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ABSTRACT 
Visualization is the foundation for human to understand as human 
think and create in a graphic world. By nature, maintenance 
activity is a multi discipline approach, where maintenance 
engineer should be able to convey their idea to people with 
various backgrounds. In this situation, visualization is a powerful 
mode; it can act as a bridge to eliminate the knowledge gap within 
the group. Knight (2001) developed Jack-knife diagram for 
visualizing total downtime and factors influencing the failure 
(failure frequency and mean downtime) in a point estimation. As 
failure data is a probabilistic in nature, it is important to look not 
only point estimation but also interval estimation, so the precision 
and uncertainty of estimation can be identified. This paper 
proposes a way of visualizing total downtime and factors 
influencing the failure (failure frequency and mean downtime) in 
interval estimation. Case study from scaling machines is used for 
illustration.  
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1. INTRODUCTION 
A quote from Aristotle ‘Now we have already discussed 
imagination in the treatise On the Soul, and we concluded there 
that thought is impossible without an image’. It emphasizes that 
visualization is the foundation for human to understand as human 
think and create in a graphic world. Presenting data in visual form 
(graphs, pictures and diagrams) can enhance data comprehension, 
decision-making and communication of data information (Roth 
and Bowen, 2003; Tory and Möller, 2004). The reason is due to 
stimulation of cognitive processes (visual chunking, mental 
imagery and parallel processing) and reduction in cognitive load 
(Winn, 1994; Card et al, 1999). 
By nature, maintenance activity is a multi discipline approach, 
where maintenance engineer should be able to convey their idea 
to people with various backgrounds. The key success in this type 
of situation is relying on how to communicate. Communication is 
only successful when both the sender and the receiver understand 
the same information as a result of the communication. It is 
widely accepted that visualization can improve the effectiveness 
of the communication. It can act as a bridge to eliminate the 
barrier of knowledge gap within the group. In a study on effective 

communication within the organization, Yates (1985) found that 
the use of graphs as a managerial tool is one of the key success. 
Purpose of this study is to develop a graphical method that can be 
used as visual communication tool for maintenance engineering in 
communicating to people with various backgrounds. 

2. DATA VISUALIZATION 
Data visualization is a process of converting raw numerical data 
into graphical depiction of the data. The goal is to support 
decision making through the use of properly designed graphical 
representation of information. Verbal and numeric cues are 
insufficient to trigger some insight into the specific nature of the 
problem (Larkin and Simon, 1987). Presenting data in graphics 
helps to break a mental block by providing a memory structure to 
aid the decomposition of information in the problem (Lohse, 
2001). Schmid (1954) has been summarized the advantage of 
graphs as compared with textual and tabular forms as follow; 

1. Graphs are more effective in creating interest and in 
appealing to the attention of the reader 

2. Visual relationships, as portrayed by graphs, are more 
clearly grasped and more easily remembered. 

3. It saves time, since the essential meaning of large 
masses data can be visualized at a glance 

4. It can provide a comprehensive picture of a problem 
that makes possible a more complete and better-
balanced understanding. 

