stored in a 

database, and can be reloaded onto the diagram at a later date if required. 
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5.2 INCIDENT DETECTION ALGORITHMS 

As part of this study a special module within the software was developed by 

the author to use incident-detection algorithms for filtering traffic data to find 

Shockwave patterns. The idea was that seed-points could then be located 

from the Shockwave body. A selection of algorithms was reviewed for 

suitability. 

Figure 24 gives an example of the output derived through the California #8 

Algorithm. California Algorithms differentiated well between incidents and 

shockwaves although they generated a fair amount of noise once parameters 

had been optimised for Shockwave detection. 

Fte View Xools Mkc Window ^ j c j 

-Seed D e t e c t i o n — 

ASD Pafaneteis I 

Cleat f D e b i « j 

Date laiDBOD ^ 
_ T y p e r o c c 

P S h o c k s 
L a n e f T " ( % " 

S t a r t T i m e 

E n d T i m e jEIBTn 

Load 

Figure 24 - Shockwaves Identified by using the California Algorithm filter 

The McMaster Algorithm provided a more consistent detection of shockwaves 

with little additional noise, but it was harder to implement than the rest of the 

algorithms because of the requirement to calibrate against speed data. The 

exponential family was discarded because the outputs were unrepresentative 

of the traffic patterns except occasionally at the shoulders of the peak period. 
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Of the other algorithms reviewed, one could not identify the Shockwave until 

well upstream of the seed-point, and the rest could not detect the Shockwave 

consistently. 

The California #8 was taken forward for first use in the traffic data pre-

processing phase. The algorithm was applied to one-minute data in order to 

improve response time; however, some degree of averaging or smoothing 

was required to overcome the erratic elements found within raw data. By 

definition there was a time lag due to the time-series calculations, and this 

introduced a degree of approximation into the method which was not 

satisfactory. The top of the detected Shockwave still fell short of the seed-

point by one (or sometimes two) detectors, this point being the result of two or 

three minutes of propagation. A more suitable method therefore had to be 

developed. 

5.3 TOWARDS AUTOMATIC SEED POINT DETECTION 

One of the main arguments early in this thesis was that a seed-point is an 

event triggered by a combination of traffic characteristics and location effects, 

the two components are necessary for occurrence, (see Section 1.1). The 

empirical study in Chapter 3 considered seed-points in terms of location and 

examined some of the causal factors behind Shockwave occurrence. In 

considering the question of automatic seed-point detection using classification 

of traffic parameters to describe certain characteristics, it becomes necessary 

to treat the seed-point as an event with a particular signature in the traffic 

data. There is a change of emphasis in the remainder of this thesis from the 

location aspect to the event aspect, and data analysis is conducted 

independently of location. 

The next step was to use a classification approach in order to define a filter for 

seed-points using the available traffic data. An early part of this process 

involved scanning for speed differentials across two consecutive loop 

detectors exceeding a pre-defined threshold. The process was refined 

through introducing a filter for minimum flow and occupancy in order to 
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manually define the 'upstream conditions' for which it was anticipated flow-

breakdown would take place. 

Based on observations within the traffic data, assumptions were made about 

the speed of Shockwave propagation, as this would help plan which cells 

should be checked. A set of rules was developed to examine the traffic-data 

array and identify discontinuities which might lead to shockwaves. 

Figure 25 is a schematic representation of a Shockwave commencing at time 

t+1 at detector 4907A and propagating upstream through 4987A and beyond 

as time increases. Each 'cell' shown here would contain a value for speed or 

flow during that minute at that detector (compare with Figure 23). The 

gradient represents the speed of the Shockwave moving upstream (passing 

through 1km of traffic in just over 3 minutes). 

4912A 

4907A 

4902A 

4987A 

Figure 25 - A schematic representation of a sliockwave moving through the 
position-time array, and the information attainable at various cells. 

The double arrow shows the cells used to identify the speed-drop (assuming 

vehicles could travel at free-flow speeds when passing 4902A). Every entry in 

the position-time array was then placed into one of four categories 

(flow-breakdown, minor fluctuations, downstream seed-point, and no speed 

drop), and the intention was to track the Shockwave origin using this output. 

Significant time was devoted to developing these rules but the early output 

only provided a partial identification of shockwaves (along with some incorrect 

results). The exercise did ,however, bring a valuable understanding to the 

task of defining a seed-point. Looking again at the seed-point in context, the 
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following convention was used to store the traffic Information (the '0' in this 

diagram indicates the position of the mouse click using SeeDetect®); 

8 1 2 

7 0 3 

6 
r 1 

5 
" 

4 

The relationship between Information in Cells 5 -7 and Cell 0 was of possible 

Interest for application of the probabilistic model. 

One of the most Important features was the fact that the selected seed-points 

seemed to occur at the threshold where speed was falling and traffic density 

was rising. Figure 26 provides a schematic Illustration of this logic. 

Rising 
Density 

Falling 
Speeds 

Seed Points 

Figure 26 - The overlap of rising density and falling speed 

Figure 27 compares the clarity of shockwaves within traffic data, contrasting 

flow against speed and occupancy. Much of the subtle variation associated 

with the regions from which shockwaves originate is missing in the flow plot. 

In terms of Information about the location of a seed-point, the flow variable Is 

comparable to the output from the incident detection algorithms back in Figure 

24. As there was no evident link between traffic flow and the occurrence of 

seed-points, the study focussed on speed and traffic density as the 

identification variables. 
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Figure 27 - Clarity of shockwaves within traffic data - the top plot shows flow, 
the two smaller plots show speed and occupancy respectively. Much of the 
subtle variation associated with the origin of the shockwaves is missing in the 
top plot (flow). This was consistent throughout the data examined. 
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Profiles for speed and occupancy at specific loop sites were examined and 

compared against MTV Plots showing the Shockwave in detail. This 

suggested that one of the characteristics of a seed-point is the numerical 

proximity of the speed and occupancy values (for example, see Figure 28). 

Although this is a coincidental finding (based on the units selected in this 

instance) it does offer some assistance with placing coordinate pairs within 

the overlapping region shown in Figure 26. 

# Speed 
Loop 4922 Speed/Occ Series 07:00-07:59 occ 

g 40 

Time ( S e c o n d s f rom Midnight) 

Figure 28 - Comparing values of speed and occupancy at M25 Loop 4848 

Application of this understanding led to the following rules being implemented 

as part of the processes of detection within the software (see Appendix F for 

code listing) 

• verification that the occupancy value lies within a predefined range 

• verification that the speed value also lies within a predefined range 

• time series comparison of speed and occupancy, to verify a rise in 
occupancy and a simultaneous fall in speeds 

• additional check on numerical proximity of speed and occupancy 
using these particular units, to assist with classification 

• final check for the direction of the gradient on speed and occupancy 
profiles, (to distinguish the seed-point from the edge of a 
Shockwave). 
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The rules are a function of speed and occupancy data readings within the 3x3 

operand described above. It is important to note that there is also an implicit 

assumption about the existence of 'synchronised flow'. This is described by 

Kerner (1999), who recognised that the transition from 'free flow' to 

'congestion' is not abrupt but via a third (and overlapping) phase. The 

characteristics of traffic at seed-point locations selected during the rule 

development phase (described above) are comparable to the synchronised 

flow described by Kerner (falling speeds and rising density of traffic). 

Since the purpose of detection within this study is to collect data samples with 

confidence the above rules were implemented as an algorithm and taken 

foHA /ard. Effectively these rules would define a seed-point for the purpose of 

this study. The database would therefore contain records of seed-points 

(defined as locations which satisfied all five rules) and a corresponding 

negative set (locations with similar values for traffic, but not qualifying as 

seed-points). 

However, the algorithm also required thresholds in order to operate. Some 

initial estimates were taken from the data already gathered through manual 

selection, (and compared with MIDAS data as displayed in Figure 28 above). 

But further validation was required before the rules could be used. 

5.4 SPEED-HEADWAY RELATIONSHIPS 

5.4.1 Introductory comments 

In the previous section it was found that two variables were essential to the 

seed-detection algorithm, namely average speed and loop occupancy (both 

calculated over a one-minute period). The occupancy variable is essentially a 

proxy for vehicle headway, and it was possible to explore the speed-headway 

relationships in real traffic data from the M25. 

The work by Helbing (1997) fitting a theoretical function to individual vehicle 

data collected on a Dutch two-lane autobahn has been considered. Helbing 

took the standard continuity equations and incorporated an equilibrium 

velocity term. The resulting relationship included speed terms on both sides 
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of the equation and can therefore only be solved numerically. Helbing himself 

concluded the model is only useful for curve reconstruction at high densities. 

The speed-headway function forms an integral part of a large number of car-

following algorithms. Holland (1998) provided an excellent summary of the 

composition of models including Edie, Chandler, Herman and more recently 

that proposed by Bando. Although Holland focussed on developing a general 

stability criterion, he provided a table of the "effective speed-headway 

function" implicit within the models he reviewed. 

5.4.2 Collection and analysis of Individual vehicle data 

This section describes how vehicle data was acquired from key locations on 

the M25 and how it was analysed in order to derive a basis for the rules used 

in SeeDetect®. A data collection exercise was conducted through projects led 

by the author at TRL Limited and analysed for this study. The availability of 

one-minute averaged traffic data from the MIDAS System on the M25 has 

already been described. However, by connecting directly to the MIDAS 

Outstations using laptops with special software, it was possible to obtain an 

additional level of information known as Individual Vehicle Data (IVD). A total 

of three weeks of data was collected on M25 between J13 and J16 within a 

period of three months (April to June 2000). The data set includes periods of 

the day when the variable speed-limits were in operation. 

For each of the speed groupings between 0 and SOmph {0-1 mph, 1-2mph, ... 

79-80mph}, the number of vehicles with a time headway in each of the 

groupings {0-1 sec, 1 -2 sec, ... 49-50 sec}, was calculated. Upper limits of 

SOmph and 50 seconds were chosen arbitrarily to simplify the data analysis, 

as values beyond this range do not affect the present analysis. For each of 

the speeds up to SOmph the mean and mode time-headway (for every value 

of headway, not just those under 50 seconds) were calculated. 

All of the above was done on a lane by lane basis, and for all lanes 

aggregated together. For a given speed, the average distance-headway was 

calculated by multiplying the average time-headway by that speed. The 

midpoint of the speed grouping was used (for example, a value of 21.5mph 
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was used for grouping 21-22mph). Figure 29 is a plot of speed against 

time-headway calculated for the nine days with cleanest data, across all four 

lanes at loop 4902A (M25 J13-14). Data was obtained for the full 24 hours 

on each day hence the scatter in headway values at the higher speeds. 

4 
\ 

4 

t i m e h e a d w a y ( s e e s ) 

Figure 29 - Speed against time-headway for 9 days at Loop 4902A 
(average of all lanes) 

The critical time-headway (using data averaged for all lanes) is defined here 

as 2.0 seconds. The value represents a mean minimum with original 

measurements coming as low as 1.0 seconds. Also the region of inflexion 

where the minimum headway is achieved appears to be in the range of 

30-40mph. 

Figure 30 shows the equivalent data for the offside lane only. Here the 

minimum mean time-headway achieved at the inflexion points (40-50mph) is 

around 1.6 seconds. Again this value represents a mean minimum, with 

original measurements coming in as low as 0.8 seconds. Of course there are 

questions surrounding the level of accuracy attainable from the loop 

detectors, but these values are consistent with other recent observations, for 

example, Brackstone, Sultan and McDonald (2002) where 48% of measured 

headways were below 1.0 seconds. 

PhD Thesis Page 80 Nabil Abou-Rahme 



a 40 

t ime h e a d w a y ( s e e s ) 

Figure 30 - Speed against time-headway for 9 days at Loop 4902A 
(offside-1 lane only) 

Brackstone, Sultan and McDonald (2002) also proposed a 1/Vv type 

relationship for time-headway measurements. A sample curve of this type has 

been overlaid in Figure 30. The overall profile matches well at speeds of up to 

around 50mph, after which the greater level of scatter in headways moves the 

average points further and further to the right. 

Looking at Figure 31 and Figure 32 it can be seen that each of the lanes 

approaches its maximum speed at a different rate. This reflects the 

distribution of vehicles by type across the lanes, but also contains important 

information about the 'desired speed' of drivers within each lane. Accurate 

knowledge of these values would greatly assist the development of 

microscopic models. 

Another interesting point of observation is the fact that the divergence 

appears above the 40mph mark. This may be indicative of the variable speed 

control present on this particular motonA/ay, suggesting that vehicles do 

conform to a control environment, but are seeking to achieve varying levels of 

acceptable speed once control is lifted. 
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Speed vs Distance Headway (9 Days 4902A) 
Raw Data 
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Figure 31 - Speed against distance-headway (raw data for all lanes) 
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Figure 32 - Speed against distance headway (fitted curves for all lanes) 
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5.4.3 Old models In a modern context 

Taking the speed-headway investigation a step further, various forms of curve 

(as suggested by Holland) were tested against the mean observed values for 

speed and distance headway. The 'goodness of fit' of these curves was 

tested using a least-squares approach. The sum: 

80 2 

E (actualvi-calculatedvi) 

was formed, where calculated Vj is the speed applicable at the actual 

headway according to the suggested relationship. This raised a number of 

questions regarding 'effective speed-headway functions'. It was found that for 

every case except the inside lane, a relationship of the form: 

speed = v^^ tanh 
^ A 

V̂max 
X (headway - headway^i^) 

as suggested by Bando et al. (1995) gave a better fit, with the closest match 

occurring for the fast lane. Figure 33 illustrates this point. 

dis tance headway (m) 

Figure 33 - Speed-headway data for offside lane, with fitted 
hyperbolic tan function 

PhD Thesis Page 83 Nabil Abou-Rahme 



However, the slow lane conforms more closely to an exponential relationship, 

namely: 

speed = v̂ gx 1 - expf x (headway - headway^^^) 
V V^max JJ 

as suggested by Newell (1961). Looking at the date of this work it may be 

reasonable to assume that traffic behaviour and vehicle performance on 

motorways in that era was comparable to traffic groups within the slow lane 

today (over 40 years later). 

distance headway (m) 

Figure 34 - Speed-headway data for nearside lane, with 
fitted exponential function 

Observed behaviour on the nearside lane does indeed suggest a certain 

degree of isolation from other lanes, possibly due to its status as the 'slow 

lane' and the larger concentration of heavy goods vehicles. For the offside 

lane the sharper gradients within the curve point to a consistent acceptance of 

lower headway at equivalent speeds. 

