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ABSTRACT 

The main problems of Addis Ababa light railway transit (AALRT) service is the congestion 

and waiting line. The waiting time of passengers took on average 17 minutes, greatly reducing 

the satisfaction of customers. Therefore, the study set the main objective to develop an 

optimization model for improving the service of AALRT station. To achieve this objective, 

the study first developed the characteristics of the data. Secondly, an optimization model 

developed on the selected station. And finally, it designed an alternative model through 

comparing the performance and cost-effectiveness against the existing model. 

The study adopted case study research methodology by taking the Torhailoch and Lideta 

metro station. The best fit probability distributions of the passengers were found to be 

uniform, binomial and negative binomial. That is why the researcher optimized the problem 

by combining Queuing Theory and Monte Carlo simulation. From the models, the congestion 

of AALRT in Torhailoch and Lideta are 109.13% - 115.76% and 116.18% -131.06%, 

respectively. 

Therefore, adding two single tramcars can reduce the waiting time by seven minutes and the 

congestion by 95%. As well, the new model improved the profit by$4,152.25and $3,623.22 

per hour in the morning and afternoon, respectively. 

 

INTRODUCTION 

The Research Background 

Addis Ababa is one of the metropolitan’s cities at the horn of Africa with average elevation of 

2355m above sea level. The total area of the city is about 530.14 Km2 and a population of 

2,738, 248 according to the last census of 2007 and the population growth rate of 3.8%. This 

population growth created a significant demand for vehicles that cause traffic congestions and 

charged about5-8 million Birr per year (Taddesse, 2011). To address this problem, the 

Ethiopian government constructed Light rail transit (LRT) called Addis Ababa Light Railway 
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Transit in 2015. And it is the main transport at peak hours and people are associating their life 

around the system (Mohammed, 2017).  

This AALRT serves an average of 97,002 passengers per day and the average waiting time is 

17minutes. Its administration has long and short-term plans to decrease the average waiting 

time to 10-12 minutes (Tagagne, 2018). According to,(Ituen-Umanah, 2017; Stoilova and 

Stoev, 2017; Selvapandian et al., 2018), railway network companies often need to optimize to 

minimize the waiting time of their passengers. This need usually arises with the expansion, 

maintenance of infrastructure or the addition of extra tramcars.  

Modi et al., (2019)showed that queuing theory can be applied to determine optimum service 

by balancing the waiting time and the service cost. According to the best of the knowledge of 

the researcher, limited research has been done to clarify the AALRT service condition.   

However, the studies focused on the factors that led to the AALRT congestion, as well as the 

mismatch of service and demand. This gap has prompted the researcher to perform in-depth 

studies to analyze the optimization of service and cost in AALRT project using combined 

Queuing Theory and Monte Carlo simulation methods.  

Statement of the problem 

Addis Ababa is one of the most congested cities with low quality of transportation service in 

Ethiopia. The waiting times of AALRT, Anbessa Bus, Sheger Bus and Higher Bus is 17, 86, 

24, 20, 14 minutes respectively. The cause of this traffic congestion in the city is due to the 

increasing mobility demand, economic activity and rapid urbanization (Tagagne, 2018). The 

annual population growth 3.8% has increased the demand for public transport and private 

vehicles (Taddesse, 2011). The government of Ethiopia has introduced AALRT in 2015 even 

though it is severely overcrowded, making the trip uncomfortable and leading to long queues 

(Nallet, 2018). The long queues are the indication of a mismatch between the supply and 

demand (Sharma and Bakul Barua, 2015).  
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Another researcher also proves that during peak hours, it is impossible to enter and depart the 

train with ease and passengers complain of missing their stops (Kassahun and Bishu, 2018). 

Even though these problems are visible during peak hours, it also started to occur off-peak 

hour as the use of the transit becomes more common (Taddesse, 2011). The queues associated 

with the AALRT during peak hours are illustrated in Figure 1 below. 

