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  Abstract- Recent empirical studies on the value of travel time 

and reliability reveal that travel time variability plays an 

important role on route choice process. Travelers are not only 

interested in saving travel time but also in reducing their risk 

which is modeled in the form of effective travel time in this 

paper. Mathematical equation for travel time which captures 

the uncertainties in demand and supply has been proposed in 

this paper. Effect of perception error in path choice proportion 

has also been included. Numerical examples are taken to show 

the application of proposed equations. Results indicate that 

path choice in a network depends on the variation in the 

intensity of rainfall and day-to-day demand. 

 

   Index Terms: Demand, Effective Travel Time, Perception 

Error. 

I. INTRODUCTION 

A. Background 

The importance of travel time is increasing day by day 

due to raised economic activities and betterment in 

quality of life. Competitive travel times, cost and safety 

are important conditions that a highway network must 

provide to its users. In countries where transport of goods 

is carried out through its highway system, national 

economic benefit will depend on reliability of such 

infrastructure. In olden days traffic congestion was 

usually expressed in terms of the simple averages of 

travel time or duration of traffic delays. However a 

simple average cannot be the basis in all the seasons 

because travel time may change to a great extent from 

day-to-day due to network uncertainty. Due to travel time 

variations, travelers do not certainly know the outcome 

when making their route choice decisions. Therefore if 

travelers plan their journey based on the average travel 

time, they may be late or early arrive at the destination. 

Under all these conditions travelers are interested in not 

only travel time saving but also enhancement of travel 

time reliability in their route choices. Therefore 

investigation of the traveler’s route choice behavior under 

network uncertainty may be helpful for the transportation 

managers to understand traveler’s responses to the 

congested network for developing tricks at the planning 

level. 

B.Sources of uncertainty  

When we want to correlate the impact of transportation 

planning on travel time reliability, first step is to identify 

the sources of uncertainty that will affect travel time and 

its structure. Mainly three factors are caused for travel 

time fluctuation and are given below in figure (1). 

 Travel demand is variable within the day and between 

days. Internal factors such as traffic accidents, road 

closure, maintenance works etc cause damages on the 

supply side of the road network. On the other hand 

various external factors such as adverse weather 

conditions, natural disaster will cause effects on supply 

side and demand side of the network. Travel time 

unreliability will be caused by the sources of all these 

factors. 

C. Scope and advantages of reliable travel time 

The main advantages of making travel time more 

reliable have been summarized as follows. 

1. Act as a performance measure for transportation 

system users, planners and decision makers. (FHWA 

Report 2004) 

2. Personal and business travelers used to give 

weightage to reliability because it allows them to make 

better use of their own time. 

3. It is a valuable service measure for privately 

financed or privately operated highways. 

4. Freight carriers require predicted travel times 

because they do not have to budget as much extra time in 

order to arrive on time at their destination. 

5. Unreliability of travel time causes natural economic 

harm. 

D. Objectives 

Following are the objectives of the present work 

1. To propose a mathematical equation to relate travel 

time with the variation in demand and rainfall intensity. 

2. To illustrate the effects of both demand and supply 

uncertainties on the effective travel time. 

3. To study the effects of adverse weather conditions 

with various rainfall intensities on the traveler’s path 

choice behavior  
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Fig. 1: Sources of unreliable travel time 

  

II. LITERATURE REVIEW 

In the past years, more and more attention was given to 

the effects of unreliable transport network on traveler’s 

route choice problem. In contrast to the deterministic 

transport network, a stochastic (unreliable) transport 

network implies that link or route travel times are 

stochastic and travelers cannot ensure their travel time. 

Some of the previous works are briefly described as 

follows: 

Bell, as in [2] has considered a two player zero sum, 

non cooperative game between a network user, who seeks 

to minimize his trip cost, and a demon, who seeks the 

converse, namely to maximize trip cost. He has estimated 

the route choice and route choice probability by using a 

mixed – strategy Nash equilibrium approach. 