The range of behaviour across lanes is further emphasised by the fact that 

intermediate lanes are modelled better on some days using one curve, and on 

other days using another curve, again depending on the vehicle composition 

PhD Thesis Page 84 Nabil Abou-Rahme 



within the lane. This can be taken further by questioning the validity of 

constraining the function to the origin. Indeed the IVD points to a minimum 

headway at zero speed (indicating that a gap is still evident even between 

so-called 'bumper to bumper traffic'). 

Further investigation of this is warranted, especially in testing the performance 

of the classical car-following models such as listed by Holland (1998) using a 

new speed-headway function calibrated to the M25 IVD. However, this is 

beyond the remit of the current thesis. 

5.4.4 Mapping headway to occupancy 

Having considered the nature of the speed-headway function it is now 

necessary to consider its application to the present study. The primary data 

source being investigated through the probability model is the MIDAS 

occupancy value, (the proportion of a one-minute interval for which a loop is 

active, given as a percentage). A simple transform is possible although the 

output generates a significant amount of variance about the mean. 

It is possible to derive a simple mapping for distance headway values 

calculated from the IVD and the detector occupancy readings. In one minute 

an average number of vehicles (N) will move a total distance (D). This value 

comprises the sum of all these vehicle lengths and the sum of the distance 

between them. Occupancy can therefore be rationalised to ~ (100L)/(L+H)% 

for an average length (L) and an average vehicle separation (H). 

The initial speed thresholds are derived from examination of the plots for 

speed against time-headway (see Figure 29 and Figure 30). The process for 

deriving the occupancy thresholds is a little more involved. A closer 

examination of the speed-headway curves shows that speeds start falling 

when the corresponding distance headways reach values of around 25m (see 

Figure 31). The average vehicle length is different in each lane (consider the 

vehicle composition). Assuming an average length of 5m gives 

~ (100x5)7(5+25)% which is 17%. From Figure 35 it can be seen that this 

maps to around 20% occupancy. A similar calculation for an average of 3.5m 

translates to around 16% occupancy. These values could therefore be 
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considered as the lower bounds for the thresholds. In other words a data 

point with speed of 40mph and occupancy of around 20% is an approximation 

of the transition from free flow to synchronised flow. The upper bound is 

harder to determine, although inspection of the speed-headway plots would 

again suggest that speeds below 20mph are representative of flow-

breakdown, and the corresponding distance headway of 10-15m translates to 

occupancy of around 30-35%. 

Occupancy (%) vs Distance Headway 
Detector 4902A, Lane 2, (24 Apr 00) 

15 20 

a v e ( l e n g th) /ave( h e a d w a y ) 

Figure 35 - Mapping calculated occupancy to measured occupancy 

5.4.5 Summary for speed-headway analysis 

Individual vehicle data was collected from the M25 at sites located near J13 

(A30) and J16 (M40), and the relationship between speed and headway was 

investigated. This particular aspect of the research has yielded some 

interesting results, particularly on the nature of the curves applicable to 

different lanes, and the possible influence of vehicle composition. 

More importantly, the investigation has identified critical regions on the curves 

that may provide guidance on identification of the seed-point (or at least traffic 

conditions which are characteristic of a seed-point) during the detection 
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phase. These regions have been translated using a basic method for 

mapping headway to occupancy. Analysis has led to a more informed first 

pass at deriving thresholds for the detection algorithm to operate. However, it 

remains prudent to vary the parameters in order to test for sensitivity to the 

definition. 

5.5 CONCLUSIONS FOR SEED POINT DETECTION 

This chapter has shown that it is possible to identify the location of 

seed-points by classification using traffic characteristics. The development of 

the main algorithm for seed-detection started through investigating the 

performance of incident-detection algorithms. The California Algorithm 

differentiated well between incidents and shockwaves, and the McMaster 

Algorithm provided good consistent detection of shockwaves with little noise 

in the output. 

Investigating these algorithms helped to emphasise the distinction between 

the Shockwave body and the Shockwave origin point. This led to the 

conclusion that incident detection alone is not sufficient for seed-point 

detection, and a new algorithm was developed as part of a semi-automated 

approach to classify the threshold between low speeds and high traffic 

density. The current state of software developed by the author specifically for 

this study (SeeDetect®) has also been presented. 

The research then focussed on refining the process through understanding 

the nature of the speed-headway function for motorway traffic. This was done 

in both theoretical terms and through the development of an empirical 

relationship for the M25 using individual vehicle data. The speed-headway 

analysis provided confirmation that the seed-points lay on the threshold 

between falling speed and rising occupancy. 

The methodology presented here has been used to assemble a database of 

seed-points along with other critical information contributing to the 

probabilistic model described in the previous chapter. 
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6 METHOD APPLICATION AND RESULTS 

6.1 STATING THE METHOD 

In Chapter 4 the probabilistic model was presented in terms of a Bayesian 

Equation requiring a prior function, a likelihood function, and a normalising 

constant. In Chapter 5 there was a discussion on the means by which the 

specific components for the probability model could be derived, concluding 

that the seed detection algorithm at the heart of the software would be useful 

for obtaining the necessary data sets in a consistent manner. Derivation of 

traffic data from MIDAS Outstations on the M25 Controlled Motorway has 

already been described in Chapter 3. The SeeDetect® software described in 

Chapter 5 is capable of reading and processing data in this format. 

To help focus on the method being presented in this chapter, the basic steps 

are summarised below: 

• (Step 1) Detecting seed-points within a defined search space and 
sorting the data; 

• (Step 2) Calculating key components for probabilistic equation, and 
deriving the subsequent posterior matrix; 

• (Step 3) Creating a probability map using real detector data and 
evaluating the predictions against occurrence of shockwaves. 

This is the basic methodology under which the results will be presented. In 

terms of thinking deeper about the method presented, five questions are 

tackled throughout the chapter as follows: 

If thresholds defining the search space are changed, what effect 
does this have on the results? 

Is there any benefit in calculating statistical distributions (such as 
the bivariate normal) if the posterior can be derived from raw data? 

What effect does using an improved prior have on the posterior 
matrix for new data? 

Can coverage of flow-breakdown be improved by combining output 
from the probability matrix and the incident detection algorithms? 

Is there a relationship between upstream traffic conditions and the 
occurrence of a Shockwave? 
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6.2 APPLICATION OF THE METHOD 

6.2.1 Detecting the seed-points (Step 1) 

The facility for manually selecting seed-points was used in the tuning process 

to find suitable thresholds for Rules 3-5. Speed and occupancy thresholds 

were estimated from the analysis presented in Section 5.4.2. But for 

implementing the method, a decision was taken at the start not to tamper with 

the automatic selection process. This would ensure that any variation on the 

part of the detection algorithm from the real world data would be systematic. 

Before proceeding with detection it is necessary to make one important 

assumption, that values of speed and occupancy outside a defined range 

correspond to traffic that is free-flowing or already in flow-breakdown. In other 

words, the probability of those locations being a seed-point is zero. This 

assumption is supported by the argument already presented in Chapter 5, but 

is also numerically acceptable in terms of the posterior matrix (since null 

values in fi will make the actual values of fo irrelevant). 

The assumption is translated into this methodology by taking the rule base 

from Chapter 5, (the Seed Detection Algorithm), and defining the basic data 

set as being all points within the search space satisfying Rules 1-2. For ease 

of reference, the rule base is listed again here as follows: 

1. verification that the occupancy value lies within a predefined range; 

2. verification that the speed value also lies within a predefined range; 

3. time series comparison of speed and occupancy, to verify a rise in 
occupancy and a simultaneous fall in speeds; 

4. additional check on the numerical proximity of speed and 
occupancy using these particular units, to assist with classification; 

5. final check for direction of the gradient on speed and occupancy 
profiles, (to distinguish a seed-point from the edge of a Shockwave). 

Figure 36 shows how the search space is defined using Rules 1 -2 from this 

algorithm. The 'predefined range' was chosen as (24<v<38) and (24<k<35), 

this is referred to as Automatic Parameter Set 1 (or APS1). By definition all 

seed-points in this period will be a subset of the cluster shown in the figure. 
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Figure 36 - Defining the seed-point search space by applying Rules 1-2 

Thus the selection of automatic search parameters (the thresholds for speed 

and occupancy) is influential on the results. Later in the chapter the sensitivity 

of results to variations in this parameter set is briefly examined. The 

SeeDetect® software was used to search over ten days (from 00:00 to 23:59 

on each day and covering loops 4727A to 4955A). As described in Section 

5.3, the data records created include information from the eight points 

surrounding the qualifying centre point. 

Figure 37 presents a screenshot from the SeeDetect® software for APS1. 

The automatic detection process has identified a range of points that satisfy 

all five conditions in the seed detection algorithm (see Section 6.1). For the 

most part, these points are clustered around the start of the Shockwave (in 

regions of less pronounced variation in the traffic parameters), as opposed to 

the Shockwave body itself - which is in itself encouraging. On some days the 

shockwaves form clearly punctuated patterns with drivers picking up speed 

between successive shockwaves, whereas on other days speeds in this 

intervening period can be similar to those experienced in the proximity of a 

seed-point. 
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Figure 37 - Selecting seed-points within the search space using 
Rules 1-5 and Parameter Set #1 (01 June 2000) 

Once the two data sets (the search space and the qualifying seed-points) had 

been obtained using the SeeDetect® software, the data was then sorted. The 

search space contained over 10,000 records but this was still significantly less 

than calculating for every single cell (which would have been of the order 

1440 X 47 X 30 = 2,030,400 records)! A subset of records satisfying Rules 1 -5 

(the seed-points) was then extracted from this data se t . The extraction was 

done using various commands within MS Excel. By combining the entries for 

pntDate, pntLoop, and pntTime a string unique to that record was obtained 

and appended. Once the smaller 'seed-point' set was obtained a similar 

unique marker was used, and the two data sets were compared using the 

MATCH command. Duplicate records could then be deleted after sorting on 

the appropriate column. 

6.2.2 Calculating the probability matrix (Step 2) 

The prior function was initially calculated as the proportion of qualifying points 

to the total data set. In this case there were 1,364 'seed-points' out of a 
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possible 11,638 pairs within the search space. On the basis of Section 4.3.3 

the prior tt(0=1) is simply a uniform value of 0.12. In real terms this prior 

asserts an initial belief that each pair of values within the search space (v, k) 

has an equal probability of being a seed-point. The difference (11,638 -

1,364 = 10,274) is therefore the total number of pairs not qualifying as 

seed-points. 

The likelihoods fi = f(q | 0=1) and fo = f(q | 0=0) were obtained by examining 

the distribution of speed and occupancy within the 1,364 pairs and the 10,274 

pairs respectively. Matrices were set up and the frequency function within the 

spreadsheet was applied to a combined string to derive the number of times 

each unique pair occurred. The pair (26, 30) was denoted as '26030' and so 

on. 

Figure 38 presents the results for fi as a surface plot based on discrete data, 

with a peak at (31, 26). Figure 39 presents similar information but for fo. 
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Figure 38 - Frequency distribution for fi showing abnormal peak for (31, 26) 
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Figure 39 - Frequency distribution for fo 

Recall the equation for posterior distribution from Section 4.3.5 

f{0=Mq) = 
f{q\ 9=ij-7i{9=i] 

[f(q\d=i}-7i(0=i}]+[f{q\d=O)-{\-7[(O=1))] 

or in simpler notation 

f^•P 

All the component parts have been derived, so a new posterior matrix can be 

calculated for (24< v <38) and (24< k <35). Figure 40 gives the surface plot 

for the outcome. The surface height at each coordinate translates into the 

probability of the values at that coordinate being associated with a seed-point. 

Unlike the previous two figures, this is not a cumulative frequency chart. 

Table 2 gives the corresponding values and highlights the peak value of 0.42 

at (30, 30). 
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Figure 40 - Posterior distribution derived from frequencies for fi and fo 

Speed 

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 

24 0.08 0.07 0.06 0.10 0.12 0.13 - - - - - - - - -

25 0.07 0.06 0.14 0.09 0.10 0.14 0.18 - - - - - - - -

26 0.06 0.07 0.12 0.15 0.14 0.15 0.17 0,25 - - - - - - -

27 0.16 0.17 0.08 0.13 0.24 0.16 0.16 0,25 0.26 - - - - - -

28 0.14 0.15 0.13 0.17 0.18 0.24 0,23 0.31 0.25 0.26 - - - - -

29 0.10 0.18 0.14 0.19 0.16 0.26 0.28 0.30 0.29 0.30 0.28 - - - -

30 0.17 0.13 0.14 0.13 0.20 0.20 0.42 0.25 0.25 - - - - - -

31 0.12 0.18 0.25 0.17 0.17 0.19 0,32 0.32 0.29 - - - - - -

32 0.17 0.18 0.20 0.22 0.30 0.32 - 0.21 - - - - - - -

33 0.30 0.12 0.21 0.19 0,26 0.18 -

34 0.14 0.24 0.27 0.13 

35 - 0.12 0.21 0.15 
• 

Table 2 - Values for posterior distribution shown in Figure 40 
(with peak value in bold) 
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6.2.3 Creating a probability map (Step 3) 

Information provided in the probability tables is simple and pertinent, that for a 

particular coordinate pair (v, k), the probability of a Shockwave occurring is 

P(v, k) based on patterns implicit within the particular data set examined. 