 

Figure 1 Photo of passenger waiting line in Addis Ababa LRT 

With the increasing population of 3.8%, this problem is bound to get worse without 

intervention by scientific analysis. In this research, quantitative methods will be used to prove 

the existence of congestion in the AALRT to optimize for the improvements of the current 

service. 

The objective of the study 

The general objective is to develop an optimization model for improving the service of 

AALRT at Torhailoch and Lideta metro station. 

The specific objectives of the study are: 

▪ To characterize the collected data at aforementioned station. 

▪ To investigate the congestion problem in the boarding and alighting doors of the 

aforementioned station. 
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▪ To develop an optimization model for the aforementioned station based on the proved 

data. 

▪ To analyze the existing and new optimization model by comparing their performance and 

cost-effectiveness at the aforementioned of the west-east corridor. 

Scope and limitation of the study 

The scope of the study is only Torhailoch and Lideta station on the direction of Torhailoch to 

Lideta route of west-east corridor due to non-availability of data. The study is limited to two 

months data collected at critical stations during peak hours. This data limits the application of 

discrete event simulation method. And, the cost analysis was done only for this research 

period. 

LITERATURE REVIEW 

Transport is defined as the movement of people and goods from one place to another 

(ClueBot NG, 2018). According to Nanzip, (2021)it can be road, railway, water, air, pipeline 

transport and other modes of transportation like animal-powered, human-powered, cable 

transport, and space flight. Railway transport is a prepared track which guides the wheels of 

the vehicles running on so that it cannot leave the track”. The modern railway started in 

England revolution in the 1830s by steam locomotives (Coulls et al., 1999).However, African 

railway rail links was developed by European powers to connect fertile and resource-rich 

inland areas to seaports for shipping bulky freight at low costs in late 1890s (Iimi et al., 

2019). 

The Ethiopia railway history started during emperor Menelik II. It made the second African 

nation to build railway infrastructure in the beginning 20th century with the help of France 

(Fekadu, 2014). It is a major exports and imports that pass through the Port of Djibouti (Iimi 

et al., 2019).Modern tram and metro networks represent an interesting modal shift by 

improving the quality of life of people by significantly alleviating traffic congestion and 
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pollution, especially in urban areas (Kouroussis, Vogiatzis and Connolly, 2018). Due to this 

the Ethiopian Railway Authority built and started service the modern Addis Ababa Light Rail 

Transit (AALRT)in 2015 (Mohapatra, 2015). 

AALRT is a fully electrified LRT used to transport city passengers with minimum cost. It was 

constructed in the two main corridors. The first corridor is 17.26 Km from Torhailoch to Ayat 

of the east-west direction. And the second one is 16.246 Km in the north-south direction from 

Menelik II Square to Kality. The total length is about 34.25 km and 2.662 km of mutual line. 

It has 39 stations with a standard double-track gauge of 1.435 meters composed of tunnels, 

bridges and ground level. The minimum horizontal curve radius of AALRT is 50m for 

mainlines, 30m for a parking garage and 1000m for vertical curve radius. It has up to 50‰ 

steep gradient and sharp curves. All the main and auxiliary tracks, including the depots, use 

50kg/m steel rails with a cut-length of 25m (Haylekiros Assefa, 2017). 

The operational speed is between 20 and 80 km/h with the maximum regression speed is 

10km/h. It can serve up to 16 hours per day at 6 minutes' headway that can be reduced up to 

90 seconds. Its fare system is passenger-km that operates to adopt manned visual driving. The 

sleeper arrangement for the inside and outside the garages 1,440 and 1,600 pairs/km for 

rolling stock and main tracks respectively. The average acceleration for a startup would be at 