Chen et al, as in [5] extends the capacity reliability 

analysis by developing an extensive methodology, which 

combines reliability and uncertainty analysis, network 

equilibrium models, sensitive analysis of equilibrium 

network flow to assess the performance of a degradable 

road network. 

Lo and Tung, as in [9] developed a method for 

modeling  network performance when its link capacities 

are subjected to stochastic degradations as in the form of 

day-to-day traffic incidents which cause travel time 

reliability due to degradable links in terms of 

predetermined link capacity distributions. 

Lo et al, as in [10] further extended the PUE by the 

concept of travel time budget. They assumed that the 

travelers acquire the route travel time variations based on 

past experiences and take such variations into their route 

choice considerations in the form of travel time budget. 

Their model is denoted as travel time budget model in the 

paper. 

Federal highway Administration, as in [7] has reported 

that persons always travelling to and from work, have 

added buffer time “which is called safety margin” in this 

paper to their average travel time when planning trips to 

ensure on time arrival. 

Richard D Connors, Agachai Sumalee, as in [12] has 

considered a network whose route travel times are 

considered to be random variables. A transport network is 

a system with many sources of variability that influence 

network performance and hence affect travelers 

experience and their subsequent choices. In this paper 

they have considered a modeling framework when the 

perceived value and perceived probabilities of travel time 

outcomes are obtained via non linear transformations of 

the actual travel times and their probabilities. 

Shao et al, as in [14] has developed a reliability based 

stochastic traffic assignment model for network with 

multiple user classes under uncertainty in demand. The 

proposed RSUE model could be regarded as an extension 

of the TTB (Travel Time Budget) model proposed by Lo 

et al (2006). It was found in the examples that the results 

of the TTB and RSUE models were very similar to 

congestions levels and perceptions errors. 

Zhang Zhou, Anthony Chen, as in [17] has examined 

the effects of both reliability and unreliability aspects in a 

network equilibrium framework. Specially the traditional 

user equilibrium model and the α- reliable mean excess 

travel time user equilibrium model are considered in the 

investigation under an uncertain environment due to 

stochastic travel demand. 

As such, the route choice problem has to consider the 

summation of the mean travel time and the route-specific 

safety margin, which is referred to as effective travel time 

(Hall, 1983) [or the travel time budget defined by Lo et al 

2006]. Such a behavior in the context of path choice 

model has been confirmed by several studies (e.g. de 

Palma and Picard, 2005, Bruinsma et al 1999: Bates et al 

1999: Bates et al, 2001: Lam and Small, 2001). 

From the above literature review it has been found that 

there is no research available in Indian conditions. Hence 

Demand Side 

Seasonal and day-to-day 

fluctuations etc 

External Factors 

Adverse weather, natural 

disaster 
Supply Side  

Road closure due to traffic 

accident, signal failure, 

maintenance works etc. 
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there is need to develop model which will give the effect 

of uncertainties in demand and supply on travel time for 

the road networks in Indian conditions. 

  

III. DEVELOPMENT OF TRAVEL TIME 

MATHEMATICAL MODEL WITH 

UNCERTAINTIES IN DEMAND AND 

SUPPLY 

A. Traffic Flow Distribution 

Taking J = (R, A) a road network with R and A being 

the set of nodes and links. 

        l = origin node, m = destination node 

       C = Set of O-D pair and it is subset of  R X R 

Due to day-to- day demand fluctuation it is assumed 

that traffic demand between each O-D pair is a random 

variable with a given probability distribution 

  Qlm = qlm + εlm                              (1)                                                                                                       

Where  is the mean O-D demand,    is the 

random term, E [  = 0 

Let Klm be the path set between O-D pair lm and Ylm be 

the traffic flow on path k ε Klm 

The flow conservation equation can be expressed as 

                       (2) 

Let Xa as the traffic flow on link a. Then the link flow 

is the summation of traffic flows on all routes using this 

link. Then the link flow is the summation of traffic flows 

on all routes using this link. 