The posterior distribution was imported by SeeDetect® and used to produce 

'probability maps' by scanning traffic data in the position-time array and 

assigning the appropriate value for each combination of speed and occupancy 

found. Figure 41 illustrates this for 01 June 2000 (as compared to the actual 

traffic data for that period). The values displayed are from the posterior 

distribution for 01-10 June 2000. Plots for additional days are found in 

Appendix E. 

These plots offer some confidence that the predictions based on the posterior 

distributions are in the right range. But in order to evaluate the accuracy (and 

therefore the usefulness) of the probability maps, it is necessary to focus on 

the values generated at the individual detector. 

Figure 42 shows the minute by minute values of the probability index, 

compared with the values for speed and occupancy. Some caution is 

required with the interpretation of this plot, since the variation at a particular 

detector does not indicate the severity of a Shockwave (for this information we 

need to look at upstream detectors). 

A simple implementation of the seed-detection algorithm could be used to 

watch the data stream at each detector, without the need for any probability 

analysis. As seen in Figure 28, one key characteristic of the seed-point was 

the fact that speed would be falling whilst occupancy would be rising, and that 

numerically they approached a common value (or crossed within a certain 

threshold). 

Figure 43 shows the fluctuations in speed and occupancy between 08:00 and 

09:00 for the same detector on the same day. Here the distinctiveness of the 

seed-point pattern is not so apparent, and although the probability index is still 

tracking the changes, it is of no practical value. 
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Figure 41 - Probability map and corresponding traffic data for 01 Jun 00 using 
June 00 Posterior 
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Figure 42 - 'Predictions' at detector 4912A (07:00 to 08:00 on 01 June 2000) 
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Figure 43 - Predictions' at detector 4912A (08:00 to 09:00 on 01 June 2000) 
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Watching the values of speed and occupancy alone would not provide 

sufficient information about the possibility of a Shockwave occurring, since we 

know from the existence of a large data set for fo that a particular combination 

of these values would not necessarily lead to a Shockwave. It might be 

possible to refine the algorithm at the heart of the software further (along with 

the corresponding parameters) in order to maximise the accuracy of seed-

point detection. This might be considered sufficient for certain traffic 

operations. But in general, guidance provided by the probability map will be 

necessary to make sense of the data detected, and effort should be 

concentrated on refining the map itself. 

The analysis in this thesis has concentrated on a particular definition of 

seed-points, thereby encompassing regions of minor variation in traffic 

parameters which hold similar characteristics to seed-points but do not lead 

directly to shockwaves. But a derivative of this work might tune the algorithm 

to concentrate on shockwaves only, thereby producing a different posterior 

distribution. 

This analysis also underscores discussion at the start of the thesis about the 

subtleties of detecting a seed-point. The probability index never goes much 

beyond around 50%, reflecting the fact that although the seed-point has been 

characterised to such an extent that we can identify it, there are still many 

occasions when the same speed and occupancy conditions will not lead to a 

Shockwave. The main advantages of following through on producing the 

posterior distribution (rather than depending solely on the detection algorithm) 

are as follows: 

• If dealing with detectors that are only giving intermittent readings, it 
is not necessary to depend on consecutive readings (as used in the 
algorithm itself), only on the speed and occupancy readings 
obtained at that particular minute of interest. 

• It is possible to obtain an indication of the likelihood that there will 
be a Shockwave, rather than just assume that a 'successful 
identification' will turn out to be a Shockwave. 

• The performance of the algorithm itself can be tested through a 
feedback process, so that the impact on both fi and fo of any 
changes made to the detection logic can be explored. 

PhD Thesis Page 98 Nabil Abou-Rahme 



6.3 FURTHER INVESTIGATIONS 

6.3.1 Preliminary test of threshold sensitivity 

It Is important to understand the sensitivity of results to variation in thresholds 

which define the search space. Optimisation is achieved when thresholds are 

varied so that an increment brings no additional values to the data set for 

Rules 1 -5 (the data set for Rules 1 -2 is much broader). This is a time-

consuming activity and would need to be conducted over a number of days in 

order to establish an 'acceptable range'. 

For the purpose of this study only one variation has been presented, on the 

basis that the selection of thresholds has been approached from the top-down 

(through speed-headway analysis) not the bottom-up (numerical analysis of 

sample size). Changes were made only to the thresholds for the first two 

rules, such that the search space under APS2 was (15<v<38) and (15<k<35). 

During the same period analysed in Section 6.2 there were 1734 pairs 

qualifying as seed-points (an additional 370). The increase in search space 

yielded a total of 31,219 pairs, of which 29,485 were not seed-points. In 

proportional terms a 168% increase in search space yielded a 27% increase 

in identified seed-points. 

The comparison can also be seen in Figure 44 (showing APS1) and Figure 45 

(showing APS2). The left column shows the frequency distributions in each 

case with the boundary for fi shown clearly in Figure 45. Choice of thresholds 

will therefore have two effects on the results: 

• The initial estimate of the prior (as a ratio) will be affected by the 
quantity of points allocated to each data set. This becomes less 
relevant once the process for estimating the prior is improved (see 
Section 6.3.3). 

• The search space must include all points which qualify as fi 
although it is less important (in terms of calculating the posterior) if 
the search space is smaller than fo. This is because when fi =0 for 
a particular set of (v, k) then f(8=1|q) is also zero, (see Figure 45 in 
particular). 
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6.3.2 Bivariate Normal Distribution 

Given that the detection algorithm functioned on two variables (v, k) and that 

there was a possible relationship between them, it was noted in Section 4.3.4 

that a bivariate normal distribution would be most appropriate for describing 

the data sets. Statistical distributions are usually sought out in order to assist 

with complicated calculations. Because the detected values for speed and 

occupancy are discrete, it has been possible to obtain the corresponding 

likelihoods using frequency alone. However, there are a number of benefits in 

attempting to create an equivalent distribution. 

Comparative plots for fo, fi and the posterior distribution are given in Figure 44 

and Figure 45. The right column in each figure presents a bivariate normal 

distribution based on statistical parameters calculated for the data set. 

Further examples for June 2001 and September 2001 can be found in 

Appendix E. 

Although the bivariate normal distribution does not capture the peak very well, 

it provides an adequate description of curve shape. In terms of application, 

the bivariate normal function offers considerable flexibility. The initial data set 

is described by a set of statistical parameters, namely the means, standard 

deviations, and covariance (pk, Mv, Ok, Ov, Pkv). If new data is collected (say for 

the following month), that data can then be described using similar 

parameters. Both sets of parameters can then be used to calculate a new 

combined value. The following relationship should be considered: 

Traffic variable sets %and % represent data collected in different time periods 

(for example, in consecutive months). The above relationship can therefore 

be applied since % and % can be assumed as independent. If the objective is 

to accumulate a large data set then the practicality of this approach for 

incremental development becomes evident. 
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Figure 44 - Data and statistical distributions (fi, fo, and posterior) for APS1 
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Figure 45 - Comparative data and statistical distributions for APS2, 
showing a fuller range for fo and the values for fi clearly bounded 
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Table 3 lists the statistical parameters associated with Figure 44 and Figure 

45. For each parameter set (APS 1 and 2) the mean speed is slightly lower 

for the seed points (Rules 1-5), and the mean occupancy is slightly higher. 

For comparison, further values are listed in Table 4 and Table 5, the 

corresponding graphics are given in Appendix E. 

Table 3 - Parameters for bivariate normal distribution, 
derived from June 2000 data 

Mv Mk (Ov)2 (Ok): GOV (v ,k) Pv.k sample 

A P S 1 
Rules 1-5 27^6 2&30 6.91 6.92 -0.89 -&13 1364 

A P S 1 

Rules 1-2 2&42 2&85 15.38 6.99 - 4 . 1 5 - 0 . 4 0 1 0 2 7 4 

APS2 
Rules 1-5 2&80 2&15 1 1 . 4 5 798 -078 -0.08 1 7 3 4 

APS2 
Rules 1-2 2&06 2476 3&.14 23M3 -21^3 -073 ^ 9 4 8 5 

Table 4 - Parameters for bivariate normal distribution, 
derived from June 2001 data 

Mv Mk (0^* (o^f GOV (v,k) Pv.k sample 

APS1 
Rules 1-5 27^4 28.05 6.49 7 . 4 1 -&36 -0.05 786 

APS1 
Rules 1-2 29.47 2&68 15 .91 6.32 - 4 . 0 6 -0^0 4 7 5 1 

Table 5 - Parameters for bivariate normal distribution, 
derived from September 2001 data 

Mv Mk GOV (v,k) Pv.k sample 

A P S 1 
Rules 1-5 27.57 2 7 . 7 2 6.38 6 . 4 4 - 0 . 4 4 -0.07 3698 

A P S 1 

Rules 1-2 2 8 . 7 4 2&62 14.38 6 39 -&53 - 0 . 3 7 25677 
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By converting the bivariate normal distributions for fo and fi into contour maps 

it is possible to observe the level of correlation present. Figure 46 illustrates 

the frequency distribution for the fo (satisfying Rules 1 -2 only) using APS2 for 

June 2000. 
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Figure 46 - Contour maps for the distribution of fo for APS2 using June 2000 
data, the shape of the contour indicates correlation (and therefore an implicit 
relationship) between the parameters 

The change in shape between APS1 and APS2 is simply due to the additional 

data bringing a change in the variance and correlation of the total set. The 

position of the peak is determined by the coordinates of the mean values, the 

spread of the data is measured by the variance. In APS2 the correlation 

value is -0.73 suggesting a strong relationship between speed and 

occupancy. The implication is that there is an overall tendency for speeds to 

fall as occupancy rises. 

Figure 47 gives similar information but for the fi set (satisfying Rules 1-5). 
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Figure 47 - Contour maps for the distribution of for APS1 and APS2 using 
June 2000 data, the shape of the contour indicates little correlation between 
the parameters in this set 

Again tfie additional data for APS2 has brought a slight change in the overall 

shape. In both diagrams it is clear that there is very little correlation between 

the two variables in this data set. The correlation value of -0.08 confirms this 

to be the case. In fact, as the value of the correlation coefficient tends to zero 

the bivariate normal distributions tend towards the product of the two normal 

distributions. Based on these observations, it is possible to conclude that the 

speed-density relationship may not necessarily govern traffic behaviour during 

the transition between free-flow and congestion. 
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6.3.3 Using the posterior as a new prior 

The method described in Section 6.2 was applied to traffic data from two 

different months (using a uniform value for the prior as before). The process 

was then repeated but this time using a refined prior, namely the posterior 

matrix from June 2000. This refinement represents a more accurate 

statement of belief about the distribution of the random 'flow-breakdown' 

variable for (9). Figure 48 gives a comparison of posterior distributions 

obtained for June 2001 using the simple and refined prior. Figure 49 gives 

similar information but for September 2001. Additional plots for likelihood are 

found in Appendix E. 

The application of a refined posterior leads to an interesting redefinition of the 

probability matrix. The peak region (corresponding to the highest likelihood of 

seed-points occurring) is amplified. This is an important result, particularly in 

terms of being able to use the matrix in traffic applications. 

One of the immediate applications of the probability map derived from the 

posterior distribution is the early detection of shockwaves. A refined posterior 

distribution provides a control room operator with greater confidence in the 

results because of the more distinct peak values. If the traffic application gives 

too many false positives (high probabilities but no subsequent Shockwave) 

then it will be discredited. On the other hand, if the traffic application gives too 

many false negatives (low probabilities but shockwaves subsequently occur) 

then it will be considered a redundant application. Incident detection 

algorithms are capable of detecting the Shockwave once it has begun to 

propagate, so the particular niche occupied by this probability map is that of 

early detection. 

Finding the balance between the false positive and the false negative is 

achieved by: 

• Using a refined posterior matrix and updating it regularly; 

• Creating template matrices tailored to the specific characteristics of 
the motorway section under consideration; 

• Carefully considering the thresholds presented to an operator 
(these will be an interpretation of the probability values offered). 
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Figure 48 - Posterior for June 2001 derived using a simple prior and a refined 
prior (based on the posterior for June 2000) 
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Figure 49 - Posterior for September 2001 derived using a simple prior and a 
refined prior (based on the posterior for June 2000) 
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6.3.4 Relationship with upstream data 

Earlier in the thesis a hypothesis was made that there would be a relationship 

between traffic conditions identified upstream of a particular location and the 

subsequent occurrence of flow-breakdown (shockwaves) at that location. 

Recall from Section 5.3 that each point identified by the software was marked 

out with a grid, representing three consecutive loops by three consecutive 

minutes. The centre point (PO) held the data satisfying the conditions (Rules 

1-5). The above hypothesis translates into a possible relationship between 

PO and P6. 

Figure 50 illustrates this in a most efficient manner. If there was any 

possibility of a relationship between the speed/occupancy pairs collected at 

P6 (corresponding to successful identification of a seed-point using the rules 

at PO) then we would expect to see some clustering of the 'pink series'. 