1m/s2. In addition, the average deceleration for standard braking with rated load is more than 

or equal to 1.0m/s2. The emergency braking with rated load is more than or equal 1.5m/s2. It 

has a battery with the capacity of supporting of a failed train for at least 30 minutes especially 

for the operation of the door, the emergency lights, the onboard equipment, and the 

communication system (Haylekiros Assefa, 2017). Queue is the main problem of AALRT 

especially at peak hours that need optimization (Kassahun and Bishu, 2018; Nallet, 2018). 
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Technical term Theoretical review 

Queue Theory is the art of solving mismatch between demand and service. It can be describe 

by the distribution of arrivals and service time, number of service channels, queuing 

discipline, system capacity, number of service stages, queuing network, the arrangement of 

channels and stages, (Catchpoole et al., 2010). It can be applied in transportation like water, 

land and air, in call centre, health care performance, in the control of forest fire, in 

manufacturing, in production and service and so on (Mandelbaum and Hlynka, 2008). 

Monte-Carlo simulation is random number generator in uncertainty, (Kroese, Taimre and 

Botev, 2011).It relaxes modelling assumptions with very little added complexity(Cunningham 

et al., 2011).It is a powerful tool in many fields of mathematics, physics and engineering, and 

recently decision makings in real estate studies (Bao et al., 2012). 

Optimization is a form of calculative decision-making embedded in legitimating institutions 

and media that seek to actualize optimal social and technical practices in real time (McKelvey 

and Neves, 2021). 

Application of optimization methods  

Sung and Nielsen, (2020) solve speed optimization problem with the time-dependent travel 

condition used to finding a route considering the time-dependent condition instead of fixing a 

route in advance. It can contribute to minimizing fuel consumption resulted decreasing a 

pollution caused by transportation services Similarly, (Katchasuwanmanee, Bateman and 

Cheng, 2017) developed simulation-based methodology and the associated software for the 

modeling of thermal and energy management across the automotive manufacturing plant to 

apply for the effective energy management of the manufacturing systems. It reduces the gas 

consumption that reduces Green House Gas emissions. 

Optimizing the maintenance schedule for a vehicle fleet also used reduce the costs of repairs, 

decrease maintenance downtime and make them safer for drivers (Wang et al., 2021). Lee and 
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Moore, (1973) used the goal programming approach to optimize the multiple conflicting goals 

while permitting an explicit consideration of the existing decision environment of 

transportations. Fazlollahtabar, Akbari and Mahdavi, (2013) applied a fuzzy goal 

programming for optimizing service industry market using virtual intelligent agent. It used to 

optimize the total delivery of cost and time and the total profit. Arabi, Mansour and 

Shokouhyar, (2018)applied a game theory model to determine the optimal warranty period 

and the out-of-warranty replacement period, from the point of view of the producer and the 

customer to minimize the total cost of usage and end of life of product. Heydarian and Jolai, 

(2018)combined fuzzy computer simulation and response surface methodology to simulate 

optimization of operator allocation problem with learning effects and server breakdown under 

uncertainty. 

Application of optimization methods in Light Railway Transit 

Queuing theory applied for the optimization of subway station capacity. It implemented on 

Beijing subway line 2 by combining the analytical queuing network modeling and Least-

squares regression (Xu et al., 2014). Ituen-Umanah, (2017) applied queue theory at ticket 

windows of Lagos railway station to improve the waiting time of passengers. In this research, 

the data was primary, and the queue model was M/M/C/∞/FCFS. The researcher’s assumption 

of the data property is the main drawback. Similarly, Selvapandian et al., (2018) applied 

queue theory at Salem railway ticket counters to have optimum clerks of 4. 

Shanmugasundaram and Banumathi, (2017)analyze the future behavior of railway systems 

under the M/M/1 queuing system and Monte Carlo simulation to optimize the number of 

counters. The researcher takes multiple channeled railway junctions to optimize the servers. 

