


waiting for practicality 

Having never applied queuing theoryon the job is not a trag- 

edy in itself. I could happily have gone to my grave without once 

determining h or p.Alas, that was not to be. I recently took a 

job teaching industrial engineering. I was having a great time 

teaching all those subjects for which I had firsthandexperience: 

simulation, linear programming, engineeringeconomy, produc- 

tion control. But wouldn't you know it, right there in the course 

catalogue description for my recently acquired operations 

research course were those dreaded words: queuing theory. It 

wasn't so much the fear of wiping the drool off students passed 

out during my eloquent formulation of the MMi steady state 

equations, but that I had no stories of applications in which I 

had used QT. So I did what every good QT instructor does: I 

compared McDonald's to Wendy's. 

ORIGINAL LAYOUT 

Figure 1. Six lines, three packers, fourth operator assigned to 
shipping 
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It came as a great relief to find a problem with real beef. Here's 

the story. 

The story unfolds 
It all began with a couple of bright students venturing naively 

forth on that quest called Senior Design, a rite of passage dur- 

ing a senior's last two semesters. Often the students will seek 

out a local company with a not-so-neatly defined problem. In 

this case, it was a company that manufactured supplies for the 

apparel industry. These supplies, or parts, will hereafter be 

referred to as widgets. 

Laura Mock and Amanda Parish Malcom, industrial engi- 

neering and industrial management srudents respectively, were 
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asked to look at the final assembly and packing process for the 

widgets, their goal being to increase production. The manufac- 

turing plant is owned by a company headquartered on a small 

island nation in the Pacific. The final assembly machines that 

produce the widgets are designed and built by the mother com- 

pany, which sets the standard at 4 , 0 0 0  parts per day. The local 

guys were turning out only3,05o, and Mama wasn't happy. 

So the students began their quest for the silver bullet by 

spending time on the floor observing the process. They found 

that the final assembly and packing area consisted of 14 parallel 

lines, with each operator responsible for two lines. The lines 

were fully automated except that once a batch of 25 widgets 

was produced, the operator would fan through the widgets for 

a quick quality inspection and then pack the widgets into small 

boxes.The operatorwas also responsible for keeping nvo lines 

running, unjamming the machines when necessary, and per- 

forming setups when changing to a different type of widget. 

While there were 14 parallel lines, the lines were readily 

enabled or disabled based on scheduled production volume. 

During the observation, six lines were being run by three opera- 

tors.This area also had a fourth operator (the shipping opera- 

tor), who was responsible for accu~nulating the packages into 

a larger shipping box, placing labels, and sealing the box for 

shipment to the customer (Figure 1). 

After spending several hours over various shifts observing the 

process, the students began to get a good feel for the process and 

noticed that the operators weren't all performing at the same 

rate. Furthermore, they didn't all perform the job in the same 

way. This steered the students to pull out their stopwatches 

and time each operator. They collected a significant amount 

of observations and produced some nice charts showing cycle 

times for various operators. 

The operators were not all operating at the same cycle time. 

Where were the standards? Why were some workers slower than 

others? Was the training insufficient? Did they lack motivation? 

Is this why the production standard couldn't be met? 

The srudents related these findings to me and we explored 

the process in more derail.They casually noted that frequently 

the machines were not running. (Light bulb illuminates.) 

Me: "Why do the machines stop?" 

Student: "Sometimes the machines get jammed or run out 

of parrs." 

Me: "How often does this happen?" 

Student: "We're not exactly sure, but a lot." 

Me: "How long are the machines down?" 
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Student: "Sometimes it is a few minutes, but at other times 

iris much longer." 

After some minor cajoling (i.e., threatening a course grade 

of B- vs.A), the students marched back to the plant to begin 

watching the machines rather than the operators. Here's what 

rhey found. 

Data and solution 
The data is fairly simple.The students needed to observe how 

often the line stopped running and how long the lines were 

down. Fortunately, the machine controller for each line auto- 

maticallyand accurately calculated the line efficiency. This 

measure is essentially the time the machine is running and 

producing parts divided by the total time during the shif1.A 

wide variety of line efficiencies was found, ranging from as high 

as 86 percent to as low as 30 percent. However, for30 obser- 

vations, the average eficiency was 57 percent with a standard 

deviation of 16 percent. 

The second measure of importance was the rate at which 

machines stopped. The students observed on average about 

two stops per hour. 

At this point, the students had determined the following 

about an average machine: 

Line efficiency: 57 percent 

Stoppage rate: two stops per hour 

Average rhroughput: 3,050 parts per day 

Armed with this data, the students sat down with the plant 

folks and devised a plan: Dedicate oneof the threeoperators to 

keeping the machines running. This operator would perform 

the setups, uniam the machines, and replenish materials.The 

other rwo operators would each rakeon three lines and perform 

inspeaion and packing. 