However, the variance in speed and occupancy is large (an order of 

magnitude greater than consecutive minutes for the same loop). It must 

therefore be concluded that seed-points identified at PO are independent of 

any variation in traffic characteristics (speed, occupancy) occurring at P6. 

Comparison between (v,k) for P6 and for a typical day 

Figure 50 - Speed/occupancy pairs from P6 overlaid on speed/occupancy data 
for the whole day (MIDAS 1-Minute Average) 
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Data resolution has been constrained by the spacing of loops along the study 

location (around 500m between consecutive loops). Although this is currently 

one of the best sites on the HA Network for detector coverage, there are plans 

within the new Active Traffic Management Pilot (M42) to install loops at a 

spacing of around 100m. This brings in a whole new set of considerations 

(especially the need to ensure that vehicles are not double-counted within the 

same minute), and changes might need to be applied to the averaging 

process. However, given this new resolution, it may be possible to revisit the 

predictive hypothesis suggested in this thesis, since information which is lost 

at a spacing of 500m might surface at a spacing of 100m. 

The number of pairs qualifying as seed-points under APS1 for September 

2001 was 3,699. Looking at the data it is interesting to note that the flows are 

normally distributed at the point of classification (PO), and follow a similar 

pattern at the upstream detector (P4, P6), see Figure 51. Flows associated 

with the commencement of flow-breakdown are in the range of around 25-35 

veh/min (1500-2100 veh/hr) with a concentration around 1750 veh/hr. 

Earlier in this thesis, flow was discarded as a primary detection variable. It is 

common to look for the threshold of flow-breakdown at the extreme point of 

the speed-flow curve (maximum sustainable throughput of a motorway 

section), where speeds are in the region of 50mph and flows in the region of 

2500+ veh/hr/lane. It is therefore interesting to see that flows associated with 

seed-points are considerably lower. This is further illustrated in Figure 52, 

with a typical speed-flow curve for a single detector in the morning peak. For 

this particular day the transition takes place at 06:42 at a flow of around 1700 

veh/hr. Although a peak was reached in the previous minutes, the direction of 

flow-breakdown is first an oscillation along the upper curve and then an arcing 

to the lower region at 06:42. 

Until congestion occurs, attempts by the driver to achieve desired speed and 

sustain minimum headway exert a direct and repeated influence on the 

stability of traffic flow. These observations confirm that variation in flow is not 

a causal variable, but sufficient flows are required to sustain propagation of 

shockwaves once they have been triggered. 
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Figure 51 - Flow distribution associated with seed-points from Sep 2001 
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Figure 52 - Example speed flow curve with amplification on transitional region 
between 06:30 and 07:45 
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6.3.5 Combining probability map with incident detection 

Figure 53 shows the composite output from the probability matrix and the 

incident detection algorithm (in this case California) compared with the 

equivalent occupancy detector data for the same period. The dark pink 

squares are from the incident detection algorithm, whereas the more 

scattered varying shades of pink are obtained from the probability matrix. 

The probability matrix fills in the regions missed by the incident detection 

algorithm although the latter detects the body of the Shockwave as it has been 

designed to do. 

In terms of control room applications a combination of these two methods 

would be very powerful, giving the operator an indication of when 

flow-breakdown was probable and then confirming and tracking the 

subsequent Shockwave. 
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Figure 53 - Combination of probability map and output from 
incident detection algorithm 
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6.4 SUMMARY OF RESULTS 

The basic methodology for creating a probability map for seed-points has 

been illustrated in three steps using data from June 2000. The following 

observations have been made. 

• The reason for choosing parameter sets was simply to provide a 
filter within which to operate the rules. Looking at two parameter 
sets (APS1 and APS2) gave some understanding about the 
sensitivity behind the choices made on the basis of the 
speed-headway investigation. Results obtained are sufficient for 
demonstrating the methodology in this study, but there is scope for 
conducting an exercise in optimisation and exploring variation in all 
the parameters. 

• The bivariate normal distribution has been examined for its benefit 
in allowing rapid expansion of the data set (using only the statistical 
parameters). It is not necessary if there is good quality data 
available and if the objective is to derive a series of monthly 
templates. But it may have an application where data is poor or 
when the objective is to build a single historical archive. 

• By using a posterior matrix as the refined prior for a new data set 
the resulting output has a more clearly accentuated peak. When it 
comes to application this is an important result. 

• No immediate relationship was identified between the occurrence of 
flow-breakdown and traffic data at the upstream detector. The 
introduction of detectors spaced at 100m (instead of 500m as used 
in this study) provides opportunity to explore such a relationship in 
the future. However, the probability map does act as an early 
warning system at the same detector. It should be possible to 
increase the warning time by refining the algorithm and tuning the 
thresholds. 

• Again with application in mind, the combination of incident detection 
and the probability matrix provides coverage for both seed-points 
and Shockwave patterns within the traffic data. 
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7 CONCLUSIONS AND FUTURE RESEARCH 

7.1 SUMMARY OF KEY RESULTS 

7.1.1 Empirical survey of seed-points 

The study began by introducing the problem of shockwaves in motorway 

traffic. A comprehensive survey of the literature and current knowledge about 

shockwaves was presented in Chapter 2. 

An empirical investigation into the causes of congestion was conducted on the 

M25 J10-15 in order to gain a better understanding of the mechanisms 

behind Shockwave origins. Numerically, the investigation found that recurrent 

congestion accounted for around 78% of congestion delay, accidents for 20% 

and breakdowns for 1%. A range of miscellaneous causes accounted for the 

remaining 1% between them. Closer analysis of recurrent congestion showed 

that flow-breakdown at merges, diverges and between junctions were each 

responsible for about one third of the total for recurrent congestion. In other 

words, the problem is distributed evenly across the three main contributory 

factors. Details of this investigation were presented in Chapter 3. 

7.1.2 Developing the probabilistic model 

On the basis of this understanding, a conceptual framework was developed 

for modelling seed-points, comprising two key elements. The first (known as 

the Mechanistic Approach) looked at how the mechanisms proposed within 

car-following theory can describe the origin of shockwaves (rather than their 

propagation). The second (known as the Probabilistic Approach) looked at 

whether it was possible to make an inference about the existence of a seed-

point at a particular time and location, given certain traffic parameters. The 

probabilistic method was taken forward through application of Bayesian 

Inference to this particular phenomenon. 

Instead of dividing traffic in two states and looking at 'congestion', this study 

considered traffic in three states (free, synchronised and congested) as 

increasingly recommended in the literature. 'Flow-breakdown' was described 

in terms of a binary random variable, but with the addition of an important 
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assumption. A value 9=0 was used for free-flowing and congested traffic, so 

the body of the Shockwave was excluded. A value of 6=1 was used for 

synchronised flow (the intermediary and fluctuating state prior to congestion). 

This differs from the conventional approach of treating the flow-breakdown 

variable in terms of vehicle arrival rates. Boundaries between the various 

states (and therefore the definition of 0) were dependent on the detection 

method employed. 

7.1.3 Seed point detection 

Testing the probability model required the accurate identification and 

classification of Shockwave origin points. Since most of the existing detection 

methods focus on the Shockwave body, a new approach was required for 

seed-points. Special software called SeeDetect® was developed by the 

author in order to examine the characteristics of a seed-point. Manual 

selection of seed-points gave some understanding of patterns involved. A 

detection algorithm based on this knowledge (in the form of five rules and a 

series of parameters) has been presented as part of this study. 

Investigation of the MIDAS data archives showed that the flow variable 

(veh/min) was not suitable for the identification of Shockwave origins, since 

there was no significant variation in flow rate until the Shockwave itself was 

more pronounced. 

The other key variables available from the MIDAS detectors are average 

speed and occupancy (percentage of a one-minute interval for which a 

detector is physically covered). Occupancy is a proxy for vehicle headway, so 

a detailed examination of speed-headway relationships was conducted using 

individual vehicle data. With this new understanding of the mechanisms 

involved, a range of parameters was chosen for the detection algorithm in 

order to collect the appropriate traffic information for the probability model. 

7.1.4 The probability map 

Having obtained all the component parts for the Bayesian Model, a posterior 

distribution was produced describing the likelihood of a seed-point given a 

particular combination of speed and occupancy. This matrix was imported by 
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the See Detect® software and used to produce 'Probability Maps' for the study 

site (M25 J10-15). Clearly the results depended heavily on the assumptions 

behind the classification algorithm, the thresholds limiting the data sets, and 

the quality of data available. This thesis has provided an adequate 

demonstration of the novel methodology, and the work can be taken forward 

to useful implementation by means of a calibration exercise. 

One key characteristic of Bayesian Inference is the need to think about the 

nature of the prior and then allow the data (likelihood) to reshape that belief 

into a posterior. This characteristic has been exploited by using the posterior 

from one data set as the refined prior for another data set. When a constant 

value for the prior was assumed, the results reflected that original belief but 

reshaped them into a more bell-shaped function with clear boundaries. When 

this refined shape was assumed as the prior for new data, the results 

reflected that new belief and offered small refinements specific to that data 

set. Monthly and seasonal variations in traffic data are common knowledge 

and should be taken into account. However, the general shape of the 

probability map is consistent - which is encouraging. 

7.1.5 General summary 

The method is summarised as follows; 

• (Step 1) Detecting seed-points within a defined search space and 
sorting the data; 

• (Step 2) Calculating key components for probabilistic equation, and 
deriving the subsequent posterior matrix; 

• (Step 3) Creating a probability map using real detector data and 
evaluating the predictions against occurrence of shockwaves. 

Initially the study focussed on deriving a relationship between traffic 

conditions upstream of the seed-point to the occurrence of flow-breakdown 

from that point. However, it soon became apparent that no such relationship 

could be identified with any confidence (given the data resolution), and the 

benefits of the probabilistic method were emphasised in terms of early 

detection rather than prediction. 
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The initial focus of this study was the development of a statistical model to 

describe the relationship between traffic conditions detected upstream of a 

particular location, and the subsequent occurrence of flow-breakdown (in the 

form of shockwaves) at the location. However, it soon became clear that due 

to the resolution of the data (spacing of detectors) it would not be possible to 

infer anything about the existence of such a relationship, and the focus of the 

study moved from prediction to early detection. In terms of this new objective, 

the Bayesian Model presented in this thesis can be considered successful. 

Early detection and the confirmation of seed conditions based on historical 

information are a useful contribution to the whole sphere of motorway control 

systems. 

7.2 DIRECTION OF FURTHER RESEARCH 

7.2.1 Refinements to current approach 

This thesis presents a novel application of inferential statistics and traffic 

theory. The resultant probabilistic model for the origin of motorway 

shockwaves can be applied to an individual detector and used to build up a 

probability map by evaluating the minute-by-minute data as it appears. This 

evaluation takes the form of a probability or likelihood that a seed-point has 

occurred (the exact definition of which will depend on the assumptions used in 

developing the posterior distribution from which the model operates). 

Research conducted during this study has also helped to tackle the question 

of how variable speed-limits might be used to minimise the effect of 

shockwaves. Having demonstrated the method it is now important to review 

where improvements can be made. 

Clearly the results are highly dependent on the accuracy of classification so 

further work on the optimisation of thresholds is warranted. The five rules 

which make up the seed detection algorithm could also be refined further. An 

example would be the inclusion of a feedback mechanism based on 

subsequent flows to indicate that a Shockwave had in fact taken place. This 

might be embedded in the algorithm or built into a parallel incident detection 

system. Successful predictions could then be weighted and subtle alterations 
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could then be made over time to the posterior function which forms the 

probability map. Such an arrangement would better reflect conditions in a 

control room where the benefit of hindsight is not available and predictions 

need to be made on an unfolding minute-by-minute basis. 

A probability matrix was derived from data for June 2000 and then used as a 

refined prior for data from different months in order to make predictions. The 

next step here would be to develop some probability matrix templates for 

different seasons, junction types, or even motorways. For example, the traffic 

behaviour on the M42 ATM Site is quite different from the behaviour on the 

M25 Controlled Motorway. Any future traffic control application could then 

select appropriate templates according to some logic which categorises the 

conditions. 

The site chosen for this study was subject to speed control for certain periods 

during the day. Assuming that active traffic management does produce lower 

speeds due to compliance with variable speed limits, a smoother flow profile 

and a reduction in the overall occurrence of flow breakdown, then there would 

be some bearing on application of the proposed model. Much of this impact 

would be eliminated through the development of templates identified in the 

previous paragraph. Much of the influence from variable speed limits would 

come from the 40mph settings (closer to the speed range associated with the 

seed-points), rather than the 50mph or 60mph settings. Where a site was not 

governed by speed control, it is reasonable to expect that (with all other things 

being equal) the sample size for f1 (seed-points) would be greater. It would 

also be reasonable to expect a greater spread in the corresponding 

distributions reflecting greater variation in the traffic parameters generally. 

SeeDetect® is software developed to assist in the analysis of detector data but 

there may be scope for integrating such functionality within a 'real-time' 

version of the MTV Software. This could then be provided to control-centre 

operators so that they can maintain and control the network. This work would 

involve taking the probability template from previous research and combining 

it with historical information. 
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7.2,2 Other avenues of Shockwave research 

Work on Shockwave behaviour is currently focussed on origin and 

propagation. However, it would be profitable to investigate the frequency of 

Shockwave occurrence, perhaps by using time-series analysis, systems 

theory, or better still using queuing theory. This latter approach might 

consider the behaviour of traffic entering a Shockwave area as analogous to 

the behaviour of traffic at traffic lights. Each origin is thought of as a set of 

traffic lights and the time-varying frequency of the formation of shockwaves at 

each origin is a time-varying green cycle time. 