The main drawback of this study is, it needs to be completed. (Prah et al., 2018)applied the 

heuristic optimization algorithm and Monte Carlo simulation to have optimal bus stops 

allocation. This combination optimizes 503 pupils' addresses to 37 bus stops with acceptable 
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walking distance of 1962m. It satisfies 94.6% pupils. This study is comparable with the 

current AALRT design. 

Stoilova and Stoev, (2017)used ARENA software to determine the fundamental frequency of 

services. In addition, linear optimization models to optimize the route and the number of 

trains. They combined simulation-optimization model for the selection of metro trains to 

scheme transport. Gong et al., (2017) established a value optimization model for the change 

of unit marketing investment, and proposed value-taking schemes and marketing strategies, 

which has great significance for high-speed railway companies to implement differential 

marketing strategies, and achieve balance between business interests and social welfare. 

Haylekiros Assefa, (2017) investigates the performance of AALRT train timetable using 

ARENA software. And the researcher concludes that the 7.5 minutes train timetable can be 

used for all speed. 

RESEARCH DESIGN AND METHODS 

The main objective is to identify and develop an optimization model for Torhailoch and 

Lideta station of AALRT. Thus, it is required to assess to what extent the congestion of 

passengers exists to solve it through optimization model. For this purpose, it is necessary to 

develop a model to ensure effective management of the metro station.  This optimum model, 

the system is treated as passengers pass from ticket window to platform then to tramcar in 

Torhailoch. However, in Lideta station it adds passenger flow from tramcar to tramcar. The 

server is the tramcar that transit passengers from one station to the other in the stretches 

mentioned earlier. 

This objective achieved through the step by step development of statement of the problem, 

general and specific objectives, literature review, case study, data collection, data analysis and 

discussion. Finally, using the developed model efficiency assessment, the conclusion and 
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recommendation have developed. Figure 21 demonstrates the process of Research 

Methodology. 

 
Figure 2 Flow chart of research methodology 

Research Methodology 

The methodology of this study includes four steps. In the first step, the data validation 

conducted based on the primary data collected for passenger and tramcar arrival to know the 

characteristic of the data and to decide on the optimization technique. The second step wasto 

the investigation the congestion of AALRT at Torhailoch and Lideta station of variant 

schemes of transportation in order to now the type of problem developed. The third step 

presents optimization of AALRT on Torhailoch and Lideta metro station to develop a new 

model. The final step would be performance and cost comparison of the existing and the new 

model. The scheme of methodology is presented as follow. 

Step 1, data validation of Torhailoch and Lideta station was conducted using @RISK 

software to stick on one optimization techniques based on the probability distribution of the 

morning and afternoon pick hours.   

Step 2, Investigation of congestion of AALRT at Torhailoch and Lideta station would be 

conducted using traffic intensity ρ (Catchpoole et al., 2010) and percentage over crowdedness 

(Japan, 2018).  

✓ Percentage of Overcrowded = 
 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟

 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑎𝑚𝑐𝑎𝑟
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꞊Traffic intensity (ρ) -1                                                                          (1) 

✓ Percentage of extra tramcar required =  

𝑛𝑜 𝑜𝑓 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 𝑜𝑐𝑐𝑢𝑟𝑒𝑑

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 
             (2) 

Step 3, optimization of AALRT at Torhailoch and Lideta Metro station conducted as follows.  

• One hundred random numbers generated from each probability distribution for 

passenger and tramcar arrival in each station with addition of alighting and boarding 

passenger arrival at Lideta.   

• The average capacity of the server calculated from randomly generated average 

tramcar arrivals 

• Extra passenger exceeded the average capacity of the server addressed by adding 

extra tramcars based on first come first served principle. 

Step 4, performance measurement and comparison of the models used to know how the 

newly developed model improves the performance of the AALRT at each station. The 

Performance measurement calculated using following formulas. 

