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1 Introduction 

There are several approaches a successful company could take to improve.  One of them 
is the Six Sigma Methodology, which was designed to improve production processes.  In recent 
years, it has also been used to improve services provided by companies to the public.  This 
methodology consists of five steps which are classified with the DMAIC notation.  DMAIC stands 
for Define, Measure, Analyze, Improve and Control and those are the steps that should be 
taken into account to improve a working system (Montgomery, 2009).  The first step consists of 
defining a system to be studied and determining which areas of the system are feasible for any 
or several improvements.  After that, measurements should be taken and analyzed.  Once the 
system and the data has been reviewed, the next step in Six Sigma consists of making a 
suggestion of one or several improvements that should be carried out.  It is important to 
understand that for the methodology to work, there has to be some sort of control over the 
new processes that have been installed.  This enables Six Sigma to have a real impact on the 
company.  The control over the improvements is the last step of the notation.  Following these 
steps, improvements can be obtained in almost any company or system.  An approach similar 
to Six Sigma was used to analyze a DISTOYOTA vehicle workshop in Bogotá. 

Distribuidora Toyota S.A.S. (DISTOYOTA or DTS) is the largest distributor of Toyota 
vehicles in Colombia.  The company imports and distributes vehicles and logistics machinery, 
but is also responsible for a network of workshops for Toyota vehicles in the country.  The 
biggest DISTOYOTA workshop is in Bogotá, and it’s called DISTOYOTA Calle 102 (102nd Street). 

The DISTOYOTA workshop follows a six step process for all arriving vehicles.  The 
vehicles are divided in two main groups depending on the type of service they will receive.  In 
one of the steps of the process, a DISTOYOTA engineer must make the decision of assigning 
the workshop mechanics all the cars that have appointments for maintenance.  In this step, the 
workshop engineer manually selects which workshop mechanic should handle which vehicle and 
in which order.  Under these circumstances, the workshop can be modeled as an Open Shop 
Scheduling problem, in which the order of service is immaterial and the scheduler makes the 
decisions. 

This workshop is responsible for handling nearly 7,200 vehicles every year 
(DISTOYOTA, 2013).  Sig Sigma is a tool that could be used to yield improvement.  This 
document’s purpose is to present the first approach to Six Sigma implementation that has taken 
place in the workshop.  More specifically, this project will focus on the implementation of a 
computerized tool that will help the workshop engineers assign vehicles to their workshop 
mechanics efficiently. 

There is sufficient literature regarding the best solution of the Open Shop Scheduling 
problem, such as Bräsel et al. (2008), in which several constructive heuristic algorithms are 
developed.  The problem of scheduling n jobs on m machines in the open shop environment is 
considered.  They focus on minimizing the sum of completion times or mean flow time.  The 
quality of the solutions is estimated by the calculation of a lower bound.  Trying to minimize the 



average flow time, the choice for the best solution procedure depends on the relationship 
between the number of jobs and machines, n and m.  Constructive heuristics are not suited to 
minimize the average flow time.  The authors find that for shops in which the number of jobs is 
greater than the number of machines (n>m), the Beam-Insert procedure provides the best 
solutions.  Beam-Insert is also the best solution for square problems, in which the number of 
machines is the same as the number of jobs (n=m).  Beam-Insert is also the best procedure for 
shops with more machines than jobs (n<m). 

In an earlier work, Bräsel et al. (1993) solves the Open Shop problem with constructive 
heuristic algorithms while minimizing makespan or schedule length.  Two types of heuristic 
algorithms are developed by these authors.  The first one consists of a rank-minimal schedule 
by solving successively weighted maximum cardinality matching problems.  The second one is 
the construction of an approximate schedule by applying insertion techniques combined with 
beam search.  Further research has developed more advanced methodologies to find efficient 
solutions to the Open Shop problem. 

Fang et al. (1994) developed a promising hybrid genetic algorithm approach for this 
sort of problem.  Here, the novelty was the combination of a heuristic with a Genetic Algorithm, 
which was not common at the time  This new approach obtained improvements on benchmark 
Open Shop Scheduling problems.  It can be modified to deal with more complex problems that 
occur in the industry and also discusses issues relating to more improvements in performance 
and integration into industrial job shop environments. 

Ahmadizar and Farahni (2011) describe a novel hybrid genetic algorithm for this 
problem, where a specialized crossover operator is used to preserve the relative order of jobs 
on machines, and a strategy to prevent from searching redundant solutions in the mutation 
operator is applied.  An iterative optimization heuristic was employed and used the concept of 
“randomized active schedules”, a dispatching index based on the longest remaining processing 
time rule and a lower bound to reduce the search space.  Results show that this algorithm 
outperforms other GA and is competitive with well-known heuristics. 

In the following sections, this document aims to illustrate the development of a 
computerized tool that can be used to assign all the vehicles that have scheduled appointments 
at the workshop to all the available workshop mechanics efficiently.  For this, Section 2 will 
focus on the problem that the workshop management team is currently facing.  Section 3 will 
explain the model used to try to solve the problem.  In Section 4, there will be an overview of 
the implemented methodology and Section 5 presents the results gathered in this project.  In 
Section 6, the conclusions concerning this first Six Sigma approach in the DISTOYOTA 
workshop are shown. 

2 Problem 

In 2012, the workshop served 7,155 vehicles, averaging nearly 600 vehicles every month 
(DISTOYOTA, 2013).  In 2012, the workshop did not meet the management forecasts once, 
and in the three months available for this study during 2013, the goals have not been achieved 
either. 

The services the workshop provides for vehicles are basically divided in two main groups, 
CPUS o BPUS.  The first refers to all vehicles that require mechanical services or periodical 
maintenance services.  The second one, BPUS, refers to the group of vehicles that is admitted 
to receive body and paint work.  The workshop follows a six-step process to service a vehicle.  
This process is summarized in Figure 2.1. 
  



