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Abstract. In traditional production lines, such as assembly lines, each worker is usually assigned to a particular 
fixed work, and decreasing the task to master the assigned work is valuated. However, when an imbalance exists 
between workers’ speeds, if a worker delays the overall work in the production line, the production rate of the 
particular line will also decrease. To avoid this problem, the “Self-Balancing Production Line” was introduced. 
In this type of production line, each worker is assigned work dynamically, and when specific conditions are 
satisfied, production remains balanced. Characteristics of these lines that can be preempted at any place have 
already been analyzed by some researchers. A previous paper examined the situation in which only a single 
worker can process one machine and cannot preempt processing, and the improved policy of an ordinary self-
balancing production line, which specifies which stations workers can process and how workers can behave.This 
policy achieveda high production rate with only four stations and two workers (Buzacott, 2002). In that paper, 
worker processing stations and the behavior of a specific worker were limited, andthe paper focused only on 
specific stations and workers. Therefore, it is not applicable to any worker sequence. In this paper, we focus on 
other ways to decrease cycle time. In this kind of line, a worker processes at his or her speed. Therefore, if a 
worker is assigned stations according to his or her speed, the line can decrease cycle time. To do so, we relax the 
assumptions of this type of line and set a new condition. Under these conditions, we compare our results to the 
results of previous papers. 
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1.  INTRODUCTION 

In the traditional assembly line, each worker is 
usually assigned to fixed work, and each worker iterates 
his or her assigned work continuously to achieve assem-
bly line balancing. Balancing the work assigned to 
workers has been studied for the traditional line (for 
example, Scholl (1995)). When an imbalance in the 
speed of workers exists, the slowest worker will delay 

the overall work. As a result, the production rate of the 
production line will also decrease. To solve this problem, 
the “Self-Balancing Production Line” was introduced. 
The utilization of the mentioned method has been re-
ported in at least two commercial environments: apparel 
manufacturing and distribution warehousing (Bartholdi 
and Bunimovich, 1999). In this type of production line, 
each worker is assigned to work dynamically, and when 
the last worker completes an item, he or she walks back 
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and takes over the next item from his or her predecessor. 
The predecessor then walks back, takes over the next 
item from his or her predecessor, and so on, until the 
first worker walks back and starts a new item. Because 
faster workers are assigned more work in processing an 
item and slower workers are assigned less, a balance can 
be maintained. For lines with a constant working speed, 
it has been found that the maximum production rate can 
be achieved if the workers are sequenced from slowest 
to fastest (Bartholdi and Eisenstein, 1996). Other condi-
tions with three workers have been simulated numeri-
cally (Bartholdi and Bunimovich, 1999), and the per-
formance of a production line with n workers has been 
analyzed mathematically (Hirotani et al., 2006). 

The above-mentioned papers are considered to be 
similar in that a worker can take over processing an item 
anywhere. Some papers have been published on this line 
with stations included. McClain et al. (2000) considered 
stations both with and without preemption by simulation. 
In their paper, six stations and three workers are as-
sumed, and they derive the optimal zone size and con-
trol rules based on WIP (Work-In-Process) and the wor-
kers’ sequence. If preemption is allowed and all workers 
can process anywhere, the authors claimed that the line 
they studied is similar to the self-balancing production 
line, which is the same as the line in the previous papers 
(ex. Bartholdi and Eisenstein, 1996).  

Also, Buzacott (2002) considered stations both with 
and without preemption by using dynamic programming. 
He assumed four stations and two workers and derived 
an optimal policy that modifies the rule of previous self-
balancing production lines. He claimed that the modi-
fied rule can achieve higher efficiency than that of the 
previous self-balancing production line. Moreover, Hi-
rotani et al. (2008) extend the above paper to any num-
ber of workers and stations. They claimed that if the 
number of either workers or stations is large, the modi-
fied proposed rule is better than that of the aforemen-
tioned papers. 

Hirotani et al. (2009) considered the case in which 
worker speed is deterministic when there are some sta-
tions. They analyzed conditions for achieving the maxi-
mum production rate and based on the analysis, they 
proposed a policy that increased the production rate. 

Armbruster and Gel (2006) considered a model in 
which each worker’s speed can be varied according to 
the work both with and without passing workers. They 
claimed that their simple rule, which switched the se-
quence of the workers, is a good way to balance the line. 

Nakade and Ohno (2003) proposed two kinds of al-
locations in U-shaped production lines: separate and 
carousel. Separate allocation is an allocation in which 
each worker processes at some assigned machine. On 
the other hand, Carousel allocation is an allocation in 
which every worker processes at all machines sequen-
tially, like a carousel. 