• Probability of getting server idle  

꞊ Total random number - 
𝑁𝑜𝑚𝑏𝑒𝑟 𝑜𝑓 (𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑠𝑒𝑟𝑣𝑒𝑟−𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 𝑐𝑜𝑢𝑛𝑡)>0)

𝑁𝑜 𝑜𝑓 𝑇𝑟𝑖𝑝𝑠
   (3) 

• Percentage of time that the server became idle ꞊  

(𝑇𝑜𝑡𝑎𝑙 𝑅𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 − 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑑𝑒𝑙 𝑠𝑒𝑟𝑣𝑒𝑟)

𝑇𝑜𝑡𝑎𝑙 𝑅𝑎𝑛𝑑𝑜𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑
               (4) 

• The expected service time ꞊ 

∑ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑠𝑒𝑟𝑣𝑒𝑟

∑ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑠𝑒𝑟𝑣𝑒𝑟
 *(simulation hours- trip no. * 3.5)   (5) 

• The average time between arrivals ꞊ 

∑(𝑛𝑜.𝑜𝑓 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟−𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡𝑟𝑎𝑚𝑐𝑎𝑟)/(𝑁𝑜 𝑜𝑓 𝑡𝑟𝑖𝑝𝑠 𝑝𝑒𝑟 ℎ𝑟.)

∑ 𝑡𝑜𝑡𝑎𝑙 𝑛𝑜.𝑜𝑓 𝑒𝑥𝑡𝑟𝑎 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟𝑠
+ (simulation hours 

- total stop time per station)                                                                                (6) 
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• The average time customers spend in the queue ꞊ 

𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ℎ𝑜𝑢𝑟𝑠

2∗𝑛𝑜.   𝑜𝑓 𝑇𝑟𝑖𝑝𝑠
 + The average time between arrivals                                      (7) 

• The average time customers spend in the system ꞊ The average time customers spend 

in the queue +
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑠𝑡𝑎𝑟𝑡 𝑎𝑛𝑑 𝑒𝑛𝑑 𝑠𝑡𝑎𝑡𝑖𝑜𝑛

𝐴𝑣𝑟𝑎𝑔𝑒 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡𝑟𝑎𝑣𝑒𝑙
∗ 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ℎ𝑜𝑢𝑟𝑠                        (8) 

• The average service time ꞊ average of (peck hours passenger collected*ideal service 

time), the ideal service time is one hour minus the product of number of trips with 

3.5.     

• Tramcar stopping time at the station per hours is multiple of amount of tripe by 

average stop time at station, here 3.5 minutes at Torhailoch and 1.5 minutes at Lideta                                                           

ANALYSIS AND DISCUSSION 

As per the interview of AALRT operation control center worker, the east-west corridor is 

congested as compared to north-south corridors. In addition, Megenagna, Torhailoch, and 

Ayat are the most congested in AALRT of the west-east corridor. Torhailoch and Lideta is the 

second congested station after Ayat and Megenagna. It serves for 16 hours in two shifts called 

the morning and afternoon. The morning shift is from 6:00 AM - 2:00 PM, and the afternoon 

shift is from 2:00 - 10:00 PM. Its peak hours are from 7 - 9 AM and 10 - 12 PM in the 

morning and afternoon, respectively. 

The primary data collected for this research is a passenger and tramcar arrival in Torhailoch 

with the additional of departure of passengers at Lideta station. It was collected for the peak 

hours of January 14, 2019 - March 03, 2019 by excluding public holidays. 

Data collection and summary 

Two-month data was collected in aforementioned station. In the first month, Torhailoch 

station data was collected then the Lideta station was followed. The table 1 below summarizes 

the statically distribution of tramcar arrival, passengers' arrival and the tramcar capacity. 
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Similarly, Table 2 shows the summary of the statistical distribution of morning and afternoon 

peak hours of Lideta station. However, the passenger arrival in Torhailoch is replaced by 

boarding and alighting of passengers' arrivals in Lideta. Intermediates station passenger 

arrival can be boarding passenger arrival from the street and the previous station. Tramcar 

capacity is the multiple of tramcars arrival with its design capacity of 286 passengers. 