In parallel to this theory, there might also be improvements to the physical 

description of how traffic arrives at and leaves each Shockwave. Kerner 

(1997) investigated this behaviour with regards to simple queues on 

motorways, and his work would provide a good starting point. Whitham 

(1999) gave an excellent review of linear and non-linear wave theory 

applications in traffic, giving particular focus to the traffic light problem and 

assumptions to improve the realism of kinematic wave models. Rees et al., 

(2000) observed that following the opening of the M4 Bus Lane there was a 

change of traffic behaviour between J3 and J2 from ordinary congestion to 

Shockwave behaviour. Conducting an investigation into Shockwave frequency 

may shed light on the mechanism behind this change. 

Another area of study would be to revisit the mechanistic approach to seed-

point modelling (see Section 4.2). This thesis has proposed improvements to 

the speed-headway relationship adopted in car-following models (treating 

each lane differently). Implementation of such improvements could be 

accompanied by further analysis of the stability of such algorithms, and 

whether indeed shockwaves can be naturally induced. Although the work was 

initially proposed with the microsimulation model SISTM in mind, other models 

may well be more suitable (particularly if they can already handle Shockwave 

propagation). 
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7.3 POSSIBLE APPLICATIONS 

7.3.1 Active Traffic Management (ATM) 

In terms of dealing with the question of recurrent congestion, the three main 

options are to 

• Reduce the overall demand from road users; 

• Build new capacity to match the demand for traffic; 

• Make more efficient use of the existing network. 

Current government policy of transport puts greatest emphasis on making 

better use of the existing network to absorb rising demand. Figure 54 is a 

virtual representation of the Active Traffic Management (ATM) environment. 

ATM is a proactive and innovative approach to tackling congestion in a 

flexible, coordinated, and efficient manner. Alongside the National Traffic 

Control Centre project, ATM forms a fundamental part of the Highways 

Agency delivery programme over the coming few years. Some of the 

proposed traffic management techniques will be familiar to drivers, while 

others will be a new experience in terms of changes to the driving 

environment. However, ATM is a versatile and integrated solution, aimed at 

tackling specific problems identified at the chosen location. 

The ATM Pilot is to be located on the M42 J3A to J7. This section of 

motorway forms an important part of the regional network, with arterial links 

into Birmingham and access to major attractions such as the National 

Exhibition Centre (NEC) and Birmingham Airport. 

Looking at Figure 54 again, the basic idea of control is variable speed-limits 

and message signs used in combination to communicate appropriate 

instructions to drivers based on traffic conditions. In 2004 the primary 

operational regimes for implementation are the familiar variable speed-limits 

(for three lanes) and the more novel 'actively managed hard-shoulder' (to be 

operated during congestion or incidents). 
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Figure 54 - A virtual representation of the Active Traffic IWanagement 
environment (courtesy of IVIouchel Consulting Ltd) 

It is currently planned that the control room operators will make decisions 

about when the hard-shoulder should be used. Judgement would be required 

in order to optimise between opening too early (thereby prematurely applying 

a speed-limit), and opening too late (once flow-breakdown has set in). 

Following refinements suggested in the previous section, the findings of this 

thesis may have some application in assisting operators with this decision 

process. 

7.3.2 Dynamic vehicle control 

This study began by presenting the context for the requirement to predict 

Shockwave occurrence (see Section 3.2), namely the feasibility of curtailing 

the propagation of shockwaves through dynamic traffic control using existing 

infrastructure such as Controlled Motorways. This can be taken one step 

further by considering the possibility of external vehicle speed control, in-

vehicle technology, and intelligent highway infrastructure. 
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Car manufacturers are striving to improve tlieir vehicles and to gain a 

competitive advantage. The most significant such development for motorway 

operation is Adaptive Cruise Control (ACC) but a serious question remains 

about the acceptability of shorter headway between vehicles, and the extent 

to which the driver can be depended on to make a safe selection. If the safety 

of such systems could be quantified for time headway below two seconds 

(see Section 5.4.2) this would open up the potential for effective control and 

the optimisation of safety versus capacity. 

Marsden, McDonald and Brackstone (2001) simulated potential impacts of 

ACC on motorway driving and contrasted the findings with drive-cycles from 

real vehicles. They concluded that driving with an ACC system can provide 

considerable reductions in the variation of acceleration (compared with 

unassisted driving). This has obvious implications for fuel efficiency, vehicle 

emissions, driver workload, and even safety. The investigation also 

concluded that there would be no short-term improvements in traffic efficiency 

during the peak periods. Field trials of ACC systems gave evidence that 

drivers are slow to re-engage the system once manual intervention has been 

applied and perhaps preferred to remain fully in control during busy periods. 

This behavioural pattern may well change with familiarity, confidence, and 

increased market penetration. 

Ideally vehicle speeds and headways should be adjusted dynamically to road 

and traffic conditions. Dynamic control requires sensors to determine the 

current conditions, algorithms to process the information and a 

communications system to inform vehicles. Information could be transmitted 

by a Dedicated Short Range Communication system, as used in the Road 

Traffic Advisor project and in electronic tolling systems, by mobile telephone 

technology or radio broadcast. However, the major need is to determine how 

best to use the information. 

Research is needed into how accurate the information should be, how 

frequently, in time, it needs to be updated and the separation of the sensors,. 

A deeper understanding of the liability issues of providing dynamic information 

and control is also required. It may be argued that drivers are entitled to rely 
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on the information if dynamic speed-limits or headways are supplied to 

vehicles. 

Furthermore, understanding the frequency of shockwaves and the mechanism 

by which traffic moves between shockwaves, may enable suitable control 

strategies to be applied to smooth out the traffic, increase throughput and 

reduce the occurrence of these events. 
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APPENDIX A 

CONTROLLED MOTORWAYS 

m25 

SCHEME OVERVIEW 

The purpose of this appendix is to present further information about the 

controlled motorway scheme and associated 

monitoring activities. The author was project manager 

and lead researcher on a number of research 

contracts for TRL Limited during the study period. 

Material in this section is adapted from Abou-Rahme, 

Dixon and Harbord (2002). 

The M25 Controlled Motorway Section extends from 

Junction 10 (A3) to Junction 15 (M4) along the south-

western quadrant in both directions. The system 

consists of enforceable Variable Speed Limit displays 

mounted on gantries at intervals throughout the 

section (see Figure A1). Traffic information collected 

by means of inductive loops is processed by various 

algorithms in order to determine the most appropriate 

speed limit to be displayed. 

Mandatory motorway signals were installed at the beginning of 1995, but were 

operated with advisory speed limits (no red rings) until the scheme was 

launched in August 1995. A six-month programme of "before" monitoring 

began in March 1995. A basic traffic data-collection system was used to 

collect the traffic data needed for subsequent system performance-analysis 

and to develop initial control strategies. The enforcement system installation 

was completed in May 1995, but during the period between May and August 

1995 the camera enforcement 'warning' signs were displayed without 

automatic enforcement. 
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On 31 August 1995 the system was switched on between Junctions 11 and 

15 under a fixed-time plan. On 12 September 1995 it moved to automatic 

flow-based operation, and on 8 November 1995 the system was enabled 

between Junctions 10 and 11. 

Between September and December 1995, the system parameters were 

adjusted to provide stable operation, and from January to April 1996 the 

parameters were further adjusted to evaluate alternative control strategies 

and optimise traffic control. In February 1997 the system switched to a speed-

flow algorithm, and for the remainder of the 12-month pilot the system 

operated with optimised parameters to allow an assessment of its 

effectiveness. 

The system operation was monitored throughout the first year of the pilot and 

assessed to determine if there were any areas where improvements could be 

made. Monitoring activity consisted of evaluation and processing of traffic and 

signal data to determine performance and trends. Graphical techniques have 

been used in order to identify shockwaves and secondary accidents. Over the 

lifetime of the project, it has been possible to evaluate the effects of the 

variable speed limits on the motorway and the potential benefits of the 

system. Areas of interest have included accident reduction, the level of noise 

and air-pollution, journey times, and driver attitudes to the system. In addition, 

monitoring activities have assisted in the fine-tuning of thresholds and 

identification of potential problems and inconsistencies. Benefits relating to 

changes in traffic behaviour following compliance with the system have also 

been identified. 

The success of the first year operation of the pilot meant that it continued in 

operation and has been further developed. The second year of operation has 

confirmed the high level of compliance with speed limits, indicating that their 

credibility has been maintained, and introduced further improvements to the 

system operation. 

In October 1997 a further feature of MIDAS was introduced on the M25, to 

protect drivers at the back of queues. The MIDAS outstations use the HIOCC 

PhD Thesis Page A2 Nabil Abou-Rahme 



incident detection algoritlim to detect a queue or slow-moving traffic. The 

MIDAS system combines HIOCC and speed control alerts to determine which 

signals should be set in order to best manage the traffic and protect the 

queue. 

Prior to its implementation an assessment of potential safety issues arising 

from the introduction of a 40mph setting to traffic previously controlled by the 

national speed limit was carried out. It was recommended that in such cases 

a SOmph speed limit should be displayed for at least 5 seconds before the 

40mph was displayed. 

TRAFFIC DEMAND AND PERFORMANCE 

Annual Average Daily Traffic (AADT) one-way flows for each link and 

carriageway have been calculated from MIDAS data. Figure A2 and A3 show 

the AADT flows along two sample links (Junctions 10 to 11 clockwise and 

Junctions 14 to 13 anticlockwise) for Aug 1995 to Dec 1998. 

There are consistent seasonal trends for each site, with flows dropping during 

the winter and reaching a peak during July. On the A-Carriageway high 

summer flows are sustained during August, whilst on the B-Carriageway flows 

drop after July. There is a yearly growth of between 3% and 4%, with greatest 

increase on the section that had least traffic, namely Junctions 10-11. 

Bidirectional AADT flows for M25 J10-15 are as follows: 

1996 1997 1998 

J10-11 149,000 155,000 162,000 

J11-12 163,000 169,000 176,000 

J12-13 169,000 174,000 179,000 

J13-14 183,000 187,000 191^00 

J14-15 172,000 177,000 182,000 

Table A1 - AADT Flows (Two-Way) 
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Figure A2 - AADT Flows on B-Carriageway (Junction 14-13) 
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In addition to the AADT flows, Annual Average Weekday Traffic (AAWT) 24-

hour flows have also been analysed. AAWT flows show the same patterns as 

the AADT flows, but are greater in magnitude for each carriageway reflecting 

the fact that flows are greater during weekdays than on weekends. The 

AAWT 24-hour flows (two-way) are: 

1996 1997 1998 

J10-11 156,000 163,000 ITLOOO 

J11-12 174,000 180,000 187,000 

J12-13 180,000 185,000 190,000 

J13-14 19AOOO 200,000 203,000 

J14-15 184,000 188,000 194,000 

Table A2 - AAWT 24-Hour Flows (Two-Way) 

COMPLIANCE WITH SPEED LIMITS 

Compliance with posted speed limits is an important test of system 

performance, since it is from this compliance that most of the other benefits 

of the system are expected to arise. Direct control over speeds is exercised 

only during the shoulders of the peak periods when the vehicles would be 

capable of travelling at speeds in excess of the speed limits displayed. 

The introduction of the variable speed limits in August 1995 has had a 

significant effect on speeds at which the drivers travel, (even when speed 

limits are not displayed). The number of speeding drivers has dropped, with 

greater improvement observed for very high speeds. The percentage of 

drivers exceeding 70mph has dropped by 17% and the percentage exceeding 

90mph has dropped by 46%. By comparison, the introduction of camera 

warning signs in May 1995 had little effect on driver behaviour. 

Comparison of speed-profiles during similar periods in consecutive years 

suggests that the 40mph speed limits have reduced the extent to which 

drivers can overshoot the optimum speed for local traffic conditions following 

a Shockwave. This can be interpreted as a reduction in the amount of braking 
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and over-accelerating, and the perception of drivers passing through the 

section will be that of a smoother ride. The option to display a more 

appropriate speed limit also contributes to the overall credibility of the system. 

This evidence points to a continued compliance with the mandatory speed 

limits. 

Examining the characteristics of the shockwaves over three years, there is 

little evidence to suggest any change either in the minimum speed 

experienced within them, or in the frequency of their occurrence. This stability 

should be considered in the light of the 3% increase in demand per annum for 

the controlled motorway section. 

HEADWAY ANALYSIS 

Another objective of the controlled motorway scheme is to improve headway 

distribution within each of the lanes, reducing both the risks associated with 

sudden braking, as well as the stress of driving. It was found that the number 

of very short headways had decreased within all the pre-defined speed 

bands. As speeds increase, the number of short headways also increases, 

implying that the gap some drivers leave between vehicles is based on 

distance, rather than time. 

At speeds between 50 and 60 mph, 4% of vehicles are less than 0.7 seconds 

behind the vehicle in front, equivalent to a gap of about 13 metres. Overall 

there are fewer short headways and the distribution is more uniform. Average 

headway has also been reduced implying increased efficiency in road 

operation. Significant improvements in the speed band of 40-50mph are 

attributable to the controlled motorway system. 

SYSTEM PERFORMANCE 

The introduction of a 40mph speed limit carries a measure of risk when 

displayed to traffic not previously controlled by a speed limit below 70mph. An 

investigation found that when a 50mph speed limit is displayed first the risk of 

collision is greatly reduced. The current system displays a 50mph speed limit 

before switching to a 40mph speed limit after 5 seconds. 
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The automatic incident-detection system was implemented during October 

1997. Signal sequences provide adequate protection for both shockwaves, 

and traffic queuing due to an incident downstream. 