Figure 2.1 - Toyota Six-Step Process 
 

 
 

 
In the first step, DISTOYOTA workshop employees use their customer databases and 

contact customers whose vehicles are about to reach a maintenance interval.  The information 
that the workshop has is not completely accurate, but it’s an estimation based on the average 
Km covered by every customer monthly.  Once the workshop employee has reminded the 
customer of his/her vehicle’s next service, the customer must contact the workshop to make an 
appointment.  These appointments are assigned by personnel that know the customer’s vehicle 
model, model-year and type of maintenance required.  Keeping this information in mind, and 
knowing which other appointments have been assigned (at which hour) for any particular day, 
the workshop employee in charge of appointment assignment asks which date and time are 
convenient for the customer before arranging with him/her. 

During the second step, vehicle admission, a Service Advisor is in charge of receiving 
the vehicle from the customer and explaining to them which procedures will take place on their 
vehicle and letting them know how long it will take and how much it will cost.  In the 
production plan step, one of the workshop engineers must assign all the admitted vehicles to all 
the available workshop mechanics, who in the Toyota workshops are known as technicians.  
This step of the process is crucial, for it is where a more efficient assignment of duties could 
yield improvement in the delivery times for all the vehicles in the workshop.  After the vehicles 
have been serviced, the Service Advisor waits for the customers to pick up their vehicles form 
the workshop and hands the vehicle over, letting the customer know which procedures were 
undertaken during the service of their vehicle and the total cost. 

Human Resources personnel carry out Post-Service Follow-Up, by contacting the 
customers a few days after their vehicle has left the shop to see if it was properly serviced and 
if there’s any remark involving the service provided that the customer would like to make. 

There is an important difference between vehicles admitted as CPUS or as BPUS.  
Vehicles admitted as BPUS cannot be easily categorized due to the differences in the services 
required by each vehicle.  Every Body and Paint job will differ depending on the vehicle model, 
the severity of the impact, the availability of spare parts and the difficulty of the mechanical 
process.  For CPUS, however, it is easier to categorize the services for every vehicle.  Also, for 
these, there is a standardized duration for every vehicle maintenance, which depends on the 
type of service that will be provided.  For vehicles coming in for maintenance at every odd 
multiple of 5,000 Km (5,000 Km, 15,000 Km, 25,000 Km, etc.) the maintenance routine is 
considered a light service routine and the expected duration of the service is of 1.5 hours.  For 
vehicles coming in for a service after the 10,000 Km mark, and every odd multiple of 10,000 
Km (10,000 Km, 30,000 Km, 50,000 Km, etc.) the routine is considered an intermediate service 
routine and takes no more than 2.5 hours.  For all vehicles coming in for a check-up after the 
20,000 Km mark, and every multiple of 20,000 Km (20,000 Km, 40,000 Km, 60,000 Km, 80,000 
Km, etc.) the routine is considered a heavy service routine and takes approximately 4 hours. 

This information is also taken into account when the appointments are being arranged, 
as the person in charge of the appointments must know and understand how many vehicles will 
come and which routines must be made by the technicians any given day.  It is their job to 
balance out the amount of vehicles coming in daily and giving the technicians a workload they 
are capable of handling. 

The next figures contain information regarding the workshop’s performance during the 
past 15 months.  This information is important to make a conscious decision concerning the 
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need for the implementation of the Six Sigma Methodology.  Figure 2.2 shows the total number 
of entries for 2012.  The bar-graph is divided into three segments.  The lower segment (shown 
in red) is the amount of vehicles that were admitted as CPUS.  The middle segment (shown in 
gray) is the number of vehicles admitted for body and paint work as BPUS.  The top segment 
(shown in gold) is the number of internal entries.  Internal entries refer to demo-car, 
management-owned, employee-owned, and used-car lot vehicles.  The month with the highest 
number of entries during 2012 was August, with 653, 459 of which were CPUS, compared to 
only 84 BPUS.   
 
Figure 2.2 - Total Entries (2012) 
 

 
 

 
In Table 2.1, it is clear that the amount of vehicles admitted as CPUS is substantially 

larger than the one for BPUS, 70.05% against only 14.48%.  CPUS entries were the largest 
during 2012. 
 
Table 2.1 - Real vs. Target Entries (2012) 
 

 
 

 
The workshop did not once meet the management target for number of entries during 

2012.  The percentage of vehicles serviced oscillated between 80%, obtained in January and 
May, and a highest of 97.6% for the month of December, as a percentage of the management 
target. 
  

Month CPUS BPUS Internal Total1Entries

Jan 393 76 61 530
Feb 426 79 84 589
Mar 430 120 71 621
Apr 362 94 86 542
May 382 82 68 532
Jun 401 78 107 586
Jul 358 67 148 573
Aug 459 84 110 653
Sep 450 86 102 638
Oct 450 79 93 622
Nov 464 91 65 620
Dec 437 100 112 649
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Jan 530 659 80.42%
Feb 589 659 89.38%
Mar 621 688 90.26%
Apr 542 588 92.18%
May 532 659 80.73%
Jun 586 630 93.02%
Jul 573 630 90.95%
Aug 653 695 93.96%
Sep 638 681 93.69%
Oct 622 726 85.67%
Nov 620 665 93.23%
Dec 649 665 97.59%



Graph 2.1 – Total Real vs. Total Target Entries (2012) 
 

 
 

 
For 2013, there is data available only for the first three months of the year.  There is no 

aggregate information regarding the number of total entries.  For this year, the results obtained 
by the company were very similar to the ones for the previous year.  Graph 2.2 contains the 
real number of CPUS entries in the 15 month period, compared with the target number of CPUS 
entries.  The target number was not reached once, and the best performance was in November 
2012, with 85% completion. 
 
