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Abstract

With the rapid development of advanced manufacturing technology, Automatic

Storage and Retrieval Systems (AS/RS) and Automated Guided Vehicles (AGV) are

being used more and more widely in China. However, the utilization efficiency of

Multiple AGV in AS/RS is not entirely satisfactory. In order to improve the AGV

scheduling management in AS/RS, the queuing theory and soft computing methods

are used to study the multiple AGV scheduling problems; in the meanwhile, the

scheduling strategy differences between single AGV and multiple AGV are explored.

Then the utilization efficiency is analyzed and the simulation results of utilization

efficiency are given.
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1. Introduction

Advanced manufacturing technology has been developed more and more rapidly,

which is playing a crucial role in modern society. With the rapid development of

advanced manufacturing technology, technologies of Automatic Storage and Retrieval

Systems (AS/RS) and Automated Guided Vehicles (AGV) have also got a rapid

development, at the meanwhile, AS/RS and AGV are being used more and more

widely.

AS/RS are major material-handling systems, which are widely used in automated

productions and distribution centers. The basic components of AS/RS are storage

racks, storage/retrieval machines (S/R machines) or automated stacker cranes,

input/output (I/O) locations and accumulating conveyors [1].AS/RS have brought to



industry the advantages of faster storages and retrieval of products, efficient

utilization of storage space, high reliability and better control inventory, improved

safety and decrease in damages of products. AS/RS which are used in manufacturing,

warehousing and distribution centers have to be designed to provide quick response

for storages and retrievals of products in order to keep the system operating efficiently

[2].

The modern warehouse must play the role not only in storage for raw materials,

parts, and end products, but also in a dynamic inventory control for a smooth logistic

system, such as procurement, production, inventory, sales, and distribution, by

establishing the information system to update kinds and quantities of stored items,

while AGV can be the best horizontal transportation method for material handling in

many applications. Considering that, AS/RS has been utilized together with AGV in

the above-mentioned fields for more than ten years [3]. Performance analysis of AS/RS

is a complex problem. Some approaches exist for performing such an investigation [4]

[5].

Since the invention of AGV, much research has been devoted to the technology of

AGV systems, and rapid progress has been witnessed. As one of the enabling

technologies, the path planning and the routing algorithms of AGV have also attracted

considerable attention [6] [7] [8]. At the same time, some papers have focused on the

warehouse design based on the AS/RS and AGV, and some research has been taken in

dealing conflict or obstacle avoidance of AGV.

From the above summary, it can be found that much research has been done on



AS/RS or AGV. However, in China, ASRS and AGV has a certain degree of

development, but in ASRS the utilization efficiency of AGV has not been given

sufficient attention, especially the utilization efficiency of Multiple AGV in AS/RS is

not entirely satisfactory. In this study, the warehouse with AGV and AS/RS will be

presented and some basic hypotheses will be given. Then through the data we got, a

queuing model of single vehicle will be built to study the utilization efficiency.

Queuing theory [9] [10] and soft computing methods are adopted to research the

utilization efficiency of multiple vehicles. Simulation results and discussions are

given finally.

2. The warehouse with AS/RS and AGV

Before considering the models in detail, it is essential to specify the general

features of the warehouse system with AS/RS and AGV considered in this research. A

layout for the warehouse is depicted in Figure 1. The warehouse comprises three

major parts, i.e., the AS/R machines and the racks, the AGV system and the

conveyance system. The latter two parts will be analyzed.



Figure 1 Layout of the warehouse with AS/RS and AGV

In the whole warehouse considered in this study, there are two types of material

flow, that is, input material flow and output material flow. The input material flow

works as follows. Each pallet or package enters at one of the arrival stations to the

conveyance system, then, it will be conveyed to the AGV system directly by conveyor

belt and it will be loaded and transferred by a vehicle. With the moving of AGV, it

will be sent to the I/O point of the rack, then, it will be stored in the designated place

by AS/R machines. The output material flow is similar with that.

3. Problems statements

3.1 Descriptions and hypotheses

Based on the warehouse system which has been described as above, what we

considered is how to make AGV work more efficient. In order to study the working

laws of AGV, we attempt to build the queuing models for AGV system.

For the requirement of models and the computation convenience, the following

conditions are assumed.

1. The vehicles move at a constant speed, and the acceleration will not be

considered.

2. One vehicle only receipts one request at one time and one request means only

one pallet or package.

3. One vehicle is considered one server.

4. The requests of the system are mutually independent, and each request has the

same arrival rate.



5. The maximum number of requests allowed to arrive is infinite.

6. One quarter of an hour is treated as the time unit, which means the time

period is one quarter.

7. The queuing system adopts FIFO strategy.

8. Conflict problems are not considered.

Here are the parameters which will be used to build the queuing models.

: Arrival rate of the requests (pallets or packages) within a quarter

 : Service distribution rate, which is the mean number of requests that are

processed within a quarter

: Utilization of all vehicles. That is, the request arrival rate divided by the

service rate

n : Numbers of vehicles

n : Utilization of each vehicle.

sT : Average time in the system

sL : Average number in the system

qT : Average waiting time, i.e., time in the queue

qL : Average number of waiting requests

0P : The probability while the system is idle

3.2 Queuing Model and analysis for one single vehicle

There is only one single vehicle, so the number of vehicles is one, that is n=1. In

order to establish the queuing model for one single vehicle, we should study the

probability distribution of the inter-arrival times and the probability distribution of the



service times first.

First we take a research on the probability distribution of the inter-arrival times.

From the original data we got, it is easy to find that the total number of requests is 970

units and the total times are 350 quarters. Besides, it is found that the arrival number

of requests per quarter has eight kinds of situations, that is, 0, 1,2,3,4,5,6,7. Except

these, it seems quite confused and complicated. In order to find the discernible law,

we will collate the raw data into the experience probability distribution shown in

Table 1.

Table 1 The experience distribution of the arrival numbers

Arrival numbers i Frequency if Probability

0 22 0.0629
1 53 0.1514
2 87 0.2486
3 78 0.2229
4 56 0.1600
5 28 0.0800
6 19 0.0543
7 7 0.0200
Total 350 1.0000

In order to examine whether the experience probability distribution follows a

Poisson distribution, the chi-square ( 2 ) test is used and the following assumptions

are made:
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where N means the total times which are 350 quarters, i means the actual arrival

number of the requests, and if is the frequency of i in the experience distribution.

Thus, the probability function of the distribution is given by:
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The chi-square test statistic is given by:
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The calculations are shown in Table 2.

Table 2 The calculation of 2

i if ip ip*N
i

ii

Np
Npf 2)( 

0 22 0.0627 21.9317 0.0002
1 53 0.1736 60.7508 0.9889
2 87 0.2404 84.1399 0.0972
3 78 0.2220 77.6892 0.0012
4 56 0.1537 53.7997 0.0900
5 28 0.0852 29.8051 0.1093
6 19 0.0393 13.7600 1.9955
7 7 0.0156 5.4450 0.4441
Total 350 0.9923 347.3214 3.7264

From Table 2, we have acquired the chi-square test statistic result: 7264.32 



We now have our chi-square statistic (3.7264). We set the alpha level of

significance (0.05), and the degree of freedom is 6. Entering the chi-square

distribution table with 6 degree of freedom and reading along the row we find the

value 7264.3592.12 22   . Therefore, we accept the hypothesis, that the

requests arrival process and the inter-arrival times follow a Poisson distribution with

the parameter 77.2 qtrunits / .

Now we take a research on the probability distribution of the service times. From

the original data we got, it is easy to calculate the average service time of each request,

that is:

3077.0T qtr .

Thus, we acquire the average service distribution rate:

25.3 qtrunits / .

Therefore, we assume that the probability distribution follows a negative

exponential distribution with the service rate 25.3 qtrunits / . Then the distribution

function is given by:
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Thus, the density function could be describes as:
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In the same way as above, the chi-square ( 2 ) test is used. Through the

calculation of original data, combined with the chi-square test result, we accept the

hypothesis, that the probability distribution follows a negative exponential distribution



with the service rate 25.3 qtrunits / .

Based on the analysis above, the queuing model we got could be notes as M/M/1,

which is shown in Figure 2.

Figure 2 M/M/1 queuing model

Since we have got the M/M/1 queuing model, we could analyze the utilization

efficiency by the model. The parameters are calculated as follows:
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From the results above, we could find that, the utilization efficiency of one single

vehicle is 85.23%, which shows that the system is stable. However, the value of sL ,

sT , qL and qT shows that the system is very busy.

Now we take a numerical simulation analysis on the utilization efficiency, which

is shown in Figure 3. We can see that the utilization efficiency now is 85.23%, and



with the great increase of the average number in the system, the utilization efficiency

could only get a little increase. At the same, the number of the waiting requests in the

system increases quickly. It appears on the surface to be very efficient; however,

actually the whole system has little efficiency.

Figure 3 Utilization efficiency analysis on M/M/1 model

3.3 Queuing Model and analysis for multiple vehicles

In the utilization efficiency study on one single vehicle, we find that, the system

with only one single vehicle is not efficient. With the development of the enterprise,

the throughout capacity of the warehouse will be increased. Based on that, increasing

the number of AGV may be a good idea. Therefore, we need to study the utilization

efficiency of multiple AGV. The queuing theory will be adopted again, and the

queuing model has been changed to M/M/n model.



According the queuing theory, the parameters of the M/M/n model are given as

follows.
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With the increasing of n, the calculations for the model parameters are being

more and more difficult. In order to study the utilization efficiency of multiple

vehicles, we take a study on the simple situations first, and we set n=2, 3, 4,

5.Because it is hard to calculate, we take a simulation on the relations between

and qL , which are shown in Figure 4.



Figure 4 The relations between  and qL (n=2, 3, 4, 5)

We assume that, the utilization efficiency of multiple vehicles is approximately,

the minimum value of  , while  changes a little, qL changes greatly. From the

figure above, we could calculate the approximate values of utilization of each vehicle

( n ) for each n (n=2, 3, 4, 5).The results are calculated as follows.

Optimal value of n while n=2: %702/4.12 n

Optimal value of n while n=3: %67.763/3.23 n

Optimal value of n while n=4: %804/2.34 n

Optimal value of n while n=5: %845/2.45 n

From the results we obtained, we find that, with the increasing of n, the optimal

value of n is becoming larger. At the same time, the larger n also means the

more waiting requests. As viewed from this, keeping an average utilization efficiency

of 75%~80% is a good idea. In this situation, the utilization efficiency of AGV system



could be kept at a good level, and the possibility of system obstruction could be

greatly reduced, so that the operating efficiency of the whole warehouse system could

be greatly improved.

4. Discussions

For the scheduling problems of only one single vehicle, it is easy to solve. As for

the scheduling problems of multiple vehicles while the number of vehicles is less than

six, we could adopt the strategy as follows. First, we set a value of satisfactory

utilization efficiency, for example, we set it to be 80%, and then we calculate the

waiting requests qL and the waiting times qT , through this step, we could calculate

to search for the nearest number of vehicles we needed. In this way, the utilization

efficiency could be kept at a good level and the vehicles can also be used well. When

the throughput of the warehouse is very large, and there are more than ten automated

guided vehicles in the system, the strategy is still effective, but the calculation is very

complex. Under this condition, soft computing methods will play a vital role.

5. Conclusions

In this paper, we analyzes the operation laws of AGV based on the data of the

warehouse, and queuing models of one single vehicle and multiple vehicles are

established. By the simulations and analysis on these two models, the utilization

efficiency of AGV in AS/RS has been studied. The scheduling strategy of multiple

AGV is explored. With the gradual deepening of the study, the effect of different

strategies and large numbers of AGV in the system will be analyzed in the future.
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