5. It can bring out hidden facts and relationships and can 
stimulate analytical thinking and investigation.  

This superiority of graphs over textual and tabular forms makes 
graphs as major components in recent science reform documents 
(Friel, Curcio and Bright, 2001). 
In maintenance engineering, however, the development of the 
graph for data visualization is not significantly developed. In most 
publication related to maintenance, a classic Pareto diagram still 
be utilized for presenting failure data despite of its deficiency (Lin 
and Titmuss, 1995; Ashraf, et al, 1998; Hennessy, 2000; Platfoot, 
2000; Kortelainen, et al, 2003; Das, 2005). Knight (2001) pointed 
out three shortcomings of Pareto analysis in maintenance 
engineering application. First, where an outcome is a product of 
two factors, a Pareto diagram based on one factor alone cannot 
determine which factor is dominant in contributing to the 
problems. Second, by focusing on any one factor to the exclusion 
of others, it may miss identifying individual events having high 
time consumption, or those that may consume relatively little 
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average time but have the ability to cause operational 
disturbances. Third, Pareto diagram is not useful for trending 
comparisons across different time periods. To overcome these 
shortcomings, Knight have developed Jack-knife diagram. In his 
method, number of failure and mean downtime is plotted in a 
logarithmic scatter plots. Plotting in logarithmic allow a constant 
downtime to be appeared as a constant straight lines with uniform 
negative gradient.  It still reserves the basic information of Pareto 
diagram (to highlight the most contributed downtime) and enables 
identification of the dominant factors influencing the failure 
(failure frequency and mean downtime). In his method, downtime 
is presented as a single value (point estimation). In the last 
decade, presenting data as point estimation is considered to be 
insufficient (Altman et al, 2000; Curran-Everett, 2004; Council of 
Science Editors, 2006). Presenting estimation should also be 
accompanied by the precision and the uncertainty of the 
estimation. As failure data is a probabilistic in nature, it is 
essential to see also the reliability of an estimate (Gardner and 
Altman, 2000). Two components might have same value of 
downtime, but at a given confidence level their interval might 
differ significantly. Thus it is important in visualizing failure data 
to show not only point estimation but also the interval estimation, 
so the precision of estimation and the uncertainty of the 
estimation can be identified. 

3. INTERVAL ESTIMATION 
In this study, interval estimation is determined by using the 
assumption that failure times have Weibull distribution and the 
repair times have lognormal distribution. It is well known that 
failure times are often modeled with Weibull distribution 
(Abernethy, 2000; Wiseman, 2001; Schroeder and Gibson, 2006). 
About 85% - 95% of all failures data are adequately described 
with Weibull distribution (Barringer, 2009). The reasons are that 
Weibull distribution has the ability to provide reasonably accurate 
failure analysis with small sample size and it has no specific 
characteristics shape and depending upon the values of the 
parameters it can adapt shape of many distributions (Abernethy, 
2000). The shapes of the Weibull distribution for a different shape 
parameter are shown in figure 1. 
 
 
 
 
 
 
 
 

Figure 1. Weibull Distribution 

It also known that lognormal distribution is widely used to model 
repair times (Rausand and Høyland, 2004; Bovaird and Zagor, 
2006; Schroeder and Gibson, 2006). About 85%-95% of all repair 
times are adequately described by log normal distribution 
(Barringer, 2009). The skewness of the lognormal distribution 
with a long tails to the right fit to represent the repairment 
situation. In a typical repairment situation, most of the repairs are 
completed in a small time interval but in some cases it can take 

much longer times. The shapes of the lognormal distribution for 
different parameters are shown in figure 2. 
The probability density function of Weibull distribution is given 
as 
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where β > 0 is the shape parameter and η > 0 is the scale 
parameter of the distribution. The expected value, in this case is 
Mean Time between Failure (MTBF), is given by 
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Figure 2. Lognormal Distribution 

The probability density function of lognormal distribution is 
given as 
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where μ and σ are the mean and standard deviation of the 
variable’s natural logarithm. The expected value, in this case is 
Mean Time to Repair (MTTR), is given by 
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Let the total life time of component defined as 
                                 Total time = DT + UT                             (5) 
where DT is downtime and UT is uptime, and MTTR and MTBF 
is given by 

                                     
m

DTMTTR =                                  (6)                                

                                     
m

UTMTBF =                                   (7) 

where m is number of failures.  
For a given uptime, downtime can be formulated by using 
equation (6) and (7) as 

                                     UT
MTBF
MTTRDT = ,                        (8) 

Since the failure time distribution is Weibull and the repair time 
distribution is lognormal, equation can be rewritten as  
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and interval estimation for downtime can be determined by 
finding a confidence interval for YX μμ . The confidence 
interval can be determined by an approximate method and an 
exact method. In the approximate method, the confidence interval 
is determined by establishing confidence intervals for xμ and

yμ  

to obtain an “at least” type confidence interval. In exact method, 
the confidence interval for YX μμ is established simultaneously. 
The exact confidence interval is more accurate than approximate 
the confidence interval. Another advantage is that since the 
confidence interval is solved simultaneously, the result can be 
treated as a single dimension rather than two dimensions.   
By adopting procedure developed by Masters et al (1992), the 
exact confidence interval for YX μμ  is given by 
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which implies a 100p% confidence interval for DT is 
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where 

GX = geometric mean of lognormal distribution 

η = scale parameter of Weibull distribution 
y = time between failure 
σ  = standard deviation of time to repair’s natural logarithm 
β    = shape parameter of Weibull distribution 
a = constant for lower limit 
b = constant for upper limit  

To establish a 100p% confidence interval for DT, the value for a 
and b has to be determined so that 
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The cumulative distribution function (cdf) of W for a given value 
of b (the probability of the even that W is less than or equal to b) 
can be computed as follow 
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where 
m = number of failures 
n  = number of repairs. 

Tables of G(b) for selected values is presented in table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Factors for Computing Confidence Interval of Down Time 

(Gray and Lewis, 1967) 
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4. CONFIDENCE JACK-KNIFE DIAGRAM 
In this study, a new way of presenting failure data is developed 
allowing a visualization of the downtime estimation that are 
accompanied by the precision and the uncertainty of the 
estimation at a given confidence level. As the proposed diagram is 
developed based on the jack-knife diagram, hence it shall be 
referred as a confidence jack-knife diagram. 
A confidence Jack-knife diagram is presenting as log-log graph 
(both the vertical and horizontal axis of a plot is scaled 
logarithmically). The horizontal axis represent time to repair and 
the vertical axis represent number of failures. Downtime is 
determined by the multiplication of time to repair and number of 
failures. As the diagram is presenting in log-log graph, a curve of 
a constant downtime can be presented as a straight lines with 
uniform negative gradient, see figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3. Confidence Jack-knife Diagram 
To establish confidence jack-knife diagram, three estimation 
points should be determined. These three points are mean, upper 
limit and lower limit of downtime. The mean downtime for a 
given uptime is determined from equation (8), and the upper limit 
and lower limit of downtime are determined from equation (11). 
Prior calculation, level of confidence should be decided. The 
choice for the level of confidence is somewhat arbitrary, in 
practice values of 90%, 95% and 99% are often used (Snedecor 
and Cochran, 1989). 
After the three estimation points are determined, the next step is 
to determine their coordinates in the diagram. The coordinates for 
the mean downtime, abscissa (time to repair) is MTTR and 
ordinate (number of failures) is determined as  

                                        
MTBF

UTmmean =
                              (14) 

For lower limit and upper limit of downtime, abscissa is provided 
by equation below 

                 
[ ]MTTRDTDT

L
meanLTTR logloglog10 +−=        (15) 

where  
TTRL    = time to repair of limit (upper or lower) 
DTL    = downtime of limit (upper or lower) 
DTmean = mean downtime 

and ordinate is determined as 

                                       
L

L
L TTR

DT
m =                                  (16) 

The interval estimation is then established by connecting these 
three points with a straight line, see figure 3. 

5. APPLICATIONS  AND EXAMPLES 
To give an illustration on how to construct a confidence jack-
knife diagram and how it can be applied, two examples are given 
bellow. 
Example 1 
In this example, confident Jack-knife diagram is used for 
visualization of downtime that can be used as an aid for 
prioritization of significant components. Data of unplanned 
downtime for scaling machine is presented in table 2. Failures 
data and repairs time data are sorted in ascending order. Confident 
Jack-knife diagram is constructed for a given uptime of 8000 unit 
time and a confidence interval of 90%. Step by step for plotting 
component A on jack-knife diagram is providing as follow; 
1. First step is determining the downtimes (mean, upper and 

lower limit). Mean downtime (DTmean) is calculated by 
equation (8) and for uptime (UT) = 8000, MTBF = 942.09 
and MTTR = 4.88, it gives 41.52. Upper and lower limit of 
downtime is calculated by equation (11). Prior the 
calculation of upper limit of downtime (DTUL), value for b 
should be determined first. Since number of repairs (n) = 10, 
and σ = 0.91, then n/σ2 = 12.12 and number of failures (m) = 
9. From table 1, if n/σ2 = 10, G(b) = 0.95, and m = 9, then b 
= 39.427. If n/σ2 = 15, G(b) = 0.95, and m = 9, then b = 
36.897. By using linear interpolation, b is approximately 
38.61. DTUL is calculated for b = 38.61, σ = 0.91, 

GX = eμ = 
e1.17 = 3.23, β = 0.83, and η = 850.89 that gives 104.2. 
Similar procedure applied for calculation of lower limit of 
downtime (DTLL). From table 1, if n/σ2 = 10, G(b) = 0.05, 
and m = 9, then b = 8.9081. If n/σ2 = 15, G(b) = 0.95, and m 
= 9, then b = 9.4707. By using linear interpolation, b is 
approximately 9.09. DTUL is calculated for b = 9.09, σ = 
0.91, 

GX = eμ = e1.17 = 3.23, β = 0.83, and η = 850.89 that 
gives 24.54. 

2. Second step is determining the coordinates of the three 
downtimes. For DTmean abscissa is MTTR (4.88) and ordinate 
is calculated by equation (14), for UT = 8000 and MTBF = 
942.09, then mmean = 8.49. Abscissa of DTUL and DTLL can be 
determined by equation (15). For DTLL = 24.54, DTUL = 
104.2, DTmean = 41.52 and MTTR = 4.88, then TTRUL = 7.4 
and TTRUL = 3.5. Ordinates of DTUL and DTLL is determined 
by equation (16) that gives mLL = 6.1 and mUL = 12.8. 

3. Third step is establishing interval estimation by connecting 
the three estimation points by a straight line. 

Following similar procedure, the rest of component can be plotted 
in the diagram. A diagram for components of scaling machine is 
shown in figure 4. 
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Figure 4. Confidence Jack-knife diagram for components of 
scaling machine 

From figure 4, it can be observed that presenting in interval 
estimation provides better insight into the hidden fact of the data 
than presenting in point estimation. For example in the 
prioritization of significant components based on downtime, it 
visualize that two different orders of the rank can be constructed. 
The order of significant components based on the mean 
estimation (likelihood) and lower limit estimation (best scenario) 
is B, E, F, C, H, A, G, D, while based on the upper limit 
estimation (worst scenario) is B, H, E, C, F, A, G, D. This kind of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

information is needed especially for certain activities where the 
decision should be based on three scenarios (optimistic, most 
likely and pessimistic), eg. planning and budgeting of 
maintenance activities.  

In some cases, the maximum downtime is limited to certain value 
and in this regards it is important to know how likely that the 
downtime of components exceed that limit. Suppose that due to 
the consequences of the failure, it is decided that limit for the 
maximum downtime is 300 unit time and it is demanding that the 
maximum probability of error is 5%. Then it can be seen from 
figure 4 that component B, E and H at the confidence level of 
95% will exceed the limit.  

Since in the confidence Jack-knife diagram, the downtime is 
presenting as a function of time to repair and number of failures it 
also visualizes the reliability and maintainability issues. It shows 
which components that need to be improved their reliability 
or/and maintainability. In figure 4, it shows that the high 
downtimes of component B, F, E and C are mainly due to the 
reliability problem (high value for the number of failures), while 
the high downtime of component H is mainly due to 
maintainability problem (high value for the time to repairs).  

Suppose the smoothness (uninterrupted) of the operation is taken 
into consideration in the prioritization of significant components. 
For the similar value of downtime, a high frequent of interruption 
with a short duration is less favor than a low frequent of 
interruption with a long duration. Then it can be seen in the figure 
4 that in comparing the components of F, E and H, which have 
approximately equal mean downtime, a higher priority should be 
given to components F and E than component H.  

Example 2. 

In this example, confidence Jack-knife diagram is used to 
visualize the effectiveness of design alternatives in reducing 

Table 2.Failure data of scaling machine 
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downtime. In practice, strategy of redesign for reducing downtime 
can be classified into three strategies, they are;  

a. Design out Maintenance (DOM), in this strategy, aim is to 
improve reliability of the product so the number of failures 
are reduced but the time to repairs are remain constant,    

b. Design for Maintenance (DFM), in this strategy, aim is to 
improve maintainability (how ease to maintain) of the 
product so the time to repairs are reduced but the number of 
failures are remain constant, 

c. Combination of DOM and DFM, in this strategy, aim is to 
improve both maintainability and reliability of the product. 

To give an illustration, a set of artificial data is generated 
portraying a typical design improvement scenario. Distribution 
fitting of failures data of mechanical component shows that time 
to fail fit to Weibull distribution with β = 2.0, η = 565.5 and 
MTBF = 501.1 and time to repair fit to lognormal distribution 
with μ = 3.05, σ = 0.47 and MTTR = 23.57. For an uptime of 
11000 unit time, it gives a mean downtime of 517.4 unit times. To 
reduce downtime, five alternative designs have been developed. 
The first two designs (design A and B) adopted DOM strategy, 
thus attempt is to increase MTBF by keeping a constant MTTR. 
The second two designs (design D and E) adopted DFM strategy, 
thus attempt is to reduce MTTR by keeping a constant MTBF. 
The third design (design C) adopted a combination of DOM and 
DFM strategy. Trial test have been conducted to evaluate the 
effectiveness of the alternative designs in reducing downtime. 
Results of the trial test (given in ascending order) are shown in 
table 3.  

Table 3. Results of trial test of design alternatives 

 

 

 

 

 

 

 

 

 

 

 

From the table 3, it can be calculated that all five alternatives 
designs have an equal ratio of MTTR/MTBF, approximately 
0.035. It indicates that all design alternatives have an equal mean 
downtime. For an uptime of 11000 unit times, it gives a mean 
downtime of approximately 386.5 unit times which is lower than 
the current design (517.4 unit times). A question arise is which 
design alternative should be employed. Confidence Jack-knife 
diagram is used to visualize the effectiveness of the five design 
alternatives. Following similar procedure as example 1, the 
diagram is constructed, as shown in figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Confidence Jack-knife diagram of design 
alternatives 

From figure 5, it shows that though the five design alternatives 
have an equal mean downtime but their 95% confidence interval 
are varied significantly. In case of lower limit (best scenario), a 
discrepancy of approximately 40 unit times is observed, while in 
case of upper limit (worst scenario), a discrepancy of 
approximately 200 unit time is observed.  

By just considering the downtime, design B might be the best 
alternative, as it has the lower value of the downtime at the worst 
scenario. However the stability of the strategies (DOM or/and 
DFM) should also be taken into consideration.  It can be observed 
from figure 3 that in comparison of DOM and DFM strategies, the 
downtime in case of DFM is more sensitive to distribution 
parameters than in case of DOM. Changing the lognormal 
distribution parameters from μ = 2.5, σ = 0.86 (design A) to μ = 
2.8, σ = 0.36 (design B), will alter the downtime up to 
approximately 200 unit times. While changing the Weibull 
distribution parameters from β = 2.0, η = 757.6 (design E) to β = 
6.7, η = 719.4 (design D) will alter the downtime by 
approximately 40 unit time. Thus in this particular case, strategy 
of DOM gives better stability than strategy of DFM. These kind 
of information are needed in the decision making process and the 
confident jack-knife diagram can be used as an aid in visualizing 
alternative designs improvement.  

6. Conclusions 
A new way of presenting failure data is developed, allowing a 
visualization of the downtime estimation and the precision and the 
uncertainty of the estimation at a given confidence level and 
factors influencing the failure. Presenting failure data in this new 
diagram provides better insight into the hidden fact of the data. It 
can be used as a visual communication tool for maintenance 
engineering in communicating failure data to people with various 
backgrounds. 
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