Graph 2.2 - Real vs. Objective CPUS Entries (2012 - 2013) 
 

 
 

 
Figure 2.3 contains the same information as Figure 2.2, but this time regarding the 

number of hours labored.  Number of entries and number of hours labored are the two most 
important performance indicators for the workshop.  The bar-graph on the right is similar to the 
one in Figure 2.2 and each bar is also divided in three segments.  The bottom segment (shown 
in red) represents the total number of CPUS hours labored.  The middle segment (shown in 
gray) represents the number of BPUS hours labored and the top segment (shown in gold) is the 
total number of internal hours labored.  It’s interesting that the proportion of number of entries 
and number of hours labored is not maintained.  A CPUS entry represents fewer labor hours 
than a BPUS entry.  As a percentage of total entries, CPUS represent 70%, while in hours 
labored, it is less than 44%.  In the same way, BPUS entries represent only 14% of the total 
number of entries, but BPUS hours are nearly 42% of the total.  The remainder of the labored 
hours go to internally admitted vehicles. 
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Figure 2.3 - Total Hours (2012) 
 

 
 

 
Figure 2.4 shows the real number of hours labored compared with the target number of 

hours set by the management team.  Just like the number of entries, the number of total hours 
labored during 2012 didn’t meet any of the monthly targets.  The overall performance during 
the year was an 82.08% of hours labored vs. the target and the best month was April, when 
target completion reached 92.09%. 
 
Figure 2.4 - Real vs. Target Hours (2012) 
 

 
 

 
Graph 2.3 shows the number of CPUS hours labored for the 15 months of data.  CPUS 

hours, as indicated earlier, represent about 44% of the total number of hours labored.  The 
target for CPUS hours labored was not reached during the study period.  The completion 
percentage is low, 73.84% on average.  The numbers range from 65% for July 2012, to a 91% 
high in March, 2013. 
 
Graph 2.3 - Real vs. Target CPUS Hours (2012 - 2013) 
 

 
 

 
The target number of vehicle entries is not being reached.  The target number of CPUS 

entries is not being reached.  The number of CPUS hours labored is not being reached.  

Month CPUS*Hours BPUS*Hours Internal*Hours Total*Hours

Jan 1259 1122 342 2723
Feb 1427 1231 393 3051
Mar 1496 1431 408 3335
Apr 1215 1358 582 3155
May 1384 1591 512 3487
Jun 1341 956 398 2695
Jul 1182 1211 464 2857
Aug 1684 1452 525 3661
Sep 1559 1282 444 3285
Oct 1516 1482 484 3482
Nov 1384 1389 249 3022
Dec 1295 1590 691 3576
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Jan 2723 3843 70.86%
Feb 3051 3843 79.39%
Mar 3335 4008 83.21%
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Jul 2857 3675 77.74%
Aug 3661 4131 88.62%
Sep 3285 4044 81.23%
Oct 3482 4309 80.81%
Nov 3022 3951 76.49%
Dec 3576 3951 90.51%

Total 38329 46699 82.08%
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However, Graph 2.4 shows that the number of available CPUS hours is higher than the number 
of real labored hours.  The number of hours available is calculated by multiplying the number of 
CPUS technicians available every day, by the number of daily labor hours, by the number of 
labor days in every month.  As of March, 2013, DISTOYOTA Calle 102 has 13 CPUS technicians 
on a regular basis.  Real CPUS labored hours was 73.62% of the total CPUS hours available.  
The month with the highest rate of utilization was March 2012, where 83.6% of available hours 
was used for actual labor. 
 
Graph 2.4 - Real vs. Available CPUS Hours (2012) 
 

 
 

 
The management team is facing a problem.  Not enough vehicles are coming in for 

service.  As mentioned before, the number of BPUS vehicles that enter every month depend on 
a number of circumstances that the management team cannot control.  However, the number 
of CPUS entries depends on the number of clients who are having appointments arranged with 
the workshop.  The workshop operators arranging the appointments are not assigning enough 
vehicles every day.  In fact, 60% to 80% of CPUS technician time could not be used for 
appointment vehicle services because they had to leave time for vehicles with no appointment 
in need of immediate service and for any unsuspected elongation of appointment vehicle 
servicing.  With only a certain number of hours available for CPUS appointment services, the 
management team should then try to maximize the number of vehicles that can be serviced in 
a specific time. 

The assignment of vehicles to every technician in the workshop is dealt with in the fourth 
step of the process mentioned in Figure 2.1.  During production plan, as it was mentioned 
before, one of the workshop engineers must assign, manually, all of the vehicles with 
appointments to any of the available technicians.  For this part of the process, Toyota has 
developed a clever system, which aids this sort of decision-making process. 

Toyota calls its system the Job Planning Board, which can be seen in Figure 2.5.  This is 
an actual board, containing information categories and in which the vehicle service distribution 
can be arranged.  The board represents a matrix in which every column is an hour of the day 
and every row, which is divided in two, represents a Toyota Technician.  This board has 
information concerning lunch brakes, for example, so that no job could be assigned or carried 
out during the technician’s breaks.  To the left of the board, there are three columns of plastic 
folders, in which engineers can place the paperwork belonging to every vehicle.  The three 
columns to the left have the names “Three Days Before”, “Two Days Before” and “One Day 
Before”.  The idea here is that all vehicles that have an appointment, three days before, must 
have complete paperwork.  The engineer’s role is to get all this information ready in time.  
Once the day goes by, all the vehicles that were in the third column are moved to the second, 
the ones that were in the second are moved to the first, and the ones that were in the first are 
moved to the board.  At this same time, there are new vehicles inserted into the “Three Days 
Before” column.  Once the engineer has taken all of the vehicles’ information, he then transfers 
the paperwork to the right of the Job Planning Board.  Here, there are different categories of 
folders as well.  One of the right-hand-side folders, for example, must hold all the information 
for vehicles that need spare parts, which are not available in stock.  At this same moment, the 
engineer must assign all of the vehicles he passed from the left to the right to all the available 
technicians in a specific order. 
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Figure 2.5 - Job Planning Board 
 

 
 

 
There are magnets that contain the vehicle’s license plate, model and type of service.  

Each magnet is equivalent to a 1-hr slot on the board.  The engineer must assign all the 
vehicles to the technicians by placing the magnet on the first row of the two dedicated to every 
technician at the time that he must start processing the vehicle.  Since not all processes take 
one hour, there are 30-minute and 60-minute extension magnets that should be placed when a 
job takes more than the 1-hr time allocated by the vehicle magnet.  The first row of the two for 
every technician is the production plan row and the second one is the real production row.  A 
technician must, upon reaching the shop, go to the board and check which vehicle has been 
assigned to him.  The technician must then retrieve the paperwork for that vehicle (which is 
now on the right side) and move the magnets down from the production plan row to the real 
production row.  This lets the workshop engineer know that the technician has begun work on a 
vehicle.  Once the technician has finished his work on the vehicle, he proceeds back to the 
board, returns the paperwork or vehicle file and removes the magnets from the board, 
indicating that the vehicle has been serviced. 

There are two situations in which the engineer will know that something is not going 
according to plan.  On the top of the board, every column is labeled with an hour of the day.  If 
the technician effectively moved the magnets from the production plan row to the actual 
production row but, has not removed them (indicating he has not completed the service) and 
the service was supposed to be finished, the engineer will know that the technician could be 
experiencing difficulties servicing the vehicle and should send assistance.  The second problem 
arises when the engineer goes down through the board at the exact time of the day.  If any job 
that had been planned to start before the actual time is still in the production plan row, then 
the assigned technician has not begun that task.  The engineer must then investigate. 

The Job Planning Board is a clever solution to be able to manage the workshop 
efficiently.  However, the assignments are made by hand, every day, by the engineer in charge.  
Since all the assignments are made by hand, freely, and there are no restrictions as to the 
order in which they must be assigned, this step of the process behaves similarly to an Open 
Shop Scheduling problem.  Pinedo (2012) defines the Open Shop as one in which the route of 
the job is immaterial and is put to the scheduler to decide.   

It is important to keep in mind that only vehicles that have CPUS appointments go 
through the whole Job Planning Board process.  Because of the maximum 60% to 80% of 
appointment vehicles scheduled time, the total number of vehicles admitted as CPUS that 
actually gets assigned to a technician following the process mentioned earlier is only about 70% 
of all the CPUS entries registered.  This means that every day, for this 15 month average, the 
total number of vehicles with appointment for CPUS services was 13 per day.  During the 15 
month study period, on average 76% of all CPUS entries were vehicles with appointments, as is 
shown in Table 2.2.  The remainder were vehicles that showed up on the same day. 
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Table 2.2 - CPUS Entries (2012 - 2013) 
 

 
 

 
One of the solutions the workshop management team could give to obtain a larger 

number of vehicles serviced every month, in order to reach the targets set and to obtain a 
higher utilization percentage of shop resources, could be to more efficiently assign all the 
vehicles with appointments to the technicians so that more appointments could be made in any 
given day. 

3 Mathematical Model 

There are several objectives which the programmer can set to optimize in this sort of 
problem (Pinedo, 2012).  One of the most common is to minimize the makespan.  To solve the 
Open Shop Scheduling problem, Pinedo (2012) proposes two heuristics with the goal to 
minimize the makespan.  Makespan is defined as the completion time of the last job to leave 
the system.  A minimum makespan usually implies a good utilization of the machines, or, in this 
case, the technician.  In Equation 3.1 is the formal definition of makespan.  In this equation, m 
is the set of machines and n is the set of jobs.  Makespan is equivalent to the completion time 
of the last job to leave the system. 
 
Equation 3.1 – Makespan 
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Each job has to be processed in each of the machines.  Some of the processing times 

may be zero, which means that not all machines have to process every job.  Because there is 
no specific order that must be followed for job processes, the process route is immaterial.  The 
scheduler makes the decisions of which machine, and in which order, will process a job, the 
Open Shop problem is not comparable with similar Flow Shop or Job Shop problems.  As there 
are no restrictions with regard to the routing of each job through the machine environment, the 
scheduler is allowed to determine a route for each job and different jobs may have different 
routes.  The similarity of this Open Shop model with the actual reality of the DISTOYOTA 
workshop is that each vehicle can be considered as a job and every technician can be 
considered as a machine.  There are some Open Shop generalities that translate directly into 
the vehicle workshop environment, as well.  No machine can handle two jobs at the same time 
for Open Shops and no technician may work on more than one vehicle at the same time.  In 
the same way, no job can be processed by more than one machine any given time and no 
vehicle may be serviced by more than one technician any given time. 

To calculate the quality of a solution, a lower bound can be obtained (Ahmadizar & 
Farahani, 2012).  The lower bound is the minimum time that is required for the system to 
complete all of the jobs, because it is the maximum of the sums of all the processing times 
required by any given job on all machines.  Equation 3.2 shows the Lower Bound calculation.  



In this equation, pij represents the processing time for the j-th job on the i-th machine.  The 
total sum of the processing times for the job that takes the longest is the minimum duration of 
the system.  Makespan is equal to lower bound when the machine with the largest sum of 
processing times is never idle. 
 
Equation 3.2 - Lower Bound 
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A good indicator of the quality of a solution is the ratio of makespan over lower bound.  

The lower bound for an instance is always the same, but the makespan changes depending on 
the solution.  A lower ratio, the closest to 1, will be a better solution for the problem minimizing 
the makespan as much as possible.  The quality of the solution can be calculated using the 
equation described in Equation 3.3. 
 
Equation 3.3 - Solution Quality 
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4 Methodology 

Pinedo (2012) suggests the use of an heuristic to solve the Open Shop Scheduling problem.  
This heuristic does not allow idling machines if there are jobs available for those machines to 
process.  It is known as the Longest Alternate Processing Time first (LAPT) rule.  This rule is 
useful only when having two machines.  Whenever a machine is freed, start processing, among 
the jobs that have not yet received processing on either machine, the one with the longest 
processing time on the other machine.  At time zero, for example, there are jobs that could 
qualify to be first on either of the machines.  When this is the case, it does not matter which 
machine the job is processed in first.  With this rule, whenever a machine is free, jobs that have 
been processed on the other machine have the lowest priority to be picked by the free 
machine.  There is no distinction between two jobs that have already been processed by the 
same machine.  According to Pinedo (2012), the LAPT rule results in an optimal schedule for 
shops with two machines while minimizing makespan. 

The LAPT rule is considered as a special case of a more general rule that can be applied 
to open shops with more machines.  This rule is known as the Longest Total Remaining 
Processing on Other Machines first rule or LTRPOM (Pinedo, 2012).  This rule consists of 
assigning on any free machine the available job with the longest combined processing times on 
all the other machines.  The LTRPOM rule generates a schedule with an effective makespan and 
minimizes machine idle time (Pinedo, 2012). 

The vehicles are indexed with the letter j in n.  Technicians are indexed with the letter i 
in m.  The workshop engineer is responsible of assigning every vehicle to a technician and 
setting an expected process duration for every technician on each assigned vehicle.  This 
information is the processing time for every job (vehicle) by every machine (technician) and is 
gathered in a m x n matrix.  Every item on this matrix is pij.  Let this matrix be called A. 

From the information in A, a secondary m x n matrix is constructed.  Call this matrix B.  
The B matrix contains, for every machine on every job, the duration of the processing times of 
the job on every machine other than itself. 
  



Equation 4.1 – Remaining Processing on Other Machines 
 

𝐵!,! = 𝑝!,!
!!!

 

 

 
The result of the LTRPOM Algorithm is a m x n matrix, called C, in which all of the n 

jobs are assigned to all the m machines in a specific order.  The first column element for every 
row is the vehicle that should be serviced by the technician indicated by that row.  This way, 
the j-th vehicle on the i-th row is the vehicle that should be serviced by the i-th technician in 
the j-th position. 

The order in which the elements are arranged in C is an order obtained by the 
implementation of the LTRPOM rule applied on the n vehicles with the m technicians available, 
knowing the processing time of every vehicle by every technician, given by the engineer as the 
A matrix, which tries to minimize the makespan of the system. 

Since LTRPOM rule is a heuristic, there is no guarantee that the C matrix solution given 
will be optimal, for systems with more than two technicians.  However, it does guarantee an 
effective distribution with very little time and effort invested in the assignment procedure. 

However, this tool gives an efficient solution in minimal computing time, requiring the 
same information that would normally be provided by the engineer.  The makespan over lower 
bound ratio will be used to calculate the quality of a solution, knowing that a ratio close to 1 is 
the best possible solution. 

Reducing makespan is not the only goal that could be achieved to solve the Open Shop 
problem.  The reduction of mean-flow time, or the average time that it takes for a machine to 
finish processing all its assigned jobs, could also be used.  For this particular case, the goal is to 
minimize makespan and the LTRPOM rule is used.  Normally, clients leave their vehicles in the 
shop in the morning and come back for them in the afternoon.  Minimizing makespan means 
that technicians will be done processing all their assigned vehicles sooner and be free to 
process more vehicles afterwards.  Minimizing mean-flow time would give a result in which 
most technicians will finish processing their assigned vehicles at nearly the same time, but 
having big idle periods during the day.  It is more beneficial for the workshop technicians to 
finish as fast as they can and makespan is a better goal to minimize. 

The model is a VBA developed tool that only requires one input, the A matrix, 
containing the processing times.  With the A matrix, the program creates the required vectors 
and matrices to implement the LTRPOM rule and complete the algorithm.  The first thing the 
tool does is create the B matrix gathering information from the A matrix.  The tool creates and 
initializes the matrixes and vectors needed for the job assignment algorithm to begin. 

The first step in the algorithm consists of assigning all the jobs that having a duration 
of 0 to all the technicians.  This is done as the first step because these jobs with zero-duration 
have no effect on the final distribution of the assigned vehicles to every technician but may 
alter the remaining processing times on other machines.  If the zero-duration jobs are assigned 
first, then the algorithm worries only about arranging jobs whose duration has actual 
implications in the makespan. 

Once all the zero-duration jobs have been assigned, the algorithm proceeds to assign 
all the remaining jobs.  This algorithm iterates until every job has been assigned.  The first step 
of the process consists of knowing which machines are available at any given moment.  At time 
0, every machine as well as every job is available.  In this instant, the algorithm selects a 
machine.  It has been programmed to start on machine 1 and make its way through all other 
machines in ascending order, although this is the sort of assumption not necessary for the 
program to run which could, but not necessarily will, give the best job distribution to minimize 
makespan.  Once the algorithm has a machine grabbed, it proceeds to ask which of the jobs 
have the longest remaining time on other machines.  The algorithm selects this job and then 
asks if it is available at the moment and if it has not already been processed by the machine.  If 
it complies with those two rules, then the job is assigned to the machine and both the job and 
the machine are set as not available for the duration of the process.  The algorithm then frees 
the machine and grabs the next one.  The process is repeated for all the machines available at 
that moment. 



To know where the next moment of iteration will take place, the algorithm checks an 
instantaneous makespan vector, where the makespan for every job with every job assigned so 
far is stored, once it has finished trying to assign jobs to all machines.  The minimum makespan 
corresponds to the earliest moment in which a machine will be available again.  When this 
happens, all the machines that have the same makespan (many can complete a job at exactly 
the same moment) are made available and their last job is also made available.  The algorithm 
iterates again, going one machine by one, and trying to assign a job. 

When a machine is freed and no jobs which that machine has not completed are 
available, the algorithm jumps to the moment where the next earliest job is finished.  At this 
moment, the algorithm tries to assign jobs once more to all available machines.  The algorithm 
iterates until all jobs have been assigned.  In brief, the steps proposed are shown in Figure 4.1. 
 
Figure 4.1 - LTRPOM Algorithm 
 

Step 1 The B matrix is created with the total remaining processing time on other 
machines for every job and each machine. 

Step 2 All jobs with a duration of 0 are assigned to all machines.  Here, every time a 
zero-duration job is assigned, the total number of jobs not assigned drops by 1. 

Step 3 For every available machine, the job with the longest total remaining time on 
other machines is evaluated.  If this job is available and has not been processed 
already by the machine, the job is assigned.  When the job is assigned, the 
number of jobs that have not been assigned drops by 1. 

Step 4 The instantaneous makespan is calculated to know the earliest moment in which a 
machine will be available next. 

Step 5 When a machine is available, all machines that have finished processing a job are 
made available and all jobs that were in those machines are made available. 

Step 6 If no job can be processed by the free machines, there is a time jump until the 
next available free machine. 

Step 7 Steps 2, 3, 4 and 5 are repeated until every job has been assigned. 
Step 8 A matrix containing the order of assignment of jobs is returned. 
 

 
The results of the implementation of the LTRPOM algorithm are an efficient distribution of 

job assignment to every available workshop technician, which minimizes makespan.  Since all 
the vehicles are being assigned efficiently, and the makespan is being lowered, the technicians 
will have serviced vehicles earlier during the day, even leaving free time to receive vehicles with 
no appointment or to work on unexpected complications for every vehicle.  To guarantee that 
the assignment of vehicles with the LTRPOM algorithm gives technicians idle time, there are 
pseudo jobs created, called Unassigned, which every technician must ‘complete’.  If the number 
of required technicians to be idle at any given moment is two, for example, then two pseudo 
jobs, Break 1 and Break 2, can be created.  The algorithm will assign Break 1 and Break 2 
efficiently and spaced out over the whole duration of assignments because they cannot be 
‘processed’ by more than one technician at any given time.  The duration of these pseudo jobs, 
also given by the engineer in charge, will account for the 20% to 40% of free time required by 
the management. 

Reducing makespan of the vehicles with appointment, even including idle time, will 
enable the workshop employee in charge of appointment arrangement to set up more 
appointments every day, thus increasing the number of labored CPUS hours with assigned 
vehicles.  The number of unexpected vehicles should remain the same, but the number of 
appointment serviced CPUS vehicle will increase, getting closer to the targets set by the 
management and providing a higher utilization of the available CPUS hours. 

5 Results 

The model was implemented on Microsoft Visual Basic for practical reasons.  If it were to 
be implemented in the workshop, there would have to be no new investments in computational 



equipment.  This program provides the workshop engineer with an tool to assign vehicles to 
technicians in a quick way, without providing any more information than the one normally 
required for him to assign all the vehicles.  To test the model, 50 instances of the problem were 
created randomly, taking real instances as references.  One of the real instances is shown in 
Figure 5.1.  The table shown below is a matrix in which the rows represent a technician and the 
columns represent a vehicle.  Every available technician corresponds to a row in the table.  
Every column, on the other hand, represents a vehicle, which is identified with the vehicle 
model and the license plate number.  The matrix formed by all available technicians and all 
vehicles with appointments form a m x n matrix with m technicians and n vehicles.  The 
workshop engineer must pick which technicians should work on which vehicle, and, according 
to their training, indicate how long it should take them to complete the service they will 
provide.  The model requires only the same information the engineer would normally require, 
but with the implementation of this matrix, it will be easier for him to notice how much work 
each vehicle is receiving and how much work is getting assigned to every technician.  In the 
bottom of the matrix, a sum of all assigned hours to every vehicle is displayed.  This way, the 
engineer can see if he has effectively assigned the amount of hours to a vehicle that 
corresponds with the normal duration of the service the vehicle requires.  On the right hand 
side, the sum of the hours assigned by the engineer to every technician is also shown.  The 
engineer will be able to see how many hours have been assigned to all the technicians, and 
also see how many vehicles have been assigned to them.  By filling out this matrix, it will be 
easier for him to reassign work to the less busy technicians or be able to get more technicians 
on hand for the most difficult vehicle services. 
 
Figure 5.1 - Real Instance 
 

 
 

 
There were two fictitious jobs created to be able to let the program give technicians the 

free time required by the management to be available for any vehicles without appointment or 
to finish any job that is taking longer than expected.  The matrix shown in Figure 5.1 includes 
two fictitious jobs, Free 1 and Free 2, but if the management requires more free time or more 
technicians being simultaneously free, more ‘free jobs’ can be created. 

The matrix is mainly filled with zeros, which means that majority of jobs are not to be 
processed by every technician.  This is not atypical behavior of the Open Shop problem.  The 
program will provide a tool to finish filling out the matrix after the real jobs have been assigned 
to the technicians.  This has no implication on the results, as an empty box is a zero for the 
program, but it will give the engineer a better understanding of the number of jobs assigned to 
every technician. 

When the information on this matrix, which was a real life instance, is used as input for the 
program, the program takes the information and uses the LTRPOM rule to assign an efficient 
distribution of jobs.  As it was mentioned before, the algorithm assigns all the zero-duration 
jobs first and then iterates with the real jobs using the rule.  The program returns a matrix with 
the order in which every technician should process every job.  Figure 5.2 is the solution given 
by the LTRPOM Algorithm on the real instance shown in Figure 5.1. 
  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Vehicle 4Runner FJ	  Cruiser Fortuner	  (Gasolina) FZJ80 Hilux	  (Gasolina) Land	  Cruiser New	  Corolla New	  Hilux Pardo	  5P Pardo	  5P
Prado	  3P	  
(Gasolina)

RAV4 UZJ100

Technician\Plates DBS-‐801 BRZ-‐837 RCN-‐205 BYE-‐224 BMY-‐503 BRA-‐503 CYL-‐735 BBY-‐304 DBS-‐102 BYT-‐486 HBM-‐451 MKO-‐595 HBM-‐581 Jobs	  Assigned Hours	  Assigned