                                  

  Xa  =             (3)          

 

Let yk
lm

 and xa be the mean route flow and link flow, it 

follows from equation (2), (3) 

                                       (4) 

  xa  =             (5)                   

 

It is assumed that the path flow is the product of path 

choice proportion and the O-D travel demand 

Let pk
lm

  be  the path choice proportion in which 

 

pk
lm

Qlm                                 (6)                                    

pk
lm

E[Qlm]  

                        =      pk
lm

  qlm             (7)     

Where the path choice proportion is a deterministic 

variable. The path choice proportion can be obtained 

from model output. It is assumed that if route flow 

follows the same type of probability distribution as O-D 

demand. The route flow CV is equal to that of OD 

demand. The route flows are mutually independent. 

If the demand distribution is known, the link and route 

flow distributions can also be found. For example, if the 

OD demand follows a normal distribution (Asakura and 

Kashiwadani,1991); Waller et al 2001; Chen et al.  2003): 

Then the link and route flows also follow normal 

distribution. 

B. Impact of rainfall on supply side 

On supply side effect of rainfall can be observed 

empirically. Due to rain there is reduction in visibility and 

pavement friction which will affect the traffic parameter 

e.g. free flow speed and capacity. All these factors will 

affect travel time. 

The most popular model is Bureau of Public Roads 

(BPR) travel time function. All these previously models 

are flow based. They cannot be applied directly under 

rainy conditions. BPR travel time function is given 

below. 

           

      

 

 

                                             

 

On the basis of BPR function to capture the effects of rain 

on supply side, a new link travel time function is 

proposed which is named as Modified Bureau of Public 

Roads (MBPR) travel time function 

                      (9) 

Where      ca = Link capacity 

                  I = Hourly average of rainfall intensity 

(I≥0) 

                   = Free flow travel time on link a.  

              β and n = Parameters in the conventional BPR 

function 

                         Xa = Flow on link a ε A  

           = Scaled functions on free flow time  

   fca (I)  = Scaled function on link capacity 

Scaled functions should satisfy the following 

conditions 

a)  ≥ 1 is an increasing function with respect 

to I which means vehicles free flow travel time increases 

with the rainfall intensity. 

b) fca (I)   ≤ 1 is a decreasing function with respect 

to I which means  the link capacity decreases with rainfall 

intensity. 

c)  = 1 and fca (I) = 1 which means there is 

no rain, the new travel time function is conventional BPR 

function. 

If we observe equation (9), it can be found that the 

higher the rainfall intensity,  will be higher which 

is in numerator and fca (I) will be lower which is in 

denominator, and hence finally the travel time will be 

higher. This property is in accordance with the empirical 

studies by Tam et al (2007) and Rakha et al (2008). 

By empirical validation, functional forms of free flow 

travel time and capacity have been developed which are 

as follows. 

                         (10) 

               (11) 
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Under demand and supply uncertainties, MBPR travel 

time on link a is assumed to be a function of the traffic 

volume and rainfall intensity. 

Ta = ,I) =       (12) 

 

Where Ta is the link travel time and ( 

 

It has been found that  and  follows 

normal distributions due to supply uncertainty. It 

becomes easier to describe stochastic characteristics of 

demand and supply uncertainties with the help of normal 

distributions. 

C. Mean and variance of link travel time 

It will be calculated as follows: Taking the expectation 

of each function, the mean travel time is given by 

 E(Ta)= ]   

(13) 

Ta is a polynomial function with respect to three 

normally distributed random variables: 

 ,  and Xa.  

Expectation of   :      Assume   = x 

 

 Then E [  ] =   

                 =    dx 

                             = μ 

Where μ and σ are mean and standard deviation of x. 

Hence by taking the mean of values of  for different 

rainfall intensity expectation of can be found out. 

Similarly expectation of  can also be calculated. 