In this paper, based on the previous papers of Arm-
bruster and Gel (2006) and Nakade and Ohno (2003), 

we propose a new worker policy to decrease cycle times. 
To do so, we relax the assumption regarding how this 
line allows passing and set a new condition. Under this 
situation, we compare our results to the results of previ-
ous papers. 

This paper is organized as follows: In section 2, as-
sumptions and characteristics of this self-balancing pro-
duction line are explained. In section 3, we propose a 
new worker policy to decrease cycle time. In section 4, 
we show numerical examples to compare with policies 
of precious papers. Finally, our conclusion and other 
remarks are given in section 5. 

2.  THE PRODUCTION LINE 

In this section, assumptions and characteristics of 
the self-balancing production line used in this paper are 
described. 

2.1 Assumptions 

In this paper, the production line with the following 
assumptions is considered. 
1. Each worker processes only one identical item se-

quentially. 
2. Workers are sequenced from one to n on the produc-

tion line, and each worker never passes over the up-
stream and downstream workers. 

3. A worker processes his or her work while he or she 
moves along the line, and worker i processes at a 
constant speed in the production line. In this paper, 
we define pi as the processing time for worker i at 
each station. However, the workload for each station 
is the same. Therefore, the processing time for each 
station only varies according to the worker speed. 

4. When the last worker finishes processing an item, 
worker n walks back to worker n-1 and takes over the 
next item from worker n-1. Then, worker n-1 walks 
back to worker n-2 and takes over the next item from 
worker n-2. Similarly, all workers walk back to the 
worker who precedes them and takes over the next 
item from the preceding worker, and worker 1 intro-
duces a new item into the system. The time required 
to walk back and take over is ignored. If the preced-
ing worker is still processing when he or she starts to 
walk back, he or she must wait until the preceding 
worker finishes processing at that station. 
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Figure 1. Production line with m stations and n workers. 
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5. There are m(>n) stations in the production line (see 
Figure 1). Preemption, in which a worker can take 
over an item from his or her predecessor while proc-
essing, is not allowed. The time required to walk be-
tween stations is ignored. 

2.2 Self-Balancing and Convergence 

It has been shown that the production line can main-
tain balance when workers are sequenced from slowest 
to fastest and the working speed is constant for all 
workers (Bartholdi and Eisenstein, 1996). Subsequently, 
the position of workers will converge to a unique fixed 
point, defined as xi*, for worker i as follows: 

 
1

* 1

1

i
kk

i n
kk

v
x

v

−

=

=

= ∑
∑

    (1) 

 
where vi is the speed of worker i. Under this condition, 
the production rate can be calculated as the sum of each 
worker’s speed. Hirotani et al. (2006) found the condition 
for convergence that the line can balance for n workers 
as follows: 
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This condition includes the slowest-to-fastest sequence 
shown by Bartholdi and Eisenstein (1996). 

2.3 Imbalance 

When workers are not sequenced in such a way that 
the line can maintain balance, a slower worker prevents 
the preceding faster worker from continuing processing. 
This condition is called blocking. After blocking occurs, 
the faster worker moves at the same speed as the slower 
worker until the last worker finishes his or her item. 
Under this condition, the position of workers will not 
converge to a fixed point, and thus, the production rate 
decreases. Two kinds of blocking exist. One is blocking 
caused by the worker’s initial position, and the other is 
bloc king caused by the worker’s speed. In our model, 
additional blocking also occurs when the worker walks 
back, unless the predecessor has finished processing at 
any station. 

3.  NEW WORKER POLICY 

In this section, we propose a new worker policy to 
decrease cycle time based on the previous papers of 
Armbruster and Gel (2006) and Nakade and Ohno 
(2003). To do so, we relax the as sumptions in this kind 
of line and set a new condition. The new worker policy 
arises based on the idea that if each worker processes 

according to the worker’s speed, the line can be bal-
anced. For example, if the number of stations is five and 
workers’ processing times are p1 = 2, p2 = 3, respectively, 
worker 1 processes at three stations and worker 2 proc-
esses at two stations. We consider two measures: (1) 
allowing passing and (2) walking back. 

3.1 Allowing passing 

This measure is whether passing occurs or not. This 
policy is based on the previous paper of Armbruster and 
Gel (2006). They assumed that a worker can change his 
or her speed according to the work. Under this condition, 
allowing passing is more effective. If a downstream 
worker has finished an item and the processing time of 
the downstream worker is larger, the worker can pass 
the downstream worker and process an item that has 
been processed by the downstream worker. The down-
stream worker processes an item that has been processed 
by the other worker. In the traditional rule of self-
balancing production lines, workers cannot pass. If the 
sequence is not ideal for achieving a high production 
rate, the production rate can increase to change the se-
quence. We show an example for two workers and four 
stations with p1 = 1 and p2 = 2 in Figure 2. In Figure 2, a 
number in the box represents a worker who processes at 
each station. At time 2, workers 1 and 2 finish process-
ing at stations 1 and 2, respectively, and worker 1 is 
faster than worker 2. Therefore, worker 1 passes worker 
2 and processes an item processed by worker 2 at station 
3, while worker 2 processes an item processed by 
worker 1 at station 2. 

