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1. Introduction 

The purpose of this paper is to present an application of Q-
GERT network model oriented production planning and schedu-
l ing of a manufacturing company. I n this model, the routings of 
the items are modeled by inserting user functions into the model. 
Therefore, network model of a complex routing situation has been 
simplified by eliminating conditional branches used to schedule 
routings of the items. 

Development of the Q-GERT ne"twork model was based on 
uti l lzation of actual data and providing the desired outputs, 

This model has been anaysed by Q-GERT Analysis Program 
supplied w i t h user subroutines and functions. Three majör ob-
jectives are considered for this network model development: 

1. Determination of the system configuration. 
2. Selection of prior l ty rule to meet orders on time. 
3. Specification of the manufacturing scheduling. 

Alternative decisions have been evaluated on this model to 
realize the objectives given above. Besides, the following Informa
t ion requested by management have been obtained: 
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1. Daily reports of order situation 
2. Monthly reports of work station situation 

I n this paper, f irstly the structure of the system wi l l be intro-
duced and then Q-GERT model w i l l be reviewed. The paper conclu-
des w i th some discussions on the simulation results of network 
analysis. 

2. The Structure of the System 

The system which has been studied is a manufacturing com-
pany that produces gears and groups of gears according to arr i -
ving orders. The production of the company is based on two types 
of orders: 

1. Regular periodical orders and 
2. Irregular orders. 

Regular orders w i th contracts arrive to the system periodi-
cally whereas irregular orders arrive to the system at uncertain 
times i n small quantities. I t is very important for manegement to 
meet regular orders by the specified deadline. Regular orders in 
large quantities also require the use of a Iarge portion of the.ca-
pacity. 

The activities related to orders can be considered i n two main 
groups: 

1. Activities before manufacturing and 
2. Activities during manufacturing. 

The f irst group involves activities from receiving orders up to 
manufacturing. The second group involves the flows and opera-
tions of the gears through the production shop. 

2.1 Problems Encountered in the System 

As known, planning and controlling of a production system 
is one of the most dif f icult problems encountered by management. 
Arriv ing of orders occur at different times and each order requires 



that operations be performed at specified kinds of work stations 
in a specified sequence. Operation times and routings of items are 
different for each order. Each work station consists of a number 
of identical machines. 

I n this system, there are three majör problems that need so-
lut ion: 

1. Determination of the system configuration 
2. Meeting of regular orders w i th in the specified deadline 
3- Specification of the manufacturing scheduling 

Besides, i t is desired that management has the ans\vers. to 
the following questions: ". 

1. What is the situation of the orders in the manufacturing 
process at certain times? 

2. Where and when do the bottleneck points occur i n the pro
duction üne? 

3. ;When are the work stations idle or busy? ..; 

2.2 System Elements and Assumptions 

The specification of the significant element of the system is 
important for model building. The most significant" element bf 
this system is 30 different types of regular orders and their flows 
and operations through the manufacturing process. 14 different 
work stations are used i n the system and each station consists of 
a number of identical machines. Although we could model i n e en-
tire production process, we are only interested i n the operations 
of regular orders i n order to solve the manufacturing problems. 

Before building the model, some assumptions are made in the 
system as follows: 

1. Historical data of the system indieates that machine break-
downs occur rarely. Because of this, machine breakdowns have 
been assumed out of the system l imit . 

2. I t is assumed that workers are always ready at work sta
tions. 



3. Set up times of machines have been considered in the pro¬
cessing time of items. 

4. Orders are routed according to the specified order sequence 

5. AU machines in each work station are assumed to be inden-
ticai. 

6. Transportation delays of items between work stations are 
ignored. 

7. I t is assumed that machines are ini t ia l ly idle. 

The assumptions above don't effect teh majör problems en
countered in the system. The system can be modeled and analysed 
as a complex queuing and routing situation wi th Q-GERT network 
technique. 