The rationale for this design, which was the students' idea, 

was that when operators were busy packing, it was difficult 

and seemed inefficient to stop in the middle of the process to 

unjam a machine.With this new setup, the line operator's only 

dutywould be to keep the lines mnning.The packing operators 

would be focused on packing only and nor be pulled away for 

other tasks (Figure 2). 

Queuing comes in 
I asked the students, "Do you think this re-allocation of job 

functions will help? If so, how muchwill it help?" Here's where 

queuing theory comes in. Let me begin with a quick review. 

Queuing theorydeals with processes in whichobjects arrive, 

t h e o r y  ex tends to  PI 

i r -  

are serviced, and then leave.The theory helps determine mea- 

sures such as process throughput, the average number of 

objects waiting to be serviced, and the average time objects 

will spend in the system. Ifyou can make a gross assumption 

that the time between arrivals and service times are exponen- 

tially distributed, then youan  approach the problem as a birth- 

death process, which makes the analysis pretty straightforward. 

The first step is to define the state of the system. The second 

step is to develop a state diagram, including the arrival rates 

(A) and service rates (p). The third step is to set up and solve 

the balance equations.The fourth step is to apply steady state 

probabilities to the problem. 

Step I. Statedefinition. What are we interested in for this 

problem? Management wants to increase throughput. When 

the lines are running, widgets are beingproduced.The problem 

is that lines are not running halfthe time.This happens because 

the operators are busy packing widgets and let a machine stay 

PROPOSED LAYOUT 

Line 1 Line 2 Line3 
C 
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F gure 2. A re-allocat~on of job f~nct~ons where one opera- 
tor focuses on keeping the lines rbnnlng, two operators foc~s 
slr~ctly on packing, and one operator focuses on sh~pp~ng 

orems, 

;ewlce 

,f con- 

jervice 
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waiting for practicality 

STATE DEFINITION AND DIAGRAMS 

0 Figure 3. The first step in queuing theory is to define 
the state of the system. This is a diagram of the state 
of the system when one line is not producing. 

oAOO Figure 4. State diagram for the 
orginal layout (for a single operator 
and two lines) 

Figure 5. State diagram for the proposed layout 

jammed longer than necessary or they are packing on one 

line when the other line needs to be set up. To determine the 

throughput of the process, we need a model that describes how 

many lines are running. We could choose to show either the 

number of lines running or the number of lines not running. 

In this case, the state definition will describe the number of 

lines not running (Figure 3). 

The arrivals to this queuing system are when a line stops run- 

ning and needs to be serviced. Services are when a machine is 

tended to by the operator in order to get the line running again. 

This service could be a changeover to a new product or fixing 

a machine stoppage. 

E x p o n e n t i a l  d i s t r i b u t i o n s .  Can we malie the gross 

assumption that the time between arrivals and the service 

times are exponentially distributed? We can assume it is or we 

could plug the raw data into an input analyzer software pack- 

age and evaluate the !goodness of fit. However, when looking at 

this process and noticing that machines tend to jam at random 

inte~vals, the exponential distribution doesn't seem to be a bad 

assumption for the time between arrivals. Where you usually 

have to stretch the exponential assumptions is on the service 

times. However, in this case where frequently the operator will 

immediately respond and get the line running and in other 

cases where the line remains down for extended periods, the 

exponential fits rather nicely. 

S t e p  2. State  diagrarn.To model the current process shown 

in Figure I, we need to consider only the throughput of a single 

operator. If more than one operator is in the process, through- 

put would just be a multiple of the number of operators. Since 

a single operator operates two lines, our state space would be 

no lines down, one line down, or two lines down. 

The arrival rate (A) represents the rate at  which a line will 

stop running. For this process, the observed rate for a line is 

two stops per hour. 

The service rate (p) represents the rate at which a line will be 

restarted. Observing the service rate in this case was difficult 

since the person responsible for restarting the machine was 

performing other duties as well. However, since we Itnow from 

historical records the probability that a single line is running, 

we could calculate the service rate. 

Figure 4 fully describes the state space for a single operator 

and her two 1ines.The state diagram has a transition rate ofzA 

between state o and state 1 because for state o, nvo lines are 

running, each with a rate of A for transitioning to a down state. 

Therefore, the transition rate from two machines running to one 

machine running is 2 times A. 

For the proposed method shown in Figure 2, a single operaror 

is manning six lines. Since no action is being taken to improve 

the lines, the rate of line stoppages should remain the same (A 

= 2 stops/hour). However, since an operator is dedicated to 

keeping the lines running and is not responsible for inspection 

and packing, the service rate should increase significantly to 

some unknown rate  figure 5). 

S t e p  3. Balance equations. Once the state diagrams have 

been created, we can use the concept of the conservation of flow 

to determine the steady state probabiliries. The steady state 

probabilities (pi) represent the probability of being in a given 

state. In other words, i f  you went to observe an operaror and 

her two lines, what is the p r ~ b a b i l i t ~ y o u  would see both lines 

running Go), one line running G I ) ,  or no lines running b 2 ) ?  

