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Summary 
This document presents a brief discussion of why traffic modellers use analytical models for traffic and 
transport planning, management, design and operations purposes.  The applications include traffic impact 
analysis, roundabout geometric design, efficient operation of traffic signal control systems and 
development of balanced Movement and Place solutions.  Analytical models enhance the productivity of 
transport planners and traffic engineers by allowing them to analyse more scenarios with less effort.  
They are also used for verification and calibration of various aspects of microsimulation models.  

Analytical models are based on a scientific approach and are capable of modelling intersections, 
interchanges, freeways, rural roads, urban streets and networks with complex traffic conditions.  They 
provide unique value to transport planning and traffic engineering decision-making through balanced 
solutions that consider the conflicting needs of all transport users including pedestrians, cyclists, buses, 
tram / light rail, cars and freight vehicles.  This provides significant cost savings and environmental 
benefits.  

Some technical issues in the use of microsimulation models are explained as a warning against decision 
making on the basis of limited viewing of animations generated by microsimulation runs without 
auditing their analytical soundness.  

 

 

 

 

 

 

 

"The thing about seeking knowledge and understanding through the 
scientific process, rather than inventing a new product through trial and 
error, is that it tends to have a cumulative effect: it tends to develop more 
and more utility over time." 

Suzie Sheehy, The Matter of Everything, Bloomsbury Publishing, 2022, p.23. 
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1  Introduction 
The term analytical model refers to algorithmic models that combine mathematical model elements 
(based on a combination of traffic theory and empirical derivations) to determine complex system states.  
The US Highway Capacity Manual Edition 7, Chapter 9 (Glossary and Symbols) (1) defines an 
Analytical Model as "A model based on traffic flow theory, combined with the use of field measures of 
driver behaviour, resulting in an analytical formulation of the relationship between field measures and 
performance measures such as capacity and delay."  This is in contrast with a simulation model which 
refers to modelling of traffic moving in a network as individual vehicles or as groups of vehicles (small 
packs of vehicles or larger platoons). 

These traffic modelling techniques produce estimates of traffic performance for use in design, operations 
and planning work.  Because of the complex nature of traffic systems, analytical models use iterative 
approximation methods whereas microsimulation models rely on a large number of simulations.  

This brief document presents notes about why analytical modelling techniques are useful for the 
profession.  Earlier documents with more detailed discussion (2), (3) are available for download from 
https://www.sidrasolutions.com/publications.  

2  Main Points 
1. An analytical model is 

o an engineering approach  

o algorithmic 

o combines theoretical and empirical approaches  
e.g. performance estimation based on queuing theory with formulations calibrated using 
established (well specified) survey techniques 

o auditable (allows in-depth questioning of model assumptions).  

2. An analytical model can 

o calculate 

o find solutions 

o estimate capacity as a basic parameter that determines traffic performance (see Section 3.1) 

o optimise traffic performance 

o optimise traffic signal phasings and timings 

o quantify the effect of pedestrians on signal timings and vehicle movement capacity  

o contribute to traffic modelling as part of a Movement and Place approach (4), (5), (6)  
(SIDRA with extensive pedestrian modelling and detailed modelling of vehicle movement 
classes including cyclist, bus, tram / light rail and large truck is ideal in relation to the 
"Movement" aspect of this, even where "Place" is more important than "Movement") 

o model CO2 emissions for environmental assessments  
(the SIDRA power-based fuel and emissions models can estimate emissions of traffic 
movements, in particularly CO2, with great accuracy) 

o provide consistent modelling of different intersection types by using algorithms that employ 
consistent methods  
(SIDRA capacity and performance models provide a unique consistent approach for different 
types of signalised and unsignalised traffic facilities)  
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o predict and assess conditions that cannot be seen in "animation",  
e.g. delay to vehicles departing from the queue after the modelling period under oversaturated 
conditions (see Section 3.2) (7).  

3. Powerful concepts and model parameters used by analytical models  

o are well-established  

o are understood by the profession 

o provide a common language for communication 

o are useful in assessing traffic conditions 

o are useful for signal timing analysis including analysis for actuated signal control  

o can be used for verification and calibration of various aspects of microsimulation models 
(Yoshii 1999).  

These concepts and model parameters include  

o capacity (see Section 3.1) 

o degree of saturation (demand flow / capacity ratio) 

o saturation flow (queue discharge flow rate) 

o critical gap and follow-up headway for gap acceptance processes 

o percentile queue length and probability of blockage by downstream queues 

o fundamental relations among flow, speed, density and spacing 

o parameters used by traffic signal control systems such as SCATS MF and detector occupancy 

o bunching (random moving queues in an uninterrupted stream) 

o platoons of vehicles departing from signalised intersections.  

These concepts and parameters have been developed and used in traffic modelling and control for a 
long time.  These include key parameters used in analytical model calibration.  

4. "Traffic" vs "individual vehicles": The concepts and parameters listed above are for "traffic 
streams" or "traffic movements" which is a modelling approach that converts "individual vehicle" 
movement characteristics such as car following, lane change, acceleration and deceleration to more 
aggregate and measurable "traffic" characteristics.  This provides the capabilities listed in  
Points 1 to 3 above.  For information about the level of detail in analytical models, see Section 3.4.  