3. Ç-GERT Netıoork Model 

The description of the Q-GERT rıetwork model is prensented 
i n figüre 1. This model is a graphical representation of the flow 
of orders and their operations through the manufacturing. Star-
t ing point of the model is represented by source node 1. Transac-
tions represent the various types of regular orders and items of 
orders. Service operations indicated by branches following Q-nodes 
represent the work stations. Each work station has a number of 
identical machines that in the circle below the service branch. The 
time to perform operation is specified as (AT, 6) so that operation 
time is obtained from attribute 6. Q-nodes w i th «hash» mark are 
used as storage area for work stations. There are no in i t ia l items 
at the queues and the maximum queue length permitted is inf mite 
in the network model. Queues are ranked on attribute 3 as specified 
at Q-nodes. Node 92 is a sink node that calculates statistics bet-
ween departures of items. This node is also used te terminate the 
analysis of network. A l i completed items are routed to node 92. 

30 transactions are generater and 14 Q-nodes and service ope
rations are modeled. There is no branch for routing of the items 
which has been provided by inserting user functions to model. 
Thus, this model consists of disjoint networks. Although 33 user 
functions are inserted in various places of Q-GERT network model, 
they are called for only 6 purposes: 
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3.1 Schedulling of Order Arrivals 

User function 1 is identified to schedule arriving of orders on 
the self-loop around source node 1. Source node 1 w i th conditio-
nal-take al i branching is modeled to generate 30 differeten types 
of orders. The f irst order is entered to the system at time zero. 
I t is also routed back to node 1 to generate to the next order. 
The actual interarrival times are obtained by computing the dif-
ference between'the actual arrival times of orders in user function 
1 during the simulation process. 

3.2 Assigning of Order Specifications to Attributes 

items associated wi th orders which flow through the network 
have 6 attributes. 

Order number is assigned to attribute 1 according to the se-
quence of arrival by using incremental function at source node 
1- ( i , IN, 1) 

When attribute 1 is greater than 29, no further orders are ge-
nerated at the source node 1. This condition is specified on the 
branch from node 1 to 1 that is A l . LT. 30 

The value of attribute 1 is used as an order identifier in the 
later portion of the network model to distinguish the types of 
orders. 

Order code number, priority value and the number of items 
for each order are assigned to arttr ibute 2, 3, 4 respectively by 
using user function 2 at node 2. 

Current simulation time is stored in attribute 5 of i tem being 
routed to any Q-node i n order to compute waiting time of the item 
when i t is taken to service from the Q-node. 

Processing time of an item is assigned to attribute 6 by eal-
lüıg user function when an item departs from Q-node for proces¬
sing. The processing time is taken from attribute 6 of the item 
being processed and i t is modeled on the service branch as {AT, 6). 
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Attr ibute 1 of the item being processed and user function number 
(IFN) are required to access processing time value i n the simu
lation process as indicated below: 

J=GATRB (1) 
M=( IFN-2)/2 
P = PROC (J, M) 

The function GATRB (1) is used to access the f irst attribute 
of i tem being processed. Each order routed to node 2 is marked 
w i th the arr ival time that is stored in attribute 7 at source node 
1 automatically. 

3.3 Routing of the items Through Netıoork 

Routing of the items to Q-nodes has been provided by using 
user functions. There is no conditional branch to model routings 
of the items to Q-nodes. Therefore, the network model of the 
complex rout ing situation has been simplified by el iminating the 
conditional branches. 

The primary use of user functions at regular nodes is to spe-
cify the routings of items. Q-node number can be specified by ac-
cessing the routing array previously specified. User function num
ber (IFN) and the value of attribute 1 associated w i th the item 
being routed are used to access the routing array and to specify 
Q-node number in the simulation process as indicated below: 

J = GATRB (1) 
L= ( I FN - l } /2 

M = IROTA(Ğ )L) 
Q = IROT2-f*2 ,IROT2 = 32 

A l i completed items are routed to sink node 92. Number of 
items at Q-node is increased by 1 when an item is routed to Q~no-
de in order to know the number of waiting items. 