Table 1 the statistical distribution of peak hours at Torhailoch station 

Peck 

hours 

Statically 

description 

Tramcar 

arrival 

Passengers 

arrival 

Tramcar 

capacity 

7 - 8 AM 
 Minimum  2 980 858 

 Maximum  5 1348 2002 

8 - 9 AM 
 Minimum  2 842 858 

 Maximum  5 1266 2288 

4 - 5 PM 
 Minimum  3 711 1144 

 Maximum  5 1409 2288 

5 - 6 PM 
 Minimum  2 660 858 

 Maximum  5 1284 2288 

Table 2 the statistical distribution of peak hours at Lideta metro station 

Peck 

hours 

Statically 

description 

Tramcar 

arrival 

Boarding 

Passengers 

Alighting 

Passengers 

Tramcar 

capacity 

7 - 8 AM 
 Minimum  1 83 5 572 

 Maximum  5 195 34 2002 

8 - 9 AM 
 Minimum  2 94 25 572 

 Maximum  6 179 60 2574 

4 - 5 PM 
 Minimum  2 95 11 858 

 Maximum  5 217 49 2280 

5 - 6 PM 
 Minimum  2 101 13 572 

 Maximum  5 222 60 2280 

 

 

The probability distribution of Torhailoch and Lideta station 

The output of the probability distribution using @RISK software at Torhailoch station look 

like as shown below.  
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Passenger arrival at 7 - 8 AM                             Tramcar arrival at 8 - 9 AM 

 

Negative binomial at 4 - 5 PM                             

Figure 3 the probability distribution of peak hours at Torhailoch using @RISK 

 

 
Figure 4 the probability distribution for peak hours at Lideta metro station using @RISK 
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The output of @RISK of the above probability distribution graph of Torhailoch and Lideta 

station of passenger and tramcar arrival and tramcar capacity are summarized as follows: 

Table 3 the probability distribution of passenger and tramcar arrival, and tramcar capacity at 

Torhailoch and Lideta metro station. 

Station Data collected Peak hours Probability Distribution 

T
o
rh

ai
lo

ch
 M

et
ro

 s
ta

ti
o
n

 

Passenger arrival 

7 - 8 AM Uniform 

8 - 9 AM Uniform 

4 - 5 PM Negative Binomial 

5 - 6 PM Negative Binomial 

Tramcar arrival 

7 - 8 AM Binomial 

8 - 9 AM Binomial 

4 - 5 PM Binomial 

5 - 6 PM Binomial 

Tramcar Capacity 

7 - 8 AM Uniform 

8 - 9 AM Uniform 

4 - 5 PM Negative Binomial 

5 - 6 PM Negative Binomial 

L
id

et
a 

M
et

ro
 s

ta
ti

o
n

 

Passenger arrival 

(Boarding 

passengers) 

7 - 8 AM Uniform 

8 - 9 AM Negative Binomial 

4 - 5 PM Uniform 

5 - 6 PM Uniform 

Passenger arrival 

(Alighting 

passengers) 

7 - 8 AM Uniform 

8 - 9 AM Negative Binomial 

4 - 5 PM Negative Binomial 

5 - 6 PM Negative Binomial 

Tramcar arrival 

7 - 8 AM Binomial 

8 - 9 AM Binomial 

4 - 5 PM Binomial 

5 - 6 PM Binomial 

Tramcar Capacity 

7 - 8 AM Negative Binomial 

8 - 9 AM Uniform 

4 - 5 PM Negative Binomial 

5 - 6 PM Negative Binomial 
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The above table and figure 3 & 4 indicatet hat the result of goodness of fitting of the data in 

@RISK is uniform, binomial, and negative binomial distribution. So, the discrete probability 

distribution of each station with their corresponding peak hours using @RISK is Uniform, 

Binomial, or Negative binomial. From all data collected, only tramcar arrival has the same 

probability distribution. The probability distributions of passenger arrival, tramcar capacity, 

boarding, and alighting of passengers have either uniform distribution or the Negative 

binomial distribution.  