The conservation of flow is simply that the flow in equals the 

flow out. Specifically, the flow is the probability of being in a 

state times the transition rate. 

nalance equations for Figure 4 - - - -- - - - 
Node 0) 2hpo = ppl  
Node I )  hvl + pp,  = 2hp0 + pp2 
Node 2) pp2 = A p, 

Balance equations for Figure 5 

Node 0) 61Lppo - ppl  
Node 1) 51pI + ppI  = 6hl1, + C L I J ~  

Node 2) 4hp2 + pp2 = 5hpr + pp? 
Node 3) 3 x 1 ~ ~  + pp? = 4?q2 + p p ~  
Node 4) 2hpJ + pp, = 3I,p3 + p l ~ s  
Node 5) Ihp, + pp, = 2hp4 + L L P ~  

Node 6) pp6 = h p5 
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To solve for the probabilityof being in a given state, replace 

one of the seven node equations above with PO + pl + p2 + p3 

+ pq + pg + pg = 1, substitute the value of 2 for h, and solve the 

series of simultaneous equations. 

pa = p6/(u6+ 1 3 . 2 ~ ~  + 145.2p4 + 1277.76,u3 + 8433.216p2 

+ 37106.15,~~ + 81633.53) 

= 13 .2p0/ /~  

p2 = 145.2 po /p2 

p3  = 1277.76 pg /p7 

pq = 8433.216 /p4 

ps = 37106.15 p0/p5 

= 8 1633.53 po /p6 

Step 4,Application to the problem. Now that we have the 

steady state probabilities, we can begin predicting the impact 

of the proposal. Recall that the primary measure of interest is 

line efficiency.The average efficiency collected from the machine 

controllers was 57 percent for the original 1ayout.To obtain the 

SENSITIVITY ANALYSIS 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 
pbervice rate (services per hour) 

Figure 6. Sensitivity analysis depicting line efficiency vs. 
service rate 

average efficiency for the proposed layout, all you need is the 

steady state probabilities and the following equation: 

Average line efficiency=(6po + 5p1 + 4/12 + 3p3 + 2p4 + lp5  

+ 01%) /6 

Since for each probabi l i tyj~~ in the efficiency equation, the 

service rate p i s  unlznown, we can perform a sensitivity analy- 

sis by calculating the throughput over. a range of service rates. 

Figure 6 displays this sensitivity analysis. We see that wirh the 

proposed setup, the single line operatorwill have to have a ser- 

vice rate of about 8.75 services per hour (6.8 min./service) just 

to get the same throughput as the current configuration. But 

the students and plant personnel believe the service rate will be 

much better. With service rates approaching 17 services per hour 

(3.5 min./service), line efficiencies could exceed 80 percent. 

The rest o f  the story 
The students' idea of re-allocation of the job functions sounded 

like a good one, and I anxiously awaited the results of their 

implementation. I was hoping they would become heroes with 

a 30 percent improvement in line efficiency, but I still would 

have been ecstaric i f  they achieved 2 0  percent. 

The numbers started trickling in. After reorganizing the 

operators' responsibilities as proposed and without spending 

a dime, three operators (two packers and one machine tender) 

working six lines produced 4,036 parts per line the first day 

-well above the former rate of 3,050 and meeting the com- 

pany standard of 4,000. 

O n  day two, plant personnel added an additional operator 

(totaling three packers and one machine operator) and two 

production lines (totaling eight), resulting in 3,729 parts per 

line. O n  day three, they stayed with eight lines but added a 

fourth packer (totaling four packers and one machine operator), 

producing 4,838 parts per line. And on day four, staying wirh 

this same eight-line, four-packer, one-machine operator layout, 

6 ,205 parts per line were produced. 

Taking an average over ro days, the production rate was 5,263 

per line per day - a 72 percent increase in productivity over 

the earlier average of 3,050 parts per line! (Go to wwul.iieizet. 

~ ~ ~ n l ~ a g n ~ ~ i l ~ / ~ ~ t 0 ~ ~ h ~ / 7 ~ / t ~  to view the layouts for days one and 

t I1 ree). 

Because the production numbers are a function of the type of 

product being produced, a more accurate measure of improve- 

ment is the line efficiencycaprured by the machine's controller. 

The original average machine efficiency was 57 percent. Using 

the new layout, the efficiency jumped to 84 percent, a 47 percent 

improvement in machine efficiency. 

When the d i ~ s t  settled, everyone lived happily ever after.The 

operators were proud of their results and happy that they were 

no longer taking heat for poor performance. Management was 

ecstaric over the productivity improvement, line efficiency num- 

bers, and reduced cost perwidget.The students became heroes 

and got their Ks.And, most importantly, I now have a real live 

application of queuing theory. -:- 
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