Calculation of  ] :  Since Xa is a random 

variable, the method of computing expectation of   

is the case of multivariate moments of Xa about the 

mean. Following Clark and Watling (2005) this will be 

calculated. Using the Taylor’s series expansion,   

can be approximated as 

=           =  

 

                        (14) 

Where xa  is the mean value of traffic flow. For 

calculating ] Sai Lab software will be used for 

any value of n 

After calculating all the expectations separately, these 

values will be substituted in equation (13) to find out the 

mean value of travel time. For large data sets calculation 

will be done by using Mat lab software 

Calculation of variance of travel time 

Var ( Ta )  = ( ta )
2
  = E [ ( Ta )

2
 ] – [ E ( Ta ) ]

2
     (15)                         

By substituting the value Ta from equation (12) the 

value of E [(Ta) 2] will be calculated. Calculation will be 

done by Mat lab code. 

 

D. Path travel time distribution 

A simple route is a set of sequential links and nodes 

without loop from an origin l to a destination m. Thus the 

travel time Tk on route k ε Klm is given by the following 

equation 

 =                  for lm             (16)                          

The covariance of link travel times may really exist 

due to network topology as well as the source of 

variations (Gautam et al 2004, Abdel 2006). To facilitate 

the presentation of essential ideas, however, it is assumed 

that the link travel times are independent from each other. 

Then the mean route travel time tk
lm

  can be expressed as 

   and lm    C     (17) 

 For networks wherein a route consists of many links, 

according to the central limit theorem, regardless of the 

link travel time distributions the route travel time follows 

a normal distribution ( Lo and Tung 2003 ). Then the 

route travel time distribution can be expressed as 

   and lm  

 The route travel time cumulative distribution function 

is 

  ] 

         =  ) dx          (18) 

          

E. Actual effective travel time 

   Due to travel time variations, travelers do not exactly 

know how long their journeys are, or whether they can 

arrive on time. Therefore, a traveler usually sets up a 

travel time safety margin to improve the likelihood of 

arrival on time. As mentioned previously, the safety 

margin is the extra time that a traveler allows for his (or 

her) trip (Hall, 1983). Under this condition, the effective 

travel time for a trip is defined as the summation of mean 

travel time and safety margin. 

     and lm         (19)                      

Clearly, a higher travel time reliability he (or she) is 

concerned with, a larger safety margin the traveler 

budgets. If travelers want to choose a route with travel 

time reliability not less than a confidence level (say 95 

%) and at the same time they intend to minimize their 

effective travel time on the route by adjusting their travel 

time safety margin, then for each route, it follows that 

min                

                                          and lm                                

Such that   P [                  (20) 

Where      is the confidence level. It can be explained 

that a traveler should allow a safety margin to his (or her) 

trip in order to arrive on time for 95% of all trips. The 

above chance constrained model is a simple optimization 

problem with only one decision variable and one 

constraint. 

The above minimization problem indicates that the 

effective travel time can be regarded as the minimum 
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criteria, which a traveler allows for a trip, to satisfy the 

travel time reliability. The minimization model can be 

rewritten as bellow 

Min     

                                                                   (21) 

Such that 

 

           

  

By using line search method solution of above problem 

has been found out. The equation of safety margin is as 

follows; 

           (  )                    (22)                                                      

 If   = 95%, the above equation can be written as 

 1.65      

Hence first we have to find out standard deviation of 

travel time for any path to calculate safety margin. 

F. Path choice Proportion- Random term  

representing traveler’s perception errors are assumed to 

be identically and independently Gumbel distributed 

random variables with mean zero and identical S.D, the 

path choice proportion or route choice probability is 

given by formula: 

pk
lm  

 =             (23)          

where = Dispersion Parameter used to measure the 

degrees of perception error. 

             = effective travel time 

A higher means smaller perception errors, and hence 

better information quality. In the limiting case, when 

approaches infinity, the corresponding route flow 

pattern approaches reliability- based deterministic user 

equilibrium. 