 

 
Figure 2. An example of allowing passing with p1 = 1 and 

p2 = 2. 

3.2 Walking back 

This measure is one in which the last worker walks 
back. In the traditional rule for a self-balancing produc-
tion line, the last worker walks back to worker n-1. In 
this paper, as an alternative, the last worker walks back 
to the first station, such as the carousel-type allocation 
proposed by Nakade and Ohno (2003). We show an ex-
ample for two workers and four stations with p1 = 2 and 
p2 = 1 in Figure 3. Figure 3 is similar to Figure 2. At 
time 3, worker 2 finishes processing at station 4. There-
fore, worker 2 walks back to the first station. 
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Figure 3. An example of walking back to the first station 

with p1 = 2 and p2 = 1. 

4.  NUMERICAL EXAMPLE 

In this section, we show numerical examples for 
comparison with the traditional rule for a self-balancing 
production line. In our analysis, two workers (n=2) and 
four stations (m=4) are assumed. The performance mea-
sure is average cycle time.  

4.1 Effect of Allowing Passing 

We first analyze the effect of allowing passing. The 
condition for allowing passing is a relaxed one. There-
fore, we as sumeth at cycle time decreases compared to 
the traditional self-balancing production line. Results are 
shown in Table 1. In Table 1, the cycle time of all pass-
ing cases is not better than that of no passing (traditional 
self-balancing production line) case. This is the opposite 
of what we proposed. In the previous paper by Arm-
bruster and Gel (2006), allowing passing improves the 
result for achieving the maximum production rate. We 
consider why these results can be derived.  

 
Table 1. Results for passing and no passing. 

Average cycle time 
p1 p2 Passing No passing(traditional) 

1 2 3 3 
2 1 3 3 
1 3 3 3 
2 3 6 5 

 

4.1.1 Case of Slowest-to-Fastest Worker 
Sequence 

In this case, passing never occurs. No worker is 
faster than other downstream workers. Therefore, the 
average cycle time is the same as in the case of no pass-
ing. 

4.1.2 Case of Fastest-to-Slowest Worker 
Sequence 

In this case, passing occurs only once. Once the 

worker sequence is changed, the worker sequence is slo-
west to fastest. Nevertheless, the case of passing is a bad 
result when p1 = 2 and p2 = 3. We show this in our figure. 
The variation of workers’ processing stations ac-cording 
to the time is shown in Figure 4. In the left side of Fig-
ure 4 (passing case), worker 1 processes at stations 1 
and 2 and worker 2 processes at stations 3 and 4. This 
assignment is the same as fixed assignment. Therefore, 
worker 2 cannot take over an item from worker 1 imme-
diately worker 2 walks back. This means that even if 
passing is allowed, in order to prevent blocking by the 
downstream worker, another blocking by an upstream 
worker occurs. That is why the cycle time of passing 
case is not better than that of the no passing case. 

4.1.3 Case that Number of Stations is Multiple of 
the Sum of Processing Time of All Workers 

This is a special case. For the example of p1 = 1 
and p2 = 3, shown in Table 1, the sum of processing 
times is 1+3 = 4. This is the same as the number of sta-
tions (4). In this case, each worker can process an item 
according to the ratio of processing time. For the above 
parameters, worker 1 processes for three stations and 
worker 2 processes for only one station. Of course, this 
special case has no relationship with passing. 

 

 
Figure 4. Worker’s processing station for passing and no 

passing case for p1 = 2 and p2 = 3. 

4.2 Effect of Walking Back 

Next, we analyze the effect of walking back. Re-
sults are shown in Table 2. In Table 2, the cycle time of 
almost walking back to the first station case is not better 
than that of the worker n-1 case. We consider how these 
results can be derived.  