1 Camargo,	  Mauricio 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 2

2 Carvaja l ,	  Edison 1 0 0 0 0 0 2.5 0 0 0 3 0 0 0 1 3 7.5

3 Castel lanos ,	  Wi l l iam 1.5 0 0 0 0 0 0 0 0 1.5 0 0 0 1 0 2 4

4 Díaz,	  Marco 0 0 3 0 0 0 0 1 0 0 0 0 0 0 1 2 5

5 Fernández,	  Carlos 2 0 1 0 0 0 1 0 0 0 0 0 2 1 0 4 7

6 Fernández,	  Luis 0 0 0 0 0 1 0 2 1 0 0 0 0 0 1 3 5

7 González,	  Robinson 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1

8 Gordo,	  Jeyson 0 2.5 0 2 0 0 1 0 0 0 0 0 0 0 1 3 6.5

9 Ibáñez,	  Esteban 0 0 1 2 0 0 0 1.5 0 0 0 0 0 1 0 3 5.5

10 Moreno,	  Fredy 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 2 3

11 Ramírez,	  Alexi 0 1.5 0 0 4 0 0 0 0 0 0 1 0 1 0 3 7.5

12 Sánchez,	  Daniel 0 0 1 1 0 0 0 0 1 1 0 0 0 0 1 4 5

13 Sánchez,	  Jhon 0 0 0 0 0 0 0 0 0 0 1 1.5 0 1 0 2 3.5

14

15

Hours/Vehicle 4.5 4 6 6 4 1 4.5 4.5 3 2.5 4 3.5 2 32 62.5

Free	  1 Free	  2



Figure 5.2 - Order of Job Assignment 
 

 
 

 
The highlighted numbers represent the fictitious jobs created.  It is important to point out 

that Figure 5.2 is not a Gantt Diagram, and it only includes the order in which the jobs should 
be carried out.  Since jobs cannot be processed by more than one technician at the same time, 
whenever a number appears on the same column in Figure 5.2, one of the two processes has 
to start when the other one has already been done.  Even though zero-duration jobs are 
assigned before the real jobs (the program assigns all zero-duration jobs before it even starts 
to iterate to assign real jobs), the matrix that the program returns does not print out the zero-
duration jobs.  This is important for the engineer because he must only worry about arranging 
the jobs that are returned on the matrix. 

Taking this real instance and the information from Figure 5.2, the corresponding Job 
Planning Board can be created.  Figure 5.3 is the Job Planning Board created form the real-life 
instance shown in Figure 5.1 and with the results from Figure 5.2. 
 
Figure 5.3 - Real Instance Job Planning Board 
 

 
 

 
When all the jobs are set, the result is very clean.  The items named ‘Free 1’ correspond to 

the fictitious jobs set as free time for some of the technicians, and are shown in red.  Boxes 
marked with ‘Free 2’ are the second set of fictitious jobs created and are shown in green.  The 
rest of the slots are covered with actual vehicles (identified with their license plate number) and 
are shown in violet.  There are 60 Minute extensions and 30 Minute extensions, which are 
shown in dark blue and light blue, respectively.  The program efficiently assigned all 195 jobs 
(13 technicians by 15 jobs, two of which are fictitious) in 0.00586 seconds.  The quality of the 
assignments was 1.06667, and was calculated as Makespan/Lower Bound.  From Figure 5.3, it’s 
important to point out that some of the technicians have free time other than the one created 
by the fictitious jobs.  This is exactly what the workshop management looks for, so the 
technicians can receive other non-appointment vehicles and work on unresolved issues with 
their assignments.  Also, the slots arranged for lunch, which are important in the Job Planning 

Technician\Order 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1 Camargo,	  Mauricio 16 4

2 Carvajal,	  Edison 17 7 11 1

3 Castellanos,	  William 1 16 10

4 Díaz,	  Marco 8 17 3

5 Fernández,	  Carlos 3 16 13 1 7

6 Fernández,	  Luis 9 8 17 6

7 González,	  Robinson 16

8 Gordo,	  Jeyson 4 17 2 7

9 Ibáñez,	  Esteban 3 16 4 8

10 Moreno,	  Fredy 12 9 17

11 Ramírez,	  Alexi 2 16 12 5

12 Sánchez,	  Daniel 10 17 9 3 4

13 Sánchez,	  Jhon 11 12 16

14

15

3	  Days	  Before 2	  Days	  Before 1	  Day	  Before Spare	  Parts	  Required

Plan 4Runner

Executed DBS-‐801

Plan 30	  Min. 30	  Min. 30	  Min. FJ	  Cruiser

Executed BRZ-‐837

Plan 30	  Min. Fortuner	  (Gasolina)

Executed RCN-‐205

Plan FZJ80

Executed BYE-‐224

Plan Hilux	  (Gasolina)

Executed BMY-‐503

Plan Land	  Cruiser

Executed BRA-‐503

Plan New	  Corolla

Executed CYL-‐735

Plan 30	  Min. CYL-‐735 CYL-‐735 New	  Hilux

Executed BBY-‐304

Plan 30	  Min. Pardo	  5P

Executed DBS-‐102

Plan Pardo	  5P

Executed BYT-‐486

Plan 30	  Min. Prado	  3P	  (Gasolina)

Executed HBM-‐451

Plan RAV4

Executed MKO-‐595

Plan 30	  Min. UZJ100

Executed HBM-‐581

Sánchez,	  Daniel

Sánchez,	  Jhon

Díaz,	  Marco

Fernández,	  Carlos

Fernández,	  Luis

González,	  Robinson

Gordo,	  Jeison

Ibáñez,	  Esteban

Moreno,	  Fredy

Ramírez,	  Alexi

Job	  Planning	  Board
Vehicles	  in	  Service

Camargo,	  Mauricio

Carvajal,	  Edison

9:00 10:00 11:00 12:00 13:00

LUNCH

Castellanos,	  William

60	  Minutes

DBS-‐102

14:00 15:00 16:00 17:00 18:007:00 8:00

Free	  1

Free	  1

Free	  2

Free	  2

DBS-‐801

CYL-‐735

BBY-‐304

BBY-‐304DBS-‐102

DBS-‐102

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

Free	  1

Free	  1

Free	  2

Free	  2

Free	  2

Free	  2

DBS-‐801 60	  Minutos

BYE-‐224RCN-‐205

60	  Minutes

BBY-‐304

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

LUNCH

60	  Minutes

BYE-‐224

BYE-‐224 60	  Minutes

60	  Minutes 60	  Minutes

60	  Minutes

Free	  1

Free	  1

Free	  1

LUNCH

LUNCH

LUNCH

LUNCH

BYT-‐486

BYT-‐486

HBM-‐451

HMB-‐451 60	  Minutes

MKO-‐595

MKO-‐595

MKO-‐595

HBM-‐581 60	  Minutes

BZR-‐837 60	  Minutes

60	  Minutes 60	  Minutes

BRA-‐503

CYL-‐735

BZR-‐837

RCN-‐205

RCN-‐205

RCN-‐205

BMY-‐503

BYE-‐224



Board distribution can also be moved freely by the workshop engineer in order to accommodate 
a better distribution. 