G. Rainfall Category adopted 

 Rainfall Categories   Expected hourly average of   

rainfall intensity (mm)  

                  

No Rain (R1)                               0                                   

   

Light Rain (R2)                                                     2.5        

  

Medium Rain (R3)                                                   7.5             

  

Heavy Rain (R4)                                                      18           

  

VeryheavyRain (R5)                                                          

32   

       

IV. NUMERICAL EXAMPLE 

A. Effective travel time analysis 

To study the effects of both demand and supply 

uncertainties on the effective travel time one link of the 

road (4 lanes and one way) has been considered having 

distance between nodes 2 km. The following input 

parameter has been considered in the MBPR function. 

1) Parameters  n =4 and      (  Criteria from 

Highway Capacity Manual) 

2) Free flow travel time =.05 hour  

3) Mean capacity( PCU/hour) = 8500 

   For all categories of rainfall using different flow rate, 

the mean travel time, safety margin and effective travel 

time have been calculated. Summary of the result is given 

in table (1) which indicates that mean travel time, safety 

margin and effective travel time increases as rainfall 

intensity increases. 

Table 1 Effective travel time 

Rainfa

ll 

catego

ry 

Avera

ge 

rainfal

l 

int.(m

m/hou

r) 

Mean 

flow 

rate      

(    

PCU/h

r) 

Mean 

travel 

time( 

hour) 

Safety 

margin(

hour) 

Effectiv

e travel 

time(ho

ur) 

R1 0 6903 0.064 0.008 0.072 

R2 2.5 6880 0.109 0.038 0.147 

R3 7.5 6851 0.147 0.052 0

.

2

0 

R4 18 4993 0.241 0.073 0.314 

R5 32 4223 0.560 0.239 0.799 

For same value of mean flow rate corresponding to all 

types of rainfall ( R1 to R5), mean travel time, safety 

margin and effective travel time have been calculated and 

a matrix (5 X 5 ) was formed and plotted in three 

dimension by using mat lab software. The relationship 

between the effective travel time, flow rate and rainfall 

category is shown in figure (2)(filled part). The mean 

travel time is also plotted in this figure (line) to highlight 

the difference in comparison to effective travel time. 

 Figure (2) shows that the effective travel times are 

greater than the mean travel time as expected. The 

difference increases with rainfall categories. For example 

under the medium rain condition (R3) with the flow rate 

of 4500 PCU/hr, the traveler’s need to budget 0.04 hour 

respectively. The values of the effective travel time and 

mean travel time are 0.18 hour and 0.14 hour 

respectively. However under the very heavy rainfall (R5), 

the difference between the effective travel time and mean 

travel time is substantial. When the flow rate is 4500 

PCU/hr, the traveler’s need to budget 0.1 hour safety 

margin. The effective travel time and mean travel time 

are 0.9 hour and 0.8 hour respectively. This indicates that 

the intensity of rainfall will increase the uncertainty of the 

path travel time and hence a higher safety margin is 

required to ensure punctual arrival. Consequently the 

rainfall intensity will influence the traveler’s path 

behavior. 

B.    Effects of rain on path choice 

To illustrate this simple example network of SOSD 

(Single origin and single destination) is taken and shown 
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in figure 3. O-D pair lm is connected by four feasible 

paths A (1.5 Km), B (2.0 Km), C (2.5 Km), and D (3.0 

Km). All the paths have single link of two lane one-way 

traffic flow and an identical speed-density relationship. 

Mean O-D demand required to be loaded from origin l is 

2500 PCU/hr. Travel time on path A, B, C and D are 

0.165, 0.222, 0.275, 0.107 hour at no rain condition 

respectively  

 

                                          2.5 Km 

                          C                   

                    A           A          1.5 Km 

                             

                              B              2.0 Km       

                                

                               D                   3.0 Km 

 

 

Fig. 3: SOSD network for O-D pair lm 

 In order to illustrate the rain effects on path choice 

behavior, five scenarios of weather information are 

assumed as shown in table (2). The most likely occurring 

rainfall categories for five scenarios 1-5 are R1 to R5 

(bold numbers in table 2). In realty traveler’s perception 

errors may be different in environment with different 

rainfall intensities. Under heavy rain condition, traveler’s 

perception error may be greater than those under no rain 

condition.. To reflect this relationship the dispersion 

parameter on traveler’s perception error in the model is 

set to be varied from S1 to S5 (Table 2). 