4.2.1 Case of Slowest-to-Fastest Worker 
Sequence 

In this case, slowest-to-fastest worker sequence 
changes to a fastest-to-slowest worker sequence. There-
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fore, blocking finally occurs. We show this with a figure 
for p1 = 2 and p2 = 1. The variation of workers’ process-
ing stations according to the time is shown in Figure 5. 
In Figure 5 at time 3, worker 2 has finished an item and 
walks back to the station 1. At time 5, worker 2 is bloc-
ked by worker 1 because worker 1 has not finished pro-
cessing at station 3. That is to say, another blocking oc-
curs. That is why the cycle time of almost walking back 
to the first station case is not better than that of walking 
back to worker n-1 (traditional) rule. However, for p1 = 
3 and p2 = 2, the cycle time of walking back to the first 
station case is better than that of traditional method. 
This is because under the traditional rule, worker 1 only 
processes at stations 1 and 2 and worker 2 only proc-
esses at stations 3 and 4. This assignment is the same as 
the fixed assignment. That is why in this case the cycle 
time is better than that of the traditional rule. 

 
Table 2. Results for the effect of walking back. 

Average cycle time 

p1 p2 Walks back to the 
first station 

Walks back to the  
Worker n-1 
(traditional) 

1 2 3.5 3 
2 1 3.5 3 
2 3 5.5 5 
3 2 5.5 6 

 

 
Figure 5. Worker’s processing stations for the walking 

back to the first station case for p1 = 2 and p2 = 1. 

4.2.2 Case of Fastest-to-Slowest Worker 
Sequence 

In this case, blocking by the downstream worker 
occurs frequently. Therefore, faster workers have to pro-
cess at the slower worker’s speed. Therefore, the cycle 
time increases compared to the traditional rule. 

4.3 Integrating Two Policies 

In the previous sections, we show that the two poli-
cies are not better than the traditional one. This is be-
cause only one side (preventing blocking by either down-
stream or upstream) was considered. Next, we integrate 
two policies, and call this the proposed policy. Results 
are shown in Table 3.  

 
Table 3. Results of comparing proposed and traditional 

policies. 

Average cycle time 
p1 p2 Proposed Traditional 

1 2 2.67 3 
2 1 2.67 3 
2 3 5 5 
3 2 5 6 

 

 
Figure 6. Workers’ processing stations under the proposed 

policy for  p1 = 1 and  p2 = 2. 
 
The cycle time of the proposed policy is not worse 

than that of the traditional policy. Also, if the sum of 
processing times is the same, the average cycle time is 
also the same in the proposed policy. We show this with 
figure for p1 = 1 and p2 = 2. The variation of workers’ 
processing stations according to the time is shown in 
Figure 6. In Figure 6, worker 1 walks back to the first 
station at time 4, and passes worker 2 at times 2, 6, and 
10. Using both policies, the faster worker 1 processes at 
many stations; therefore, the cycle time decreases. On 
the other hand, in the case in which p1 = 2 and p2 = 3, the 
cycle time of the proposed policy is the same as the tra-
ditional rule. This is because even if both policies are 
adapted, one worker has to wait for another worker, de-
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pending on processing time. This proposed policy is 
more effective, especially if the processing time of one 
worker is a multiple of the processing time of another 
worker. 

4.4 Effect of the Real Value Case 

In the previous three subsections, the processing 
time is assumed to be an integer. In this subsection, we 
analyze the case in which one worker’s processing time 
is one, but another’s is a real number. The result is 
shown in Table 4. These results show that the cycle time 
decreases as ratio of processing time. For example, the 
processing time when p1 = 1 and p2 = 1.5 is half that of 
the case when p1 = 2 and p2 = 3. Therefore, the cycle 
time decreases from 5 to 2.5. However, when worker 
processing times are not integral multiplies of any other 
worker’s processing time, blocking occurs frequently. 
Therefore, the cycle time increases more than the ratio 
of processing time. 

 
Table 4. Result for real value case. 

Average cycle time 
p1 p2 Proposed Traditional 

1 1.5 2.5 2.5 
1.5 1 2.5 3 

4.5 Extending to More Than Three Workers 

In this section, based on the results of the previous 
four sections, we try to give insight to extend our work 
to more than three workers. Results show that when 
slower workers process less, a short cycle time can be 
achieved. This is because blocking by slower workers 
seldom occurs. Therefore, we should set policies in 
which slower workers process less. To do so, the pro-
posed policy is preferable even if there are more than 
three workers. 

5.  CONCLUSION 

This research focuses on the self-balancing produc-
tion line with stations. First, we propose a new policy 
with two measures: allowing passing and walking back. 
Based on these two measures, we analyze the effect of 
each and compare to the rule in the traditional self-
balancing production line. Our results show that, using 
only one of these policies does not achieve a good result 
compared to the traditional rule. However, by integrat-

ing these policies, we can derive smaller cycle times 
than that of the traditional policy. Moreover, based on 
the results, we give aninsight to extend this to more than 
three workers. 

In our research, we only give insight to extend 
more than three workers. Analyzing more than three 
workers is future research work. 
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