TRAFFIC BEHAVIOUR 

Average demand flows (both AADT and AAWT) have been increasing by 

approximately 3% per year along the controlled section. Examination of traffic 

flows for the morning peak period during consecutive Mondays over two years 

provides some evidence of peak shifting. At site 4902A where 

flow-breakdown often occurs first along the Controlled Motorway section there 

was an increase in flows just after 06:00. Examination of equivalent flows for 

site 4811A near Junction 11 indicated that the start of the morning peak 

period has moved forward by a few minutes every year. 

The passage of a slow vehicle outside the peak period (often accompanied by 

a police escort) can act as a moving seed-point. The behaviour of drivers 

following at slow speed leads to the propagation of a number of shockwaves 

in the wake of the slow vehicle. The vehicle-hour delay arising from the 

passage of a slow vehicle can be of the same magnitude as the delays 

arising during a peak period. 

The 'rubbernecking' phenomenon is defined as when a speed-drop or flow-

breakdown occurs on one carriageway as a result of an incident or distraction 

on the opposite carriageway. Whilst rubbernecking does not occur very 

frequently it can sometimes double the amount of congestion arising from a 

single incident. The example of 23 January 1998 shows that flows need to be 

sufficiently high before a disturbance due to a distraction on the opposite 

carriageway will actually lead to flow-breakdown. 

The recurrence of a seed-point downstream of Junction 12 on the 

anticlockwise carriageway during the evening peak period has been identified. 

Another site where flow-breakdown is becoming increasingly noticeable is at 

the Junction 14 merge on the clockwise carriageway between 16:00 and 

21:00 on a Sunday afternoon. The extent of the congestion during this period 

is as severe as that experienced during the weekday morning peak period at 
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the same location. Along the clockwise carriageway, the merge at Junction 11 

and the midsection at Junction 13-14 remain the two most common sites for 

flow-breakdown. At the beginning of the morning peak period the first 

shockwaves occur at either one of these sites. 

SPECIFIC STUDIES 

Monitoring work also comprised a number of short studies into specific areas. 

A driver opinion survey was conducted to determine the impact of the scheme 

on drivers who use it. The survey yielded favourable results with more than 

two-thirds of respondents saying they would like to see the system extended 

in some way. 

Benefits from the reduction in noise levels and air pollution are attributable to 

the impact of speed-limit enforcement. Studies indicated that most benefits 

are likely to occur at the shoulders of the peak period or during periods when 

the signs are set and flow-breakdown has not yet occurred. 

The specific effect that signal trials might have had on injury accidents was 

examined by comparing accident statistics from five years before and two 

years after the commencement of the pilot. Initial regression analysis showed 

a net reduction in injury accidents on the trial section of around 12% during the 

period of signal operation. The large confidence intervals introduced by filtering 

the effects of lighting, roadworks and number of lanes made it difficult to 

ascertain the specific effect of the signal trials on injury accidents. 

SUMMARY FOR CONTROLLED MOTORWAYS 

The system provides a beneficial environment for drivers using the M25, 

absorbing the effects of a 3% increase in demand per annum. An automatic 

incident-detection system has been in place since October 1997, detecting, 

tracking and protecting the back of a queue during both peak and off-peak 

periods. The EMS serves to provide additional information to drivers 

regarding the reason for a particular signal display. 
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APPENDIX B 

DATA COLLECTION METHODS 

PRACTICAL CONSIDERATIONS 

Description of Alternative Approaches 

During the period of this research the author has been responsible for the 

design and implementation of a number of motorway evaluation projects, 

most notably the M25 Controlled Motorway Section. At the time of study, the 

primary source of available data was from the MIDAS induction loop system. 

A number of alternative technologies were available so these had to be 

considered in terms of what this study was seeking to achieve. At the time of 

completing this thesis (2003), the author is aware of a number of new studies 

commissioned by the Highways Agency to look at high-tech alternative data 

collection methods (including fibre-optic and infrared detectors) but these do 

not impact upon the study methods used here. 

The acquisition of good quality information on speed, flow, and headway was 

of particular interest. MIDAS provided only averaged information and the data 

had a spatial resolution of around 500m. A number of possible alternative 

approaches to data collection were considered as follows: 

Video Survey (Mounted Cameras): A number of cameras would need to be 

mounted on the central reservation in order to obtain an accurate picture over 

at least a 100m length, without being obscured by heavy goods vehicles. 

However, during playback a number of problems are introduced. Firstly, with 

regard to resolution, the number of lines on a monitor is around 600. 

Assuming the view to be side-on, it would not be possible to determine the 

headway to a satisfactory degree of accuracy. The best possible scenario 

would be an overhead view (like CCATS) making full use of each line. In order 

to capture a 100m length, the resolution would be 0.16m per line, but the 
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errors from parallax due to the monitor glass in trying to measure the 

distances would reduce accuracy to 0.5m or worse. A refresh rate of 25 times 

per second is good resolution, but is obscured by the loss in spatial resolution. 

Fast Reel Film: Ideally, this approach would use an automatic camera and 

cartridge that could take 250 exposures at a rate of 5 frames per second. The 

graphic resolution of the camera would be correct to around 0.1m at the 

distance being considered here. Two significant problems are (a) the discrete 

and effective mounting of the camera, and (b) determining when to film in 

order to catch a Shockwave in its early stages. In addition to this, whilst the 

camera resolution would be accurate to 0.1m the measurement techniques 

(using an overlay grid to determine distances) would reduce the accuracy to 

below 0.5m after errors have been accounted for. 

Portable Loops: This would provide an improved resolution on the section of 

motorway being considered, although the quality of information relayed by 

such loops might be limited at lower prices. There were also problems with 

obtaining permission to install, and the expense was considered prohibitive. 

An alternative 'detector' approach would involve using sodium lamps in 

conjunction with the existing cats-eyes, but this is even more expensive for 

the desired resolutions. 

Mini Aircraft: The advantage of such devices is the fact that once airborne 

they are virtually undetectable to the human eye and so there is no 

distraction. There is a difficulty with the amount of time such a device would 

remain in view of the motorway, not to mention the cost of such an operation. 

Alternatives include mounting a camera on a hot-air balloon, but despite a 

number of contacts it has not been possible to secure permission for filming. 

Instrumented vehicles: This may require a number of vehicles to pass through 

a section of turbulent flow in order to detect the perturbations and to 

understand inter-vehicular behaviour. Instrumented vehicles are available 

through Southampton University, so would have been a feasible form of data 

collection. A number of drive cycle surveys were commissioned by the author 
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for the M25 J15-16 Controlled Motorway Business Case project, and the data 

was used to help with calibration of speeds (and corresponding journey times) 

obtained through IVIIDAS. On reflection, these drive cycles offer useful 

information about the propagation of shockwaves but are not particularly 

helpful for seed-point research. 

GPS Receptors: A variation of the above idea, this approach would involve 

connecting GPS receptors to a number of vehicles in order to collect 

positional information as the vehicle drove through the section of interest. 

However, even with differential GPS and the software set to maximum 

update, the resolution is still outside the acceptable limits. 

Video Survey (Hand-held in vehicle): This is an alternative to the external 

mounted cameras. It might be possible to take a camera in the drive-through 

vehicle, filming the brake-light pattern ahead. The camera operator would also 

need to be able to identify all the marker posts and record a commentary on 

the driving conditions. This approach only provides a limited view, and it 

would be difficult to quantify the headway involved, even if the speedometer 

was included in the view for speed measurements. 

Equip vehicles with beacon: Cars would be able to store speed data although 

this is likely to be averaged before it is available for processing. Seven cars 

(excluding the two lab vehicles) are available under various projects. 

Problems with this approach include the need for an accurate synchronisation 

of the vehicles as they pass the beacon. 

Driver Behaviour: As a parallel study, it would be necessary to test different 

types of driver behaviour. One approach would be to bring in a variety of 

drivers who use the section on a regular basis and conduct a 'talk through' 

experiment. Two particular aspects of behaviour will be tested, namely to talk 

through the actions as they drive and to construct a profile of the behavioural 

type. This approach is a variation on the use of instrumented vehicles. 
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MIDAS Loop data: Current resolution is approximately every 500m but the 

data is also averaged over one-minute intervals. However, it is possible to 

obtain similar information without averaging, so that an actual speed, flow and 

occupancy data set can be collected. This type of data is referred to as IVD. 

Conclusion on Alternative Approaches 

A reasonable assumption of the deceleration rate of a vehicle without braking 

is around 3kph/s (i.e. 0.8 m/s^). For a subtle drop in speed, say from 50mph 

(22.2m/s) to 48mph (21.1m/s), the time to achieve this would be around 1.4 

seconds over a distance of around 30m. If we consider a frame by frame 

video analysis working at say one frame every second (being twice the rate of 

driver reactions) and consider the possibility of a 0.4m random error being 

introduced, the experiment is no longer feasible. This is because the total 

error between frames (0.8m over a Is interval for an approximate speed drop 

of 1m/s) is as large as the acceleration being investigated! Reducing the time 

interval would increase the impact of the error. 

Of the approaches discussed here, some appear to be of low feasibility and 

others appear to be of little use. The motorised camera appears to be the 

most satisfactory approach for obtaining an accurate snapshot, but is not 

without difficulties. With regard to the drive-through approach, such data could 

be better applied to understanding the propagation mechanism (since the 

vehicles could experience a number of shockwaves during a drive through the 

Controlled Motorway section) instead of trying to 'catch' the starting point. 

This review of data collection methods informed the decision to begin working 

with the existing MIDAS loop data, and took the focus of the study away from 

the perturbations which cause flow-breakdown, and onto the conditions 

prevalent at the time of flow-breakdown. 
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APPENDIX C 

GIPPS CAR FOLLOWING ALGORITHM 

ASSUMPTIONS 

The purpose of this appendix is to present the Gipps Car Following Algorithm 

for easy reference. The notation of the original paper is used: 

an maximum acceleration chosen by the driver of vehicle n, 

bn most severe braking applied by the driver of vehicle n (and bn<0), 

Sn effective size of vehicle n, comprising physical length and a margin 
into which the following-vehicle does not encroach even at rest, 

Vn speed at which the driver of vehicle n wishes to travel, 

Xn{t) location of the front of vehicle n at time t, 

Vn{t) speed of vehicle n at time t, 

T apparent reaction time, a constant for all vehicles. 

Gipps made three key assumptions in formulating his algorithm: 

(A1) Actual vehicle speed will not exceed the desired speed at any time 

(A2) Free acceleration should increase with speed (as engine torque 
increases) then decrease to zero when approaching its desired 
speed 

(A3) A driver will at all times maintain sufficient headway with the vehicle 
in front. If the lead-vehicle stops as quickly as possible and it takes 
the following-driver time x to react, the following-vehicle can still 
stop without collision and without exceeding the maximum desired 
braking rate. 

Assumptions (A1) and (A2), applied to vehicle n, are summarised by the 

single inequality: 

+ 1 - ^ J o . 0 2 5 - H - ! ^ \ (1) 
^ y 

This equation is used by Gipps to describe free-flowing traffic and was 

obtained by examining the speed of an instrumented vehicle driving through 

moderate traffic and deriving an appropriate relationship. In this model, a 
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vehicle in free-flowing traffic is influenced by three factors all relating to itself, 

namely desired speed, previous speed and maximum acceleration. 

Assumption (A3), applied to vehicle n, is described by the inequality: 

(2) 

where is the position at which vehicle n-1 will come to rest if it starts 

braking as hard as is desirable at time t, and x* is the position at which 

vehicle n will come to rest if it starts braking as hard as is desirable at time 

(f+%), a reaction time T later. 

APPLICATION 

Using a formula of the type -u^ = 2as to relate acceleration, velocity and 

distance travelled, equation (2) becomes 

where 6 is an extra reaction time term. Without this extra term 0, a vehicle 

approaching a stationary vehicle or a stop line would continue to travel at its 

desired speed until the minimum headway was reached, at which point the 

driver would brake at its maximum desired braking rate. The effect of adding 

this term is to cause vehicles to commence braking earlier, and to reduce 

braking as they approach the point at which they must stop, and thus creep 

slowly up to this point. 

The solution of the above inequality, for v^{t+T) is given by the positive root 

of Equation (3), 

For car-following behaviour, the speed of the vehicle is now influenced by 

characteristics of the vehicle ahead as well as its own properties. The speed, 

maximum braking, effective vehicle length and displacement of the vehicle 

ahead determine the new speed of the following vehicle. 
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Equations (1) and (4) represent two constraints on the speed of vehicle n at 

time t + T . Assuming a driver travels as fast as safety and the limitation of the 

vehicle permits, the new speed is given by the minimum of the right hand 

sides of Equations (1) and (4). The displacement of the vehicle is calculated 

as follows, 

+ ^) = + ^)) (5) 

The Inter-Vehicular distance (IV) is defined as 

If this distance is smaller than the actual vehicle length of the vehicle ahead 

then a collision will have taken place, and when testing the parameters this 

scenario should be avoided. 

According to Gipps, the behaviour of the vehicles is determined, to some 

extent, by the relative magnitudes of 6 and t. When 9 is equal to tI2 then a 

vehicle travelling at a safe speed and distance will be able to maintain a state 

of safety indefinitely providing the willingness of the driver ahead to brake 

hard has not been underestimated. In real traffic, this is not always the case 

and therefore when the willingness of the driver ahead to brake has been 

underestimated, 0rnay have to be increased to avoid vehicles colliding. With 

6 equal to ^2, the following regimes exist. Congested flow exists when 

Equation (4) is the limiting condition. Then all vehicles flow as fast as the 

volume allows. When Equation (1) is the limiting condition for a substantial 

proportion of the vehicles, free flow is obtained. 