Therefore, based on the two months' passenger arrival, tramcar arrival, tramcar capacity, 

boarding and alighting of passengers of both Torhailoch and Lideta station would be either 

uniform distribution, binomial or negative binomial probability distribution. 

Investigation of congestion of AALRT at Torhailoch andLideta station 

Percentage of overcrowded and extra tramcar requiredof the above station calculated using 

equation 1&2 and it is stated below. 

Table 4the percentage of overcrowded and extratrain required at Torhailoch and Lideta 

station. 

station  Peak hours 
Percentage of the extra capacity of 

tramcar required 

Percentage of 

Overcrowded 

T
o
rh

ai
lo

ch
 7 - 8 AM 65% 109% 

8 - 9 AM 51% 109% 

4 - 5 PM 49% 111% 

5 - 6 PM 60% 116% 

L
id

et
a 

7 - 8 AM 87% 116% 

8 - 9 AM 85% 131% 

4 - 5 PM 63% 119% 

5 - 6 PM 71% 131% 

From the above table, 49 - 65 percent of additional tramcar is required at Torhailoch; 

similarly 63 - 87 percent of extra tramcar is required at Lideta metro station. In addition, the 
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congestion rate of AALRT is from 109.13-115.76% in Torhailoch and 116.18-131.06% at 

Lideta station. Therefore, Addis Ababa LRT is congested. 

Optimization of AALRTon Torhailoch and Lideta Metro station 

Optimization problem can be solved by Queuing Theory, Markov chain, Regression and so 

on. However, to use Queue Theory the arrival and service rate should be Poisson and 

exponential distribution respectively. Similarly, for the Markov chain the arrival and service 

should be Poisson and binomial distribution respectively (Catchpoole et al., 2010). However, 

when the mathematical complexity faced optimization problems, Simulation-based 

optimization is become a useful tool in the design of complex engineering products (Baer, 

Ericson and Krus, 2020). 

Among simulation-based optimization, Monte Carlo simulation and another computer 

simulation is common one (Heydarian and Jolai, 2018).In queue theory and Markov chain 

requires the probability distribution of the arrival and service of customers to be Poisson, 

exponential and binomial. Based on @RISK, it is impossible to pick one probability 

distribution for all hours and too sick either queue theory or Markov chain. So, the other 

option to optimization is using a random number generation between the minimum and 

maximum based on the probability distribution by Monte Carlo simulation. Since, Monte-

Carlo simulation mainly used when the data is uncertain and out of the expected probability 

distribution, (Nejadseyfi, Geijselaers and van den Boogaard, 2019). 

Optimization of AALRT service by Monte Carlo simulation 

It is assumed that, none peak hours are normal operation that the rates in and out are equal. 

Out of peak hours, the tramcar collects a large number of passengers from the intermediates 

station. The extra passenger required from 100 Monte Carlo random number generated with 

their corresponding extra tramcar required summarized as follow. 

 

Table 5 Summary of Monte Carlo random number generation 
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Station Torhailoch station Lideta station 

Peak hours 7-8AM 8-9AM 4-5PM 5-6PM 7-8AM 8-9AM 4-5PM 5-6PM 

Minimum - - - - - - - - 

Maximum 201.76 260.96 263.48 611.02 363.20 697.73 430.67 872.79 

% of extra 

Tramcar required 
65 51 49 60 87 85 63 714 

 

The optimization of the above table can be summarized as; from 7-8 and 8-9 AM, adding a 

single tramcar will remove the congestion. Similarly, from 4-5 and 5-6 PM, adding a single 

tramcar will reduce the congestion by up to 100% and 88% respectively. Therefore, a single 

extra tramcar would eliminate the passenger congestion at the morning shift, but it will 

reduce about 88% of passenger congestion at the afternoon of AALRT in Torhailoch 

station. 

Similarly, at Lideta station summarized as from 7-8 and 8-9 AM, a single tramcar will reduce 

the congestion by up to 87 and 95% respectively. In same way, from 4-5 and 5-6 PM, it will 

reduce the congestion up to 81 and 89% respectively. Therefore, an additional double 

Tramcar would reduce about 95% of passenger congestion during the morning shift. In 

addition, double Tramcar would improve the congestion up to 89% in the afternoon shift of 

AALRT at Lideta station. 

Torhailoch and Lideta are on the same route and Lideta station is the governing one. So, 

adding of a double tramcar at Lideta station will reduces the congestion up to 95 and 89% for 

the morning and afternoon respectively. It will fully solve the passengers' congestion at 

Torhailoch station. However, instead of adding a double tramcar, it is better to add two 

“single-tramcar” to reduce the waiting time up 42%. This model improves the waiting time 

from an average 16.04 minutes to 10 minutes. 
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Performance and cost comparison of the existing and the new model 

It used to compare how the newly developed model improves the performance of the AALRT 

at Torhailoch and Lideta station. Due to the optimization, the probability of getting server 

idle, percentage of time that the server became idle, average service time and expected service 

time slightly increased. However, the model improves the average time between arrivals (the 

average waiting time of those who wait), the average time customers spend in the queue, and 

the average time customers spend in the system and the probability of customers waiting more 

than 6 minutes.  

The cost analysis of the new and old model conducted to see the economic impact of 

optimization on AALRT at the specified station. The variable of cost benefit analysis is 

revenue from tariff, saving of waiting time and fuel, accident saving. And the cost would be 

investment, maintenance, interest on debt, equity capital, operation, passengers’ electric 

locomotive unit cost. The new model improves the profit from the loss of 78.65 to the profit 

of 4,073.60 US$ and from the loss of 2,635.08 US$ to the profit of 988.14 US$ per hour in 

the morning and afternoon respectively. Therefore, the optimization of Torhailoch and Lideta 

station will improve both the services and profit of the organization. 

Optimization solution and Marginal benefit 

From the graph below, the optimal number of tramcar is 6/hour. Because adding a single 

tramcar will reduce marginal service and benefit after all passengers served. 

 

Figure 4the marginal service provides by adding extra tramcar at Torhailoch and Lideta 

station 
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Figure 5the marginal benefit of adding extra tramcar at Torhailoch and Lideta station 

CONCLUSION 

Addis Ababa Light Railway Transit is congested and with low satisfaction of customers. The 

probability distribution of the arrivals of passengers and tramcar is binomial, negative 

binomial, or uniform distribution. AALRT can be optimized up 10 minutes that reduce the 

dissatisfaction of passengers and made cost effective. This optimum waiting time decreases 

the waiting time of passengers by 7.18 and 4.90 minutes in the morning and afternoon, 

respectively. By adding two tramcars increase the profit of the company up to 4,073.60 and 

988.14US$ per hour in the morning and afternoon, respectively. Finally, the tramcar arrival 

should be six single tramcars per hour and consistent. 

All in all, the new model indicates that Addis Ababa Light Railway Transit is not functioning 

as planned, and its service can be modified if properly optimized. The modification through 

optimization would increase the satisfaction of customers by reducing the waiting time and 

passenger congestion and increasing the benefit through optimizing the cost-benefit of the 

company.   

RECOMMENDATION 

 The company should improve its service through overall optimization by considering 

the population growth. The ticketing system of AALRT should be electronically. In 

addition, the tramcar should hold as per the design capacity to eradicate losing doors 

on the landing station.  
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 The government should expand LRT to give more coverage, and it should be 

underground. 

Key Words: - Optimization, Queue Theory, Markov Chain, Monte Carlo Simulation, 

Waiting Time. 
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