Table 2 Scenarios for different weather forecast 

information 

Weath

er 

forecast 

scenario 

Probability of each rainfall category by 

weather forecast 

PR1

% 

PR2

% 

PR3

% 

PR4

% 

PR5

% 

S1(θ=1

0) 

85 10 7 5 3 

S2(θ=8

) 

10 80 9 6 4 

S3(θ=6

) 

5 11 75 11 5 

S4(θ=4

) 

4 8 13 70 14 

S5(θ=2

) 

4.5 9 12.5 17 65 

All other parameters in MBPR model is similar to 

previous example. Effective travel time for all the paths 

A,B,C and D has been found out and given in table 3. By 

using dispersion parameter and effective travel time, path 

choice proportion has been calculated by using formula 

for all categories of rainfall. The mean flow rates of paths 

between O-D pair l-m have been calculated and are 

shown in table 3.  

 Table 3 shows that the effective travel time increases 

as whether scenario changes from S1 to S5. Effective 

path travel time on path D is less sensitive to the rainfall 

as compared to other paths. Most travelers choose or 

switch to path D as the probability of higher rainfall 

intensity increases. This illustrates the effect of the 

rainfall intensity on the path choices. 

 
Fig. 2: Plot of mean travel time and effective travel time 

for rainfall categories and mean flow rate 

Table 3 The resultant path flows and effective travel time 

for weather forecast scenarios 

                         Weather forecast scenarios 

 Pa

th No 

S1 S2 S3 S4 S5 

Eff

ective 

travel 

time 

A 

B 

C 

D 

0.165 

0.222 

0.275 

0.107 

 

0.337 

0.453 

0.561 

0.218 

0.459 

0.617 

0.765 

0.297 

0.719 

0.968 

1.20 

0.466 

1.76 

2.39 

2.94 

1.14 

Me

an 

path 

flow 

A 

B 

C 

D 

678 

385 

225 

1213 

603 

238 

98 

1563 

600 

235 

93 

1573 

583 

218 

85 

1613 

 

518 

148 

49 

1788 

  

V. CONCLUSION 

In this paper we proposed a link travel time function as 

an extension of BPR function known as Modified Bureau 

of Public Roads function (MBPR) to capture the effects 

of rainfall intensity on road capacity and the free flow 

travel time. Further uncertainties caused by variation in 

rainfall intensity as well as day-to-day demand have been 

included in this paper. In this case travelers would 

consider not only the mean travel time saving but also the 

travel time reliability enhancement in their route choice 

decisions. Effective travel time is defined as the 

summation of mean travel time and safety margin. 

Traveler’s perception errors on travel time are also 

considered through the logit model.  

l m 
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To illustrate the application of proposed equations, 

numerical examples are presented. In the first example 

for one link of the road mean flow travel time, safety 

margin and effective travel time have been calculated. 

The results indicate that mean flow travel time, safety 

margin and effective travel time increases with the 

increase in rainfall intensity. In the second numerical 

example to show the route choice behavior one O-D of a 

road network connected by four paths has been taken. For 

each path effective travel time has been calculated. 

Perception error will be different in environment with 

different rainfall intensities and for this different 

dispersion parameters have been taken. Path choice 

proportion has been calculated for each path and finally 

mean path flow has been found out for each category of 

rainfall. It was found in the example that path choice 

behavior was sensitive to the rainfall intensity. 

Therefore when planning a reliable transportation 

system one should consider not only natural disasters, but 

also every day traffic disturbances arising from demand 

side and supply side which are the sources of unreliable 

travel time. In the future work reliability based stochastic 

equilibrium conditions will be defined Solution algorithm 

of the model will be proposed. To test the efficiency of 

the algorithm, it will be applied on large size network. 
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