A smooth transition is possible between the two conditions. This does not 

occur when the lead vehicle brakes harder than the following vehicle has 

anticipated, or leaves the lane, or when a new vehicle moves into the gap 

between two vehicles. 

The model, with 0 equal to %/2, has been validated using values taken through 

statistical sampling. Gipps introduces a term b with little explanation. It 

appears to limit the maximum value of the estimated braking parameter to -
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3m/s^. An interesting application of this value is the effect it has on 

disturbances to the traffic flow. 

When b is less than the term containing the speed of the vehicle ahead 

contributes more to the new speed of the vehicle, and the disturbances to the 

following vehicles are damped. This means that the driver has 

overcompensated for the velocity of the vehicle ahead. However, when the 

braking of the driver ahead is underestimated, these disturbances could be 

amplified. This also means that a smooth transition between the two possible 

values for v/„(f + T) does not occur. 

In summary, Gipps postulates that three factors control the behaviour of the 

traffic, 

• The distribution of desired speeds 

• The average reaction time for drivers 

• The ratio of mean braking to the driver estimate of mean braking 
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APPENDIX D 

CALIBRATING MIDAS 

PURPOSE 

The purpose of this appendix is to illustrate the nature and scale of possible 

inaccuracies in the detector readings for MIDAS. This is done in two parts, (i) 

a comparison with an ANPR survey for M25 and (ii) a comparison with the 

TITAN Database for M6 Data. 

COMPARISON WITH ANPR 

Abou-Rahme, White and Stewart (2002) present the findings of research 

conducted for Mouchel Consulting whilst deriving a controlled motorway 

business case. Further details are contained in White (2001). 

The time-mean speed is an arithmetic average of spot speeds measured at a 

single detector point, an example of which is MIDAS. The space-mean speed 

is measured over a fixed distance using time difference, an example of which 

could be derived through ANPR Camera timestamps. 

In free-flow conditions, the time-mean speed is a good representation of the 

average speed of the vehicles that have passed over the loop in one minute. 

However, in congested conditions, where speeds may vary by large amounts 

over each minute, the time-mean speed overestimates the actual speed of 

vehicles in that minute. 

Data was initially collected for one week in December 2000, but then a 

continuous set of data was collected over the period 30 January 2001 to 02 

April 2001, from 8 loops on the section. Comparisons were made between 

journey times calculated from MIDAS and ANPR, leading to an improved 

approximation of true journey times using a proxy for space-mean speed. 

Figure D1 is reproduced from that work, and reflects the fact that there are 

two solutions to the space-mean speed equation for each value of time-mean 
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speed examined. According to Wardrop (1952) an approximate relationship 

between time-mean speed and space-mean speed can be made as follows: 

- - (7. 
v, = v,+f 

The solution of this equation for space-mean speeds is therefore: 

^ _v,±^vf-4<x: 
^s = 

Figure D2 demonstrates the journey times obtained using time-mean speeds 

and space-mean speeds to calculate journey times for 27 February 2001 on 

M25 J15-16 over a distance of 6km. Calculations are based on individual 

vehicle data. It can be seen that the deviation during congested conditions is 

about 4%. 

= 20 

20 25 30 

time mean speed (kph) 

Figure D1 - Journey time comparison using time-mean and space-mean speeds 
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Figure D2 - Journey time comparison using time-mean and space-mean speeds 

The journey-time study also looked at the relative values derived from ANPR 

Cameras and from MIDAS. The resulting deviations may have been 

attributable to approximations in the journey-time algorithm for MIDAS, the 

possibility of overestimating speeds during congested conditions, or indeed 

the accuracy of marker post positions on the carriageway. Figure D3 and 

Figure D4 illustrate the findings. 
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Figure D3 - Comparison of journey times from ANPR and IVIIDAS (22 February 2001) 
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Figure D4 - Comparison of journey times from ANPR and MIDAS (27 February 2001) 
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COMPARISON WITH TITAN 

During the course of study, a comparison of IVIIDAS Calibration against TITAN 
on the M6 Northbound was obtained from the Highways Agency. This has 
been included below for reference along with graphs based on the table. 

. o •o \0 

H 
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APPENDIX E 

PROBABILITY ANALYSIS - ADDITIONAL PLOTS 

This appendix presents supplementary plots in support of the results found in 

Chapter 6. 

A summary of the statistical parameters used to create the bivariate normal 

distributions in Figure E1 and Figure E2 is given in Table El and Table E2 

below. 

Table El - Parameters for bivariate normal distribution, 
derived from June 2001 data 

Mv Mk (Ok)' GOV (v,k) Pv,k sample 

A P S 1 

Rules 1-5 (fi) 27^4 2 8 . 0 5 649 7 . 4 1 - 0 . 3 6 -0.05 786 
A P S 1 

Rules 1-2 (fo) 29.47 2&68 1 5 . 9 1 6.32 - 4 . 0 6 -&40 4751 

Table E2 - Parameters for bivariate normal distribution, 
derived from September 2001 data 

Mv Mk (0%)= GOV (v,k) Pv.k sample 

APS1 
Rules 1-5 (fi) 27.57 27.72 6.38 6.44 - 0 . 4 4 -0.07 3698 

APS1 
Rules 1-2 (fo) 28.74 26.62 14.38 6.39 -3.53 -0.37 25677 
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Figure E1 - Comparative plots for June 2001, showing distributions for fO, f1 and 
resulting posterior (using a uniform ratio for the prior function) 
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Figure E2 - Comparative plots for September 2001, showing distributions for fO, f1 and 
resulting posterior (using a uniform ratio for the prior function) 
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Figure E3 - Probability map for 02 August 2001 shown with and without a background 
of speed (grey-scale with shockwaves shown in white). Clustering around seed points 

is evident. 

PhD Thesis Page E4 Nabil Abou-Rahme 



SeeDe tec t - [Tra f f i c Da ta Display] 

) F t Wea TcjcIS H K vwrdc* Helps 

I . I I 

I 

:,Y 
t S f 1 i E * 

, , 
J M M 

J O * 

.1M. m, ,1' 'U r ,'»% ' 0 V 

S e e d Detection 

Auto Select | fl^es Overiay 

Values [ Clear 

D a t e 1040901 - Flow S t a i t T i m e | — 

L u m f r r r « E n d - n m e f i s 

lisao 

Stats C o w 

S e e d Detectfon -

Auto Select j [[^ fl^e^Overity 

Manvd i Value* | Cleat i i 

Da»B {040901 

L a n e | 3 | B 
T y p e 

f* Speed 
Flow 
Occ 

~ Visual 

S t a r t T i m e 

E n d T i m e 

J11(4 

} Flfr TCKte Mkc WMow Hê » 
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Figure E4 - Probability map for 04 September 2001 shown with and without a 
background of speed (grey-scale with shockwaves shown in white). The method works 

equally well for the anticlockwise carriageway 
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Figure E5 - Probability map for 04 September 2001 shown with and without additional 
information from the incident detection algorithm (California) 
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Figure E6 - Probability map for 20 September 2001 shown with and without additional 
information from the incident detection algorithm (California) 
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APPENDIX F 

KEY SOFTWARE LISTINGS 

F1 SEED DETECTION ALGORITHM 

I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

'* Thia is where the rules reside, see previous algorithm for controls * 
t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Private Function blnExecuteRule(ByVal intRule As Integer, ByVal intLoopNo As Integer, 
ByVal intTime As Integer, ByVal intSpeed As Integer, ByVal intFlow As Integer, ByVal 
intOccupancy As Integer, ByVal intShockwave As Integer) As Boolean 

Dim intNextSpeed As integer 
Dim intNextOccupancy As Integer 
Dim intCounter As Integer 

'Assume the rule doesn't apply 
blnExecuteRule = False 

Select Case intRule ' Called from the previous routine CmnGo 

Case 1 'Rule 1: Range for occupancy (user defined) 
If (intOccupancy >= Val(txtMinOcc.Text)) And (intOccupancy <= 

Val(txtMaxOcc.Text)) Then 
blnExecuteRule = True 

Else 
blnExecuteRule = False 

End If 

Case 2 'Rule 2: Range for speed (user defined) 
If (intSpeed >= Val(txtMinVel.Text)) And (intSpeed <= Val(txtMaxVel.Text)) Then 

blnExecuteRule = True 
Else 

blnExecuteRule = False 
End If 

Case 3 'Rule 3: Time Series (Speed Falling and Occupancy Rising) 
intNextSpeed = pcl8Loopdata(intLoopNo).intSpeed((intTime - 1), 

Val(txtLaneNo.Text)) 
intNextOccupancy = pclsLoopdata(intLoopNo).intOccupancy((intTime - 1), 

Val(txtLaneNo.Text)) 
If (intOccupancy > intNextOccupancy) And (intSpeed < intNextSpeed) Then 

blnExecuteRule = True 
Else 

blnExecuteRule = False 'must reset if there is a problem 
End If 

Case 4 'Rule 4: Check the difference in values (indicates what type of traffic) 
If (intSpeed - intOccupancy) >= Val(txtFactorl.Text) And (intSpeed -

intOccupancy) <= Val(txtFactor2.Text) Then 
blnExecuteRule = True 

Else 
blnExecuteRule = False 

End If 

Case 5 'Rule 5: Checks for a reversal in time (to edge of shockwaves) 
intNextSpeed = pclsLoopdata(intLoopNo).intSpeed((intTime + 1), 

Val(txtLaneNo.Text)) 
intNextOccupancy = pclsLoopdata(intLoopNo).intOccupancy((intTime + 1), 

Val(txtLaneNo.Text)) 
If (intNextSpeed - intNextOccupancy) >= Val(txtNextOelta.Text) Then 

blnExecuteRule = True 
Else 

blnExecuteRule = False 
End If 

End Select 
End Function 
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F2 CALIFORNIA #8 ALGORITHIVI 

LOOP for all available pairs of detectors 

consecutive_failure = 0 

detectorstate = CLEAR 

LOOP for all available minutes of data 

difference = upstream_occupancy(t) - downstream_occupancy(t) 

relative_difference = up8tream_occupancy(t) - downstream_occiipancy(t) 

up8tream_occiipancy (t) 

relative_variation = downstream_occupancy(t-2) - down8tream_occupancy(t) 

downstreamoccupancy(t-2) 

IF detector_8tate = CLEAR 
[check for a new compression wave] 

IF downstream_occupancy(t) >= compression_threshold 
AND relativevariation < relative_variation_threshold THEN 

detector_8tate = C0MPRESSI0N_1 
[check for a new incident] 

ELSEIF difference >= difference_thre8hold 
AND relative_difference >= relative__difference_threshold 
AND downstreamoccupancy(t) < incident_threshold THEN 

detector_state = ALARM_TENTATIVE 
END IF 

[check for ongoing compression wave] 
ELSEIF detector_state = COMPRESSION_n THEN 

IF detector_8tate = C0MPRESSI0N_5 THEN 
detector_state = CLEAR 

ELSE 
[increment the time count of the compression wave] 

detector_8tate = COMPRESSION_n+l 
ENDIF 

[ongoing incident] 
ELSE 

IF relative_difference >= relative_difference_threshold THEN 
IF detector_state = ALARM_TENTATIVE 

detector state = ALARM CONFIRMED 
ELSE 

detector_8tate = ALARM_CONTINDING 
ENDIF 

[check if the incident is a compression wave] 
ELSEIF relative_variation < relative_variation_threshold 

AND down8tream_occupancy >= compression_thre8hold 
AND detector_8tate = ALARM_TENTATIVE THEN 

detector state = COMPRESSION 1 
ELSE 

[clear incident] 
detector_state = CLEAR 

ENDIF 
ENDIF 

IF detector_state = CLEAR THEN 
consecutive_fallure = 0 

ELSE 
consecutive_fallure = con8ecutive_fallure + 1 

ENDIF 

IF consecutive_fallure >= persistence_threshold THEN 
RAISE_ALARM 

ENDIF 
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F3 MCMASTER ALGORITHM 

LOOP for all available pairs of detectors 

consecutive_failure = 0 

detector_state = CLEAR 

LOOP for all available minutes of data 

IF occupancy(t) >= occupancy_threshold THEN 
[this is area 3] 

detector_state = CONGESTION 
[where q(x) is the least squares optimized quadratic fit calibrated at this detector] 

ELSEIF flow(t) < q (occupancy (t) ) - standard_deviation* constant__scale THEN 
[this is area2] 

detector_state = INCIDENT 
ELSE 

[must be areal] 
detector_state = CLEAR 

ENDIF 

IF detector_state = CLEAR THEN 
consecutive_failure = 0 

ELSE 
consecutive_failure = consecutive_failure + 1 

ENDIF 

IF consecutive_failure >= per8istence_threshold THEN 
RAISE_ALARM 

ENDIF 
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F5 SEED DETECTOR SOFTWARE - SCREENSHOTS 

Project - SeeDetect 

[H l3 
m 

^ SeeDetect (SeedDet.vbp) 
- - 5 Forms 

& frmAl)out (frmAbDutirni; 
b frmCafiforniaS (frmCalifcrniaS.fmij 
& frmDialogiie (frmDialogue.frm]: 
Q- frmlnitalLoad (frmlnitialLoad.frm) 
ci frmMcMaster (frmMcMaster.frm] 
b frmPointsVlew (frmPointsView.fmi) 
& frmProgress (frmProgress.fmil 
& frmReadPata [frmReadPata.frm] 

b frmShoclcA'-aveTable (frmShock'.vaveTable.frm; 
& frmSplash (frmSplash.frm] 

mdiMain (mdlMain.frmI 
- Modules 

modDataBase (database.basj 
mcdGlobal (global.bas; 

r: ^ Class Modules 
^ cIsLoopdata (cIsLoopdata.cIs; 

cIsPoint (dsPoints.ds) 
<23 cIsShock-A'ave (dsShodcA'ave.dsj 
^ colShcdcA'ave (colShodcAave.dsl 

@ Nabil Abou-Rahme (2003) 

SeeDetect 1.0 

This software is intended only for use by the authorfor 
the purposes of his PhD research. 

OK Quit Program J i V S t e r r ! I n i n 
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APPENDIX G 
GLOSSARY OF TERMS 

'A' Carriageway 

AADT 

AAWT 

Accident 

Alert 

Algorithm 

'B' Carriageway 

Bayesian 

Bottleneck 

In general terms the A' and 'B' labels distinguish each 
direction of the main carriageway from the slip roads. 
In context, 'A' Carriageway means the clockwise 
carriageway of the M25 (northbound on the Controlled 
Section). 

Average Annual Daily Traffic, 24-hour flows averaged 
over the whole year. 

Average Annual Weekday Traffic, 24-hour flows 
averaged over weekdays only for the whole year. 

An incident resulting in damage or injury. 

An event in the MIDAS system, which signifies that a 
certain condition, has occurred, e.g. passing a flow 
threshold. 

A method embodied in a software program for setting 
variable speed limit or other signs in response to flow 
or other alerts generated by the MIDAS system. 

In general terms the 'A' and 'B' labels distinguish each 
direction of the main carriageway from the slip roads. 
In context, 'B' Carriageway means the anticlockwise 
carriageway of the M25 (southbound on the Controlled 
Section). 

A branch of inferential statistics associated with 
Thomas Bayes. Using the principles of conditional 
probability, an estimated prior distribution is then 
combined with empirical observations to derive an 
improved distribution known as the posterior. 

A point of restriction along the carriageway, usually 
described in terms of reduction in flow or capacity. 
Sometimes caused by a change in geometry (for 
example, a lane-drop), and sometimes by driver 
behaviour (for example, a change in headway 
distribution). 

PhD Thesis Page G1 Nabil Abou-Rahme 



Capacity A measure of the maximum possible throughput of a 
road section, normally expressed as the number of 
vehicles which can be handled in a given time period. 
It is not well defined on motorways, due to 
flow-breakdown. 

Car-following 

Compliance 

The behaviour of vehicles relative to each other (often 
on a longitudinal plane) described in mathematical 
terms using distance, speed and acceleration. Many 
car-following algorithms contain an implicit speed-
headway relationship. 

Conformity with speed limits. 

Continuity equation Mathematical analysis found in most branches of 
science and engineering, based upon the first law of 
thermodynamics - namely the conservation of energy. 

Controlled 
Motorways 

Diverge 

Downstream 

A motorway environment comprising gantry-mounted 
variable speed limits driven by information gathered 
from loop detectors at regular intervals. A pilot 
scheme is in place between Junction 10 and Junction 
16 on both carriageways of the M25. 

Common reference to the slip road which takes traffic 
off the main carriageway and onto the local road 
network or another motorway 

Further ahead on a motorway link or moving in the 
direction of travel. 

EMS 

Flow-breakdown 

Headway 

Highways Agency 

Enhanced Message Signs, used to provide additional 
information in conjunction with the variable speed 
limits 

A transition, in which heavy traffic flow ceases to be 
smooth. Associated with a sharp fall in speed and a 
temporary reduction in effective road capacity. 

The separation between the front of one vehicle and 
the front of the next vehicle. Headway is given in 
terms of time (often seconds) or distance (often 
metres). 

An executive agency of the UK Government's 
Department for Transport. The Highways Agency has 
primary responsibility for the UK Motorway and Trunk 
Road Network. 
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HIOCC 

Hydrodynamic 

Incident detection 

IVD 

Loop detectors 

Merge 

MIDAS 

Mode 

Motorway network 

MTV 

Nearside 

Occupancy 

High occupancy incident detection algorithm 
implemented on the Controlled Section during October 
1997 and used to protect queues from faster traffic 
upstream. 

Analysis which has to do with the movement of fluids, 
and which is often applied to traffic to derive 
analogous behaviour. 

Algorithms to analyse detector data for patterns 
associated with traffic build-up around an incident. 
More recent applications include tracking the tail of a 
moving queue (or Shockwave). 

Individual Vehicle Data. Raw traffic data collected for 
selected sites and periods by linking portable PCs to 
MIDAS substation units. 

A loop of wire buried in the road surface, which 
produces an electrical response when a large metal 
object, such as a vehicle, passes close overhead. 

Common reference to the slip road which brings traffic 
onto the motorway. The 'merge-point' is where traffic 
actually joins the main carriageway. 

Motorway Incident Detection and Automatic Signalling 
system, which processes traffic information collected 
through loops and determines the most appropriate 
speed limit to be displayed on local gantries. 

The value of a variable most frequently observed. 

Comprising all M-Class roads throughout England, for 
which the Highways Agency is responsible (see also 
Trunk road network'). 

Motorway Traffic Viewer - a suite of graphical analysis 
programs (for which the author was a co-developer at 
TRL Limited). Used to examine MIDAS data. 

A label to describe the furthest left on a carriageway 
or the passenger's side of the vehicle (for UK roads). 
The nearside lane is often termed 'the slow lane'. 

A proxy measurement for headway. Occupancy for a 
loop detector is the % time for which that loop is 
covered (or occupied). 
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Offside 

Peak 15-minute 

Peak hourly 

Performance 
Indicator 

Platoon 

Prior distribution 

A label to describe the furthest right on a carriageway 
or the drivers' side of the vehicle (for UK roads). The 
offside lane is nearest to the central reservation. 

The highest value, usually of throughput, measured in 
any 15-minute period. 

The highest value, usually of throughput, measured in 
any one-hour period. 

A numerical measure of traffic behaviour on the 
motorway which has implications for assessing the 
performance of the Controlled Motorway system. 

In context this refers to a cluster of vehicles travelling 
together with similar speeds and spaced by relatively 
short headway. 

Represents initial belief about the distribution of a 
random variable, which can then be combined with 
empirical data to produce an improved estimate (see 
also 'Posterior distribution'). 

Probabilistic model A model that includes probability-based calculations to 
derive its outputs. 

Posterior 
distribution 

Ramp metering 

Rubbernecking 

Seed-point 

Shockwave 

A probability distribution associated with inferential 
statistics. Derived by combining the initial belief with 
empirical data (see also 'Prior distribution'). 

A method for controlling access from the slip road in 
order to maximise flow on the main carriageway. 

Drivers slowing to look at an event or incident on the 
opposite carriageway will cause congestion on their 
own carriageway also. 

A point on the motorway where flow-breakdown first 
occurs. More specifically, a point to which the origin of 
a Shockwave can be traced and from which that 
Shockwave appears to be propagating. 

(a) A wave that moves through a fluid faster than a 
change can normally be propagated. 

(b) A wave of flow-breakdown which propagates 
upstream through a column of moving traffic. A 
flow-breakdown Shockwave is characterised by a 
constant speed of propagation, and by an 
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Significance 

Significant 

Site numbering 

Stop-start 

Swooping 

Throughput 

TRL 

increasingly large and abrupt drop in the speed of 
traffic as it passes, which can lead eventually to 
stop-start driving. 

(c) Commonly used to describe the boundary between 
the two regions rather than the high-density region 
itself. 

The probability that an observation occurred by 
chance, assuming some underlying probability 
structure (e.g. a Normal distribution). Significance is 
usually expressed as a percentage, and the smaller it 
is the better. 5% or less is usually taken to indicate a 
significant observation or result. 

Unlikely to have occurred by chance. 

A marker-post with intervals of 100m. For example, on 
the M25, site 4902A is at kilometre position 90.2 
midway between Junctions 13 and 14 on the A-
Carriageway. Site numbers run from 4727 at the south 
end of J10, to 4955 at the north end of J15. The 
number 4 identifies the M25 motorway in this case. 

Driving conditions in which some vehicles temporarily 
come to a halt. 

Drivers moving late from the offside lanes onto a 
diverge lane, typically crossing more than one lane in 
a single manoeuvre, are said to be 'swooping' onto 
the junction. 

The amount of traffic passing through a given road 
section in a certain period of time. 

The Transport Research Laboratory, formerly an 
executive agency for the UK Department for 
Transport, transferred to the private sector as a non-
profit organisation in 1996. Now known as TRL 
Limited. 

Trunk road network Comprising primary A-Class roads throughout 
England, for which the Highways Agency is 
responsible (see also 'Motorway network'). 

Tuning The process of adjusting parameters to produce a 
desired change or improvement in system 
performance, usually in the light of monitoring results. 

PhD Thesis Page G5 Nabil Abou-Rahme 



Typical day A weekday representative of the majority of such days 
in a particular year - excluding holidays, bad weather 
and incidents. 

Upstream Further behind on a motorway link or moving against 
the direction of travel. 

Utilisation Usually the proportion of traffic using a given lane. 

Variable speed limit Gantry mounted mandatory speed limit signs, 
displayed to motorists on the Controlled Motorway. 

Vehicle Hour Delay A summation of the delay experienced by drivers who 
(VHD) are not able to travel at a speed of 50 mph. Used as a 

means of evaluating congestion. 

Vehicle trajectories The path taken by a vehicle, described in terms of 
distance and time. 

Vehicular 
composition 

Usually a reference to the fact that traffic flow 
comprises more than one class of vehicle (for 
example, cars and HGV). 
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APPENDIX H 

THE BOUNDARY SPEED EQUATION 

In Chapter 2 of this thesis, the boundary speed equation identified by Lighthill 

and Whitham (1955) was presented as a key characteristic of Shockwave 

propagation. The equation for this boundary speed {u) is stated in terms of 

density and speed as follows: 

assuming that q = kv holds true for the specific traffic data being observed. 

Since ki < k2 and v-t > the value of u is often negative suggesting backward 

propagation against the direction of travel. 

During the development of this thesis a question arose about whether the 

boundary speed could be verified using the available MIDAS data. The 

following reasons formed part of the initial objection to making this application: 

1. The boundary speed equation is stated in terms of speed and density 

for the two regions. The detector data available through MIDAS 

provides speed and flow averaged over one-minute intervals and at a 

resolution of around 500m. However, the 'density' measurement is a 

proxy called 'occupancy' which describes the percentage time that the 

loop is active during a particular minute. Whilst it is possible to show 

some mapping from this value to the 'vehicles per unit length' value it is 

not straightforward. This compels movement in the direction of first 

accepting that q=kv must hold for this data set, and second, making the 

appropriate substitution into the boundary speed equation so that it is 

stated in terms of speed and flow only. 

2. The temporal and spatial resolution of the data causes some difficulty 

with identifying the exact position of the boundary. Over a number of 

loops it is possible to measure the gradient of the Shockwave and to 

conclude that the speed of propagation is around 18-23kph. But 
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demonstrating that through an equation which describes the boundary 

is not so straightforward. It is comparable to the difficulty with 

identifying a relationship between traffic characteristics at the upstream 

detector and the identification of a seed point - a lot can change in 

500m (see existing text in Section 5.3 and Section 6.3.4). 

The SeeDetect® software was modified in order to address this question in 

numerical terms. The path of a virtual vehicle was mapped through the traffic 

data (the closest approximation achievable with this data for a group of 

vehicles passing through a number of Shockwave boundaries). A good 

implementation of these algorithms has been developed by TRL Limited for 

use with the MTV Software. A minor modification to the algorithm allowed a 

comparison between speed and flow prevalent at the location of the virtual 

vehicle over time. 

The boundary speed equation had to be restated in terms of v (speed in mph) 

and q (flow in vehicles per minute). In practice, application of the equation 

yielded meaningful results only at the point when a rapid drop in speed took 

place (in other words, when a boundary was clearly present). At other times 

the value of u was set to zero in order to remove that background noise. 

As expected, the results were somewhat disappointing. Figure H1 shows the 

virtual vehicle trajectories and Figure H2 shows the treatment of the values 

obtained. Figure H3 provides a direct comparison between the vehicle 

trajectory and the calculated boundary speed, similar to that presented in 

Figure HI and Figure H2. 

The primary difficulty for application of the equation to this data was the 

spatial and temporal resolution which led to the need for an approximation of 

vehicle trajectory and the large variation in the results (despite empirical 

measurements of Shockwave gradient yielding such consistent results). This 

exercise should be repeated when more closely-spaced detectors become 

available (for example, on the M42 ATM Pilot). 
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Figure HI - The IVITV Plots above illustrate the path taken by virtual vehicles which 
may represent the experience of a real driver on that day. The trajectories in each plot 
are identical but the background displays speed and flow respectively for 04 
September 2001. 
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Figure H2 - Speed and flow profiles over the journey are plotted for vehicles 
commencing from M25 J10 at 07:00 and 07:46 respectively. The value of the 'boundary' 
calculation varies excessively so only those values falling within the absolute range of 
0-20mph are included here. A rapid fall in speed indicates when the vehicle has 
crossed the boundary. On some occasions the boundary speed appears to be in the 
right range (12-15mph) but on other occasions no such pattern is evident. 
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Figure H3 - The top plot shows virtual vehicle trajectories for the hour between 08:00 
and 09:00 on 04 September 2001. The bottom plot shows the speed and flow values 
extracted from the first of these trajectories, commencing from J10 at 08:00. 
Fluctuations in the boundary speed seem more consistent in the second half of the 
journey from around 08:20 onwards. 
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