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This article proposes a methodology for
quantitatively specifying the hidden cost of
quality in a dry goods distribution ware-
house. Determining this cost is particularly
important in manual paced environments
since it is difficult to estimate the potential
savings of quality improvements. We develop
a simulation approach for predicting the
manpower requirements as a function of a
percentage error function. This method will
quantitatively set a maximum expenditure
limit for any proposed quality improvement
effort. The methodology could also be adapted
to any other flexible manual paced operation
using autonomous operators.
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1. Introduction

Quality theories, methodologies, and techniques dis-
seminated throughout the business community pledge
to reduce or even eliminate non-value-added activi-

ties, reduce variability, lower operating costs, achieve
gains in market share, increase customer satisfaction,
and provide the path for economic success. Although
there are some exceptions to this viewpoint [1, 2, 3], in
general this perspective is supported by some promi-
nent quality management and quality control authors
and consultants [4-16].

Implementing quality programs requires top man-
agement’s commitment and the investment of resources,
such as capital, manpower, and technology. As these
trends continue to unfold, the need for tools to calcu-
late the financial limits for these investments becomes
more meaningful. As suggested by Hawley [17], com-
panies need to determine how much they are willing
to spend for the positive effects sought from total qual-
ity management programs. The challenge is to deter-
mine how much capital and resources to invest in qual-
ity programs, while being mindful of the uncertainty
of the resulting operational improvements prior to
implementation of these quality programs.
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It is important to recognize that although the cost
of quality has been extensively defined and discussed
in the literature, accurate estimates of the cost of qual-
ity are difficult to achieve. The stochastic nature of the
work environment makes experimentation and mea-
surement of the cost of quality a difficult prospect, yet
one ideally suited for simulation analysis.

This study is focused on a warehouse/distribution
operation. It includes analysis of both the receiving
and shipping functions, including the material handling
tasks and information support systems necessary to
perform the receiving, put-away, picking, replenish-
ment, loading, control, and dispatching of goods (Fig-
ure 1).

2. Background
Warehousing has been recognized as a component of
the logistics process by several researchers [18-22].
Warehousing also has been acknowledged for its par-
ticipation in providing the economic benefit of reduc-
ing the overall logistical costs [23], and allowing sup-
ply to be uncoupled from production.

The cost and necessity of warehousing make it a sig-
nificant component of business operations. A perspec-
tive into just how significant a component is evident
when realizing that over $55 billion a year is spent on
warehousing and storage, that 2,500,000 workers are
employed in the warehousing business, and that over-
all logistics costs comprise nearly 21% of GNP.

Despite the use of power-driven equipment to assist
warehousing personnel in the completion of their ma-
terial handling tasks, most warehouse functions still
entail a high degree of manual labor. The impact of
labor costs in warehousing is therefore also significant
because the required functions in a conventional
warehouse (receiving, put-away, replenishment, pick-
ing, and loading products) are labor-intensive tasks.
The high level of manual effort in these tasks results

Figure 1. Primary activities and resources
involved in the warehousing process

in the possibility of a high level of errors. The costs
associated with doing things wrong, manual or other-
wise, have been identified as a component of the cost
of quality by Crosby [5], Juran and Gryna [11], and
Feigenbaum [8].
We propose, as has Gunneson [24], that the cost of

quality is the difference between the actual operating
costs of a company and the operating costs if there were
no failures, no mistakes, and no possibility of failures
or mistakes. However, defining the cost of quality in
this manner does not imply that the business can be
run perfectly; it merely emphasizes the potential for
improvement that actually exists.

3. Research Objective
The purpose of this research is to create a tool capable
of statistically estimating the cost of quality in a conven-
tional (i.e., predominantly manual labor) food ware-
housing operation. After the previous discussion we
propose that the cost of quality be defined as the cost
differential between the actual operating costs and the
&dquo;would-be&dquo; costs if non-value-added activities and ill-

designed procedures are completely eliminated.
Conventional warehousing was selected for this

study because of the labor intensive nature of the busi-
ness and the fact that conventional distribution centers
account for 98% of all food warehouses [25]. The tech-
nique we propose can be easily extended to a wide
range of other labor-intensive operations (i.e., office .

environments, credit card processing centers, etc.),
providing a quantitative method for determining the
maximum expenditure limits to be devoted to quality
improvement.

4. Research Methodology
The methods utilized in this research estimate quality
costs as being comprised of two components: the hid-
den costs and the identifiable cost. The hidden costs
are appraised by calculating the difference between
the &dquo;ideal&dquo; number of warehousing personnel and the
actual number of warehousing personnel being em-
ployed. The &dquo;ideal&dquo; number of resources is determined
by estimating the current utilization of warehousing
personnel as if non-value-added activities or poorly
designed procedures have completely been eliminated
from the warehousing operations. The identifiable
component is appraised by determining the number
and cost of the supplemental personnel being used.
Supplemental resources (i.e., those workers perform-
ing job functions directly related to correcting identifi-
able errors) are identified during the data gathering
and analysis phase.