3.4 Collection of Queue Statistics 

Current number of waiting items and wait ing times of items 
for a certain order at any Q-node can be obtained by the use of 

— 11 — 



I 

user functions at Q-nodes. The waiting time of an item is compu-
ted as the t ime i t departs the queue minus the value of attribute 
5 that contains the arrival time of the item to Q-node. User 
functions at Q-nodes are called at the Q-node release time. 

3.5 Collection of Daily Order Statistics 

The disjoint network wi th node 97, 98, 99 at the upper side 
of Q-GERT network model is identified for the reporting of order 
situation. User function 32 is called every 8 hours on the self loop 
branch around node 98 in order to trace the order position at each 
work station. 

I n this model, i t is desired that the order situation be repor-
ted for the last 5 days of simulation process. So the branch from 
node 97 to 98 is determined w i th 2080 hours delay. 

3.6 Collection of Monthly Work Station Statistics 

Node 100 with.self-loop at the lower side of the Q-GERT mo
del is determined to collect statistical data- associated with work 
stations. User function 33 is called every 176 hours (monthly) on 
the branch from node 100 to node 100. 

Average uti l ization of each work station, average number of 
wait ing items, average waiting times, completed items and the 
number of current waiting items at each work station are calcu-
lated by the use of user function 33. 

4. Analysis of the Ç-GERT Netmork Model 

The analysis of the Q-GERT network has been performed on 
the digital computer by the Q-GERT Analysis supplied w i th prog-
ramming inserts. This program developed by Pritsker( l ) employs 
simulation technique for the analysis of flow of the items through 
the network. 

Q-GERT Analysis Program calls subroutine U I to initialize 
some variables to assign actual data to variables at the beginning 
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of simulation. User functions are called during simulation and 
user subroutine UO is called when a run is completed i n order to 
provide some desired outputs. 

As stated previously, the development of the Q-GERT model 
was based on three majör objectives. First, determination of the 
system configuration; second, selection of order pr ior i ty rule to 
meet orders on t ime; and th i rd , specification of manufacturing 
scheduling. 

4.1 Determination of the System Configuration 

The number of machines for^each work' station is a significant 
decision factor for efficient util ization of system capacity without 
decreasing production level. There are many alternative system 
configurations but here heuristic method wi l l be used to generate 
a l imited number of alternatives as explained below: 

1. Maximum number of machines available for. each work 
station w i l l be the in i t ia l capacity of the system as the f irst alter
native. Average uti l ization of each work station is obtained by the 
results of simulation. 

2. The least utilized work station w i th more than one mac
hine is determined. Then, the capacity of this station is decreased 
by one. Thus, the next alternative system configuration is obtai
ned, I n this system configuration, performance measures are ob
tained by the results of simulation. 

3. I f the production level has decreased i n spite of the inc-
reased rate of uti l ization of system capacity, then choose the pre-
vious alternative as the best system configuration. Otherwise, go 
to step 2 to generate the next alternative. 

The effects of alternative system configurations on system 
performance are shown in Table 1. 

As given i n Table 1, capacity uti l ization rate could be increa-



sed from .50 to .60 approximately, although the production level 
i n the selected system configuration has kept the in i t ia l level, that 
is .78 for alternative 8. 

Table 1. Performance Measures For Alternative System Configurations. 

Alternatlves 

Work Number of Machines at work stations 
Stations 1 2 3 4 5 6 7 8" 9 

WS 4= 1 3 2 2 2 2 2 2 2 2 
WS + 2 3 3 3 3 3 3 3 3 3 
WS 4. 3 8 8 8 8 8 8 8 8 8 
WS + 4 1 ' 1 1 1 1 1 1 1 1 
w s 4 5 5 5 5 5 5 5 5 5 5 
w s 4= 6 5 . 5 5 5 5 5 4 4 3 
w s 4» 7 1 1 1 1 1 1 1 1 1 
w s 4= 8 5 5 5 4 4 3 3 2 2 
w s 4 9 1 1 1 1 1 1 1 1 1 
w s + 10 . 2 2 1 1 1 1 • 1 1 1 
• yvs' 4, 11 . 3 3 3 3 3 3 3 3 3 
WS 4= 12 3 3 3 3 2 2 2 2 2 
w s + 13 3 3 3 3 3 3 3 3 3 
w s + 14 1 1 1 1 1 1 1 1 1 

Number of 
Machines 44 43 42 . 41 40 39 38 37 36 
Average 

VVaiting 480.4 480.6 494.6 495. 507.6 508.4 526.2 526.9 557.5 
Time (hours) 

Average 
Queue 145.8 145.9 150.1 150.2 154.1, 154.3 159.7 160.5 169.2 
Length 

Product. 0.78 0.78' 0.78 0.78 0,78 0.78 0.78 0.78 0.75 

Rate of 
Utilized 0.50 0.52 0.53 0.54 0.55 0.57 0.58 0.60 0.60 
Capacity 

I t is the best alternative to utilize the system capacity efficiently. 



4.2 Selection of Order Priority Rule 

Selection of a priorty rule among alternatives is a very im-
portant decision to meet orders tay the deadline. 10 different p r i 
orty rules given i n Table 2, have been evahıated to select the best 
one. Delays of the orders have to be determined for each priroty 
rule; i n order to compare the alternative priorities. The model has 
been analyesed for each alternative. I f 641 items are routed to no
de 92 then simulation w i l l end and delay times of orders would 
be computed at the end of simulation. 

As indicated i n Table 3, priority rule 9 that gives the shortest 
time when the tota l processing time of i tem is subtracted from 
the dead line time is selected as the best alternative. 

1. F i r s t in queue first processed (F) 
2. Last in queue first processed (L} 
3. F irst in system first processed (S/1) 
4. Last in system first processed (B/l ) 
5. Shörter processing time first processed (S/6) 
6. Longest processing time first processed (B/6) 
7. Smaller customer code first processed (S/3) 
8. Smaller deadline first processer (S/3) 
9. Smaller (deadline - total processing time) first (S/3) 

10. Bigger (number of items * total processing time) / (deadline-arrival 
time) first processed (B/3) 

Table 2. Alternative Priority Rules 

Table 3. Delay Statistics Associated with Priority Rules 

Priority 
Rules 

Total Average 
delay delay 
(days) (days/order) 

Standard Maximum 
Deviation . delay 

(days) (days) 

Rule 1 
Rule 2 
Rule 3 
Rule 4 
Rule 5 
Rule 6 
Rule 7 
Rule 8 

•Rule 9 
Rule 10 

681 
951 
421 
936 
655 
387 
447 
354 
243 
888 

22.70 
31.70 
14.03 
31.20 
21.83 
12.90 
14.90 
11.80 
8,10 

29.60 

32.75 
47.82 
18.41 
62.71 
36.64 
19.40 
19.68 
17.51 
13.46 
44.14 

109 
177 
61 

222 
119 
68 
59 
53 
49 

185 

I t is the hest alternative rule. 
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Table 6. Montly Reports 
1. st Month Report of Work Station Situation 
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m S â 4 0 . 0 0 0 0 O.OOOO O.OOOO 0 . 0 0 0 0 o o 
F- 17 i 0 . 0 0 0 0 0 . 0 0 6 0 0 . 0 0 0 0 0 , 0 0 0 0 0 8 
[:g S8 2 0 . 0 9 6 6 1.7000 0 . 2 2 7 3 BO.0000 10 t» 
WS 19 İ 0 . 0 0 0 0 0 . 0 0 0 ü 0 . 0 0 0 Ö O.OOOO O Ö 
HS m i 0 . 9 5 4 5 İ B . 6 6 6 7 0 . « ? 1 72.0000 9 6 
H3 S i l 3 0.0114 0.2000 0 . 1 7 6 1 93.0000 ! 0 © 
WS 8J2 2 0 , 0 5 6 6 1.6667 0 . 1 5 9 1 56.0000 4 6 
MS 313 3 ' O.OSOO 0.0000 0.0189 10.0000 1 § 

•BG « 1 4 I 0 . 0 0 0 0 O.OOOO O.OOOO 0 . 0 0 Ü & S S 

2. nd Month Report of Work Station Situation 

J i O R K - S l f i T İ Ö N ND. OF (WE. OUEUE Mi. mum SVE. ÜT İ L . BUSV TIME m.OF CÜMP. CUft. » 0 . DF 
GROUPS flfiCHINES LENGTH T I H E l h o u r s l R f l î E ÖF HARK S î . ITEHS «AIT. ITEHS 

muttum ıımttt tttttttMM mmmmt UlUttİD! m i m i m tttmıım UMUMİM 
HS 1 ! 2 3 9 . I S İ B 97.1267 0 . 8 4 6 6 299.0000 71 0 
ys 12 7 33.7273 148.3999 i . 0 0 0 0 52B.0000 12 2B 
KS 13 8 48.3977 71.7166 1 . 0 0 0 0 1408.0000 56 64 
HS 84 1 O.OOOO 0.0000 0 . 0 0 0 0 O.OOOO 0 0 
WS Î 5 j 3 1 . 2 3 4 1 73.5853 1.0000 755.0000 32 50 
m Sfc 4 0 . 0 0 0 0 0.0000 0 . 0 0 0 0 0 . 0 0 0 0 0 ö 
ÜS S; • 1 0 . 0 Û 0 Û 0.0000 0 . 0 0 0 0 0 . 0 0 0 0 0 0 
H3 İ S 0.1193 1.0500 0.4347 8 0 . 0 0 0 0 20 0 
NB 19 İ 0 . 0 0 0 0 0.0000 0 . 0 0 0 0 0.0000 0 0 
« S »IC- İ 0 . 0 0 0 0 0 . 0 0 0 0 O.OOOO 7 2 . 0 0 0 Û 0 • 0 
HS t u 3 0 . 0 0 0 0 0 . 0 0 0 0 0 . 3 4 4 7 9 3 . 0 0 0 0 18 û 
HS i 12 2 Û . 0 3 5 2 t . 2 5 0 0 0.3523 5 6 . 0 0 0 0 12 0 
ÜS 813 . i O.OOOO - 0 . 0 0 0 0 O.OOOO 10.0000 0 0 
tJS I M i 0 . 0 0 0 0 0.0000 O.OOOO 0 . 0 0 0 0 a '} 

4.3 The Specification of Manufacture Schedulling 

Determination of the best system configuration and selection 
of the best priroty rule among given alternatives is not adequated 
for manufacturing. I n this system configuration, I t is desired to 
specify the applicable manufacturing scheduling. The scheduling 
given i n Table 4 shows the times that the orders have to be star-
ted and finished at each work station. 

4.4 Daily Reports of Order Situation 

Management needs to know the position of orders in the ma
nufacturing process, i.e. how many items of a certain order are 
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being waited, being processed and completed in a certain work 
station daily. 

Management desires to trace the situation of orders daily. 
Daily report shows the number of waiting, being processed and 
completed items aşsociated w i th orders at work stations for the 
260.th day. Detailed information about orders at manufacturing 
can be taken daily from the daily reports given in Table 5. 

4.5 Monthly Reports of the Work Station Situation 

Work station uti l ization results have been obtained as given 
i n Table 6. Thus detailed information about work stations has 
been taken from the monthly reports. At the same time, the u t i 
l ization of work stations can be obtained from the standard sum-
mary results.. of simulation but this information is not adequate 
for detailed statistical information of work stations. 

5. Conclusions 

în this paper, the Q-GERT network model has been developed 
as a function of actual order data. Actual arrival times, processing 
times and the production routing are used in the model by inser-
t ing user subroutines and functions into Q-GERT model. I t is also 
simplified by eüminating conditional branches to model the rou
tings of the items by calling function PTIN in user functions at 
the regular nodes. Three majör objectives are realized by the 
analysis of the network model: 

1. Efficient util ization of the system capacity has been pro-
vided 

2. Delays of orders have been reduced by specifying the prio
r i t y rule 

3. Manufactüre scheduling has been obtained. 

I n addition to the reports given above, daily and monthly re-
ports^ have been obtained during simulation. Therefore, detailed 
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and useful information related to orders and work stations has 
been generated from the network model. 
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