Similarly to the instance shown in Figure 5.1, 50 more instances were created.  For these 
50 instances, the program was executed.  The results of the test is shown in Table 5.1. 
 
Table 5.1 - LTRPOM Algorithm Test Results 
 

 
 

 
Table 5.1 shows the run time and the quality for the 50 tests.  The average run time was 

0.0134 seconds.  The fastest test was run in 0.0039 seconds, and the slowest took 0.0273 
seconds.  Since fitness is calculated as Makespan/Lower Bound, the closer the number is to 1, 
the more efficient the solution given is.  In terms of fitness, the average was 1.119, which 
means that, on average, the assignments gave a Makespan 11.9% greater than the Lower 
Bound.  The worst performance yielded a fitness of 1.409 and the best, obtained in 14% of all 
runs, yielded a fitness of 1.0.  This means that the technician with the greatest sum of 
processing times was never idle and all the other jobs were completed before or at the same 
time as the ones by that technician. 

6 Conclusions 

In this project, a computational tool to efficiently assign the order in which vehicles should 
be processed by technicians in a DISTOYOTA vehicle workshop was developed.  This tool will 
represent a decision support system for the workshop engineer in charge of vehicle assignment.  
Since the workshop is currently assigning manually the order in which the vehicles with 
appointments are being processed, this tool will provide an efficient order that can be used to 
minimize the workshop makespan.  The workshop is modeled as an Open Shop and the 
LTRPOM rule is an efficient heuristic used to minimize makespan. 

The main advantage of the proposed tool is that it provides the workshop engineer with a 
suggested assignment of jobs that minimizes the workshop makespan in minimal time and with 
minimal effort.  The creation of a feasible solution by the program will help the engineer fill in 
the Job Planning Board, Toyota’s job assigning method, which is something he must do every 
day by hand.  This methodology is flexible enough to be implemented several times during one 
day and reorganizing jobs that have not been processed efficiently if any complications arise.   
Reutilizing the tool during a day will only redesign the order in which vehicles that have not 
been serviced should be serviced.  An ex-ante study was conducted in which 50 instances were 
randomly generated.  The tool provided efficient solutions to the Open Shop problem in less 
than 0.015 seconds, on average, and with an average calculated quality of 1.119.  
Computational time is very important for the workshop engineer because he will very easily be 
able to assign vehicles to all his technicians and they will be able to start processing the 

Test Run	  Time	  (Sec) Quality Test Run	  Time	  (Sec) Quality Test Run	  Time	  (Sec) Quality

1 0.03 1.167 20 0.01 1.053 39 0.01 1.067
2 0.01 1.385 21 0.02 1.095 40 0.01 1.158
3 0.01 1.000 22 0.01 1.105 41 0.00 1.048
4 0.02 1.048 23 0.01 1.091 42 0.02 1.190
5 0.01 1.036 24 0.01 1.111 43 0.01 1.043
6 0.02 1.130 25 0.02 1.182 44 0.02 1.000
7 0.01 1.000 26 0.01 1.000 45 0.01 1.000
8 0.01 1.190 27 0.01 1.050 46 0.01 1.059
9 0.02 1.409 28 0.02 1.214 47 0.02 1.316
10 0.02 1.083 29 0.02 1.040 48 0.02 1.150
11 0.02 1.200 30 0.01 1.063 49 0.00 1.188
12 0.02 1.125 31 0.01 1.000 50 0.02 1.042
13 0.01 1.040 32 0.01 1.087
14 0.02 1.043 33 0.01 1.143 Average 0.013 1.119
15 0.01 1.154 34 0.01 1.182 Std.	  Dev. 0.006 0.098
16 0.02 1.286 35 0.01 1.000 Max. 0.027 1.409
17 0.02 1.053 36 0.01 1.091 Min. 0.004 1.000
18 0.01 1.217 37 0.01 1.118
19 0.01 1.250 38 0.01 1.250



vehicles right away. The tool provides efficient results quickly.  An actual Job Planning Board 
was constructed with the information provided by the tool to solve a real life instance of the 
workshop. 

The workshop is not being able to meet the goals set by the management team in terms 
of CPUS vehicle entries and CPUS hours labored.  The goals are not being met, but it is not 
clear if it is because of a lack of demand for the workshop or because of an excess in installed 
capacity.  To be able to make a decision that could enable the workshop to reach its set goals, 
it must be operating efficiently first.  Although not all the CPUS entries are vehicles with 
appointments, if these vehicles could be serviced more efficiently, by assigning them to the 
technicians reducing makespan, more vehicles could be admitted daily as appointment vehicles.  
This would yield a greater number of CPUS entries and a greater number of CPUS hours 
labored.  Monthly CPUS entries generated up to COP$ 130 million in the first three months of 
2013, with every vehicle yielding, on average, COP$ 270,000.  This figure does not include 
spare parts, just service.  Spare parts represented nearly COP$ 1,800 million in the first three 
months of 2013 and COP$ 500 million were due to CPUS entries.  Being able to increase the 
number of CPUS entries by assigning more appointments every day would not only help the 
workshop meet the goals set by the management, but also increase the income generated by 
the workshop for the company. 

This tool could also be implemented by other vehicle workshops that do not necessarily 
use a system similar to Toyota’s Job Planning Board.  The only required information for the tool 
to be implemented is the available technicians and the service duration for vehicles with 
appointments.  The tool can also be modified and implemented in other parts of the workshop, 
such as BPUS service, for the DISTOYOTA case, where an increase in efficiency and in revenues 
generated could be obtained. 
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