5. Workflow: Analytical models are less costly than microsimulation to use, providing workflow 
efficiencies as they 

o are easier to set up (low model specification time due to clarity of concepts) 

o are quicker to run (quicker solutions) 

o reduce modelling times by helping the modeller to spend less time on setting of key parameters  

o help modellers to analyse large number of scenarios (alternative solutions, existing and 
development conditions, design life analysis for future traffic conditions) and make decisions 
about recommended solutions with less effort  

o can be reviewed (audited) to assess whether calibration of key model parameters has produced 
realistic results (as listed above).  
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6. Analytical models offer a more stable answer compared with microsimulation model results which 
vary due to randomness and depend on the number of simulation runs.  Understanding and dealing 
with uncertainty and sensitivity of solutions to model parameters is important.  

Uncertainty:  

o Finding a reliable solution representing average and percentile values of performance 
variables would require a large number of simulation runs with long simulation periods for 
convergent solutions.  

o Analytical models are not "deterministic" as is claimed sometimes. They use queuing theory 
for random overflow and persistent oversaturation (congestion) effects.  
See Section 3.1.  

o For oversaturated conditions, simulation cannot be run for longer periods for convergence 
since queues build up persistently with longer periods because of demand exceeding capacity.  
An increased number of simulations is needed rather than longer simulations for this reason.  

o For near-saturated conditions when the average demand is less than but close to capacity, 
significant overflow queues occur due to randomness of arrival flows.  Therefore, average 
results require a large number of simulations.  Figure 1 shows the difference between average 
values of two simulation points for low and high degrees of saturation.  This is important since 
the effect of randomness in arrival flow rates is highest near capacity conditions, and 
furthermore, the capacity values can also change cycle-by cycle.  This shows the difficulty of 
obtaining performance estimates representing average conditions from microsimulation 
modelling.   
See the discussions in Sections 3.1 and 3.2.  

o For convergent solutions, downstream queue blockage effects resulting in capacity losses by 
upstream movements need an increased number of iterations for analytical models and an 
increased number of simulations by microsimulation models (especially if downstream queue 
blockage causes oversaturation).  

Sensitivity:  
The sensitivity of performance variables (delay, queue, stop, etc.) is much higher at high degrees of 
saturation due to the nonlinearity of the performance function as seen in Figure 1.  
 

 

Figure 1 - Non-linear characteristic of traffic performance 

Performance 
(Delay, Queue, 
Stops, Cost, 
Travel Time) 

Degree of Saturation 
(Demand / Capacity) 

Nonlinearity makes it more difficult 
to find the average value at high 
degrees of saturation 

Error in the 
average value 
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7. Existing analytical models get improved and models are developed for new areas of transport 

practice as traffic science discovers laws applicable to traffic movements.   

In Conclusion  
8. Analytical models for traffic design, operations and planning practice facilitate better knowledge 

and understanding of the laws that rule traffic movements (as distinct from, but based on, the 
behaviour of individual vehicles and their relationships) and the interactions of those movements in a 
complex traffic system.  Watching an animation, even if it is a perfect replication of the real-life 
conditions, does not reveal those laws to a modeller who does not have adequate knowledge based 
on concepts developed by decades of traffic science.  
It is also uncertain whether an animation based on a single simulation run would represent the traffic 
conditions of a scenario given the variations among many simulation runs necessary for 
oversaturated and near-saturated traffic conditions (refer to Figure 1).  

9. No model is perfect.  It is important to understand the model and know its limitations.  An analytical 
model user with knowledge and expertise can question the model assumptions and address areas of 
concern more readily because of the conceptual strength of the model.  
Expert use of traffic models with high levels of knowledge and understanding will be even more 
important as Artificial Intelligence (AI) threatens to take over the decision-making process in the 
traffic planning, design and operations processes as in other professions.  

 

3  Discussion 
Various points noted in Section 2 are discussed in some more detail in this section.  

3.1  Capacity as a dynamic concept 
Capacity is the highest sustainable flow rate that can be achieved during a specified time period under 
given (prevailing) road, geometric, traffic, environmental and control conditions.  This means that the 
capacity of a traffic facility varies by time period.  

In addition to geometric conditions, demand flow levels cause significant capacity variations for 
movements subject to gap acceptance (opposed / permitted turns at signals, minor road movements at 
stop and give-way / yield sign controlled intersections, entry movements at roundabouts, merging at 
freeway entry ramps and at exit short lanes at intersections).  For example, in design life analysis for 
roundabouts, increased demand flows over the years mean increased circulating flow rates resulting in 
reduced capacities.  See Figure 2 for the SIDRA design life analysis results for the Roundabout 
Example 2 given in Highway Capacity Manual, Chapter 33 (1). 

Short lane capacities and lane blockages by downstream queues are also subject to large variations due to 
demand flow levels in addition to queue storage lengths of approach short lanes at intersections and 
downstream lanes in networks.  

In analytical models based on queuing theory foundations, capacity is the main parameter in equations 
estimating performance measures such as delay, queue length, stops, and travel time.  For performance 
estimation, analytical models use capacity as the service rate under prevailing conditions.  This applies 
even when the demand flows are below capacity levels (undersaturated conditions).   

Microscopic simulation models do not estimate capacity.  The capacity of a lane is achieved under high 
demand (fully saturated, or oversaturated) conditions when queued vehicles use all opportunities 
provided by green periods and gaps in opposing streams.  The method of increasing the demand flow rate 
for the subject approach (or lane) to create oversaturated conditions in order to measure capacity has 
been suggested in the literature as a way of obtaining capacity estimates from microsimulation models.  
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This method has several problems.  Firstly, signal timings would be affected, i.e. cycle time would 
increase and green splits would be biased.  This problem could be solved by performing such an analysis 
using the signal timings obtained with current demand flows.  However, a further problem arises when 
the increased demand flow method is applied to a closed (interactive) system such as closely-spaced 
intersections or roundabouts.  In the case of closely-spaced intersections, the possibility of queue 
blockage is increased as a higher demand flow is fed into the downstream approach.  This would give a 
reduced capacity for the upstream intersection.  Another example of a closed system is a roundabout 
where the amount and queuing characteristics of the entering flow will affect each leg in turn, eventually 
affecting the circulating stream characteristics for the subject approach.   

Thus, creation of oversaturated conditions by increasing demand flow levels would be useful only as a 
capacity calibration process since this method would mean changed prevailing traffic conditions, and 
therefore performance estimates would not be applicable.  This method would have a very limited 
application since the increased demand flow levels would also affect capacities of short lanes, opposed 
lanes, and so on.  

 

 

Figure 2 - SIDRA design life analysis results for the Roundabout Example 2 given in  
Highway Capacity Manual, Chapter 33  

 

3.2  Delay in oversaturated conditions 
Delay to vehicles departing from the queue after the modelling period under oversaturated conditions is 
an important example of predicting the conditions beyond the analysis period that cannot be seen in 
"animation" (7).  

As shown in the deterministic queueing model shown in Figure 3, the SIDRA delay for oversaturated 
conditions includes the delay experienced after the end of the flow period until the departure of the last 
vehicle arriving during the flow period.  This corresponds to the path-trace (instrumented car) survey 
method of measuring delays.  There is a significant difference between this method and the method 
which measures the delay experienced by vehicles in the queue during the analysis period only.   

Traffic performance is time dependent.  This means that delay, queue length, and so on are larger if the 
demand persists for longer periods (longer analysis period, Tf in Figure 3).  This applies to oversaturated 
(demand larger than capacity) as well as near-saturated conditions (demand below but close to capacity).  
Under this condition, running simulations for long periods for convergent solutions would bias the 
results.  It is therefore important to run a large number of simulations to allow for randomness effects 
with each simulation run for the given analysis period (after the warm-up period).  
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Figure 3 - Measuring delays experienced by vehicles in oversaturated conditions  
 

 

3.3  Is an analytical model a "deterministic model"? 
It is often stated that an analytical model is a deterministic model (it gives the same answer always).  
While analytical models give more stable results, there are conditions, especially in network modelling 
with lane blockages causing oversaturated conditions, when SIDRA results will differ according to the 
number of iterations when the iterative process has not converged yet.  

The statement that an analytical model is a deterministic model is not correct since analytical models 
deal with randomness and oversaturation in traffic flows through the use of traffic theory.  This is 
reflected by the estimation of overflow queues, and the effect of randomness on average values of delay, 
queue length and stop rate.  Other important calculations in analytical models such as percentile queue 
lengths, probabilities of short lane overflow and probabilities of blockage by downstream queues in 
networks are also based on randomness in traffic flows.  

Usually, the statements that analytical models are deterministic do not consider how many 
microsimulation runs are needed, and/or how long the simulation runs should be processed for 
convergence, to be able to match the analytical models in allowing for randomness effects.  
  

Residual 
Queued 
Demand 

Time dependence of performance functions: 
Delays and queue lengths are larger with longer 
duration of demand, Tf 

Duration of the 
current analysis 
(peak flow) 
period, Tf 

In SIDRA, delay 
experienced by 
vehicles departing 
after the analysis 
period is included. 

This corresponds 
to in-stream  
travel time  
survey method. 

Additional flow period 
needed in microsimulation 

Demand 
(arrivals) 

Capacity 
(departures) 
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3.4 Analytical model level of detail 
Different analytical models differ in level of detail (or level of aggregation of traffic characteristics).  For 
example, in increasing levels of aggregation as seen in Figure 4: 
o SIDRA INTERSECTION uses lane-based intersection and network models  
o US Highway Capacity Manual and software packages based on it use lane groups and movement 

groups  
o UK ARCADY software for roundabouts uses approach movements. 

 

 

 

 
Figure 4 - Lane-based and Movement Group (Link) / Lane Group-based models 
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