In summary, to calculate the total cost of quality, the
actual number of resources must be known; the &dquo;ideal&dquo;
number of resources must be estimated; the supple-
mental personnel must be identified; and the cost of
each resource must be available. Simulation is the only
tool that will permit us to economically generate the
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estimates for the &dquo;ideal&dquo; number of resources in this
stochastic environment.

5. The Simulation Model
This study is based on the development of a simulation
model capable of determining the level of manpower
required to support warehouse movement. Movement
throughput levels change subject to fluctuating per-
centages of movement error and are therefore ideally
suited to simulation analysis. Over 38 conventional
warehousing operations were visited and studied so
as to determine a representative example operation to
be modeled [26].

5.1 System Description-The Warehouse
The dry grocery department of a large conventional
distribution center was selected as the experimental
setting to develop estimates of the total cost of quality
through an appraisal of its two components. The dry
grocery department has many inherent advantages:
the feasibility of isolating it for analysis, its manage-
able size, the large quantities of performance data
already available, knowledgeable supervisors, flex-
ibility to capture additional data when needed, ware-
housing personnel’s understanding of errors, and a
clear, definable process flow.

The simulation was constructed by combining flow-
charts of material movement, job requirements, and
process flow. Each job profile consists of a brief descrip-
tion of the tasks performed, the names of the resources
employed, the equipment used to accomplish the re-
quired tasks, some typical performance measures, and
a list of errors that could occur during the performance
of the warehousing tasks. Identifying warehousing
errors is not a very difficult task; however, calculating
accurate measures of error frequencies, identifying
their effects on operational efficiencies, and eliminating
the root cause of errors are complicated tasks.
A sample job profile for forklift drivers assigned to

the receiving process is illustrated in Table 1. The job
profile illustrates that the drivers are capable of input-
ting errors into the process by incorrectly locating
material or not reporting when material has been dam-

aged. The behavior of the forklift drivers was captured
as a resource in the model. A resource attribute con-
tains the information on the likelihood and frequency
of error occurrence.

5.1.1 The Receiving Process
The boundaries of the receiving process include all
functions directly related to the scheduling and pro-
cessing of inbound loads. The process flow for the re-
ceiving operations is presented in Figures 2 and 3,
which illustrate the steps followed during the execu-
tion of the administrative and materials handling tasks.
We have also included on these figures the distributions
used to model these steps. The techniques used for
data gathering and distribution fitting are discussed
in Section 5.2.

5.1.2 The Shipping Process
The shipping process represents the last contact with
the customer prior to the delivery of goods. The pro-
cess flow for the shipping operation is presented in
Figure 4. The functional boundaries of the shipping
process include the generation of picking labels and
invoices, the replenishment of picking slots to maintain
continuity in order selection, the staging of completed
orders, the loading of orders into outbound trailers,
and the logging of completed trips.

Figure 4 also describes the operational units of mea-
surement for each shipping function, the probability
distributions expected to represent the actual tasks
and the resources engaged in performing the required
functions (i.e., shipping clerks, order selectors, forklift
drivers, and loaders).

Supervisors and foremen perform some additional
administrative functions essential to the success of the

shipping operation. These tasks include the dynamic
reallocation of warehousing personnel as needed to
meet outbound schedules, invoice and inventory ad-
justments required when cases are billed but not found,
and assignment of warehouse personnel to search for
product when the system generates picking labels but
the order selectors or the letdown drivers do not find
the product.

Table 1. Overview of the receiving process-forklift drivers
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Figure 2. Receiving process flow-Part 1 Figure 3. Receiving process flow-Part 2

The model is constructed to replicate actual system
operation including errors in pallet placement, record-
ing errors, and data entry errors. Failures are implicitly
modeled by creating an abstraction that includes their
movement and/or search requirements. In reality, the
placement or retrieval of a pallet in error requires a sam-
ple from the same time distribution as the one that was
performed correctly. The current system does not track
errors as they occur, since if this were possible the er-
ror would obviously not be made. Instead the errors
are modeled as part of the standard movement require-
ments by increasing the standard workload required of
an operator. Historical data records were used to de-
termine the long-term error rates of the operators. These
rates were imposed on the model movement require-
ments and later reduced to determine the impact of a
reduction in errors. A facility running at a lower level
of error rate will require fewer resources and therefore
be used to determine &dquo;ideal&dquo; resource requirements.

Flowcharts such as these were developed for all of
the process steps. They were then used as the basis for
the model creation and simulation development.

5.2 Data Analysis
Most warehousing operations keep extensive historical
records on incoming and outgoing transactions. This
information was used when applicable to generate
model input. In general, 225-350 days of historical data
were condensed into a usable input distribution. Many
of the operations were not recorded in historical data
records and were therefore gathered using work sam-
pling, time study, and / or survey methods. All of the
data gathered using sampling approaches consisted of
a minimum of 40 days of observation.
A major difficulty in modeling a large system is the

distillation of collected data into usable data. The im-
mense volume of data collected for this research would
have made this task nearly impossible without a com-
puterized distribution fitting software package (Bestfit,
from Palisade Software). This software converts the
input data into density distributions, and provides a
first guess of parameters for each of 26 probability dis-
tribution types using maximum-likelihood estimators.
Next, it performs an optimization process using the
Levenberg-Marquardt iterative method.
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Figure 4. Shipping process flow

As an example of this data fitting process we present
the analysis for the dry grocery inbound loads. Data
representing 251 receiving days for a total of 8,503 dry
grocery loads is represented in Figure 5. As illustrated,
the Triangular distribution is a reasonable fit. A graphi-

cal presentation of the theoretical probability distribu-
tion fit in relation to the input data (inbound loads) is
shown in Figure 6.

This process was repeated for all of the process steps
defined in the flowcharts. It is estimated that the data

analysis step consumed over half of the total modeling
effort.

5.3 Building the Model
The flowcharts, job profiles, and data gathered allowed
for initial model creation. The intent of the simulation
model is to provide a means for predicting manpower
performance of an existing warehouse system and to
then determine changes in manpower requirements
as a function of error rate. The assessment of the hid-
den quality costs in the warehousing process are deter-
mined as a function of this error rate.

The programming of the models was accomplished
using the SIMAN simulation language from Systems
Modeling Corporation [27]. SIMAN’s modeling frame-
work as well as its ease of material handling system
modeling were major advantages and aided in its se-
lection.

5.4 Validation/Verification
The framework utilized to develop, verify, and validate
the simulation models follows the simulation method
first described by Schlesinger [28]. The three major ele-
ments of this framework are to define reality, to abstract
to concepts, and to create a computer representation.
The reality step is represented by the warehousing pro-
cess in the grocery department, while the conceptual
model is depicted by the receiving and shipping pro-
cess flows presented in Figures 2, 3, and 4. The com-
puterized model has essentially been constructed from
two simulation models-a receiving module and a
shipping module, both programmed in the SIMAN
simulation language.
The system definition process, including the deter-

mination of the domain of intended application, was

Figure 5. Comparison between the daily inbound
dry grocery loads (input data) and the Triangular
(11.72, 37.82, 51.80) generated from the fitting process

Figure 6. Difference between the inbound
loads and the Triangular (11.72, 37.82, 51.80)
probability distribution function
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completed after close operational analysis of an inte-
grated distribution center, and multiple interviews -
with distribution center management and systems sup-
port personnel. The building of the conceptual model
and the data gathering phase were accomplished based
upon experience gained through the review of the 38
distribution centers. Model translation and verification
were achieved with the assistance of experts in the
SIMAN simulation language, the SIMAN’s syntax er-
rors and message subsystem, and the use of SIMAN’s
Interactive Debugger.
The validation of the models was achieved by pre-

senting the simulation results to the warehouse systems
coordinators, grocery supervisors, the dry warehouse
manager, and warehouse hourly personnel. After
short explanations of the format of the simulation re-
sults, the simulation-produced numbers were not dis-
tinguishable from those obtained via daily operation.
Since the result of this modeling effort was the produc-
tion of a model that closely resembled reality, the staff’s
inability to distinguish from actual data validated the
accuracy of the model’s abstraction. This model could
now be &dquo;improved&dquo; by eliminating failure activities and
thus used to determine &dquo;ideal&dquo; staffing requirements.

6. Results

As stated earlier, the cost of quality has two major
components-the hidden costs and the identifiable
costs. The hidden costs of quality were assessed with
the simulation model. The simulation run lengths were
fixed at 360 independent replications, or approximately
one year of warehousing operations. This number of
observations generated a relative precision on resource
utilization half-width of less than 2%. Table 2 presents
summary simulation results for each resource.

The identifiable costs of quality were obtained during
the data gathering process. As analyses were carried
out to identify the types and numbers of personnel, it
was noted that two resources, classified as stock con-

trollers, were allocated exclusively to &dquo;fixing&dquo; errors.
Their tasks entailed counting and adjusting inventory
levels, identifying unreported damage, creating slot

locations for misplaced pallets, searching for pallets
not found in the assigned slots, and correcting wrong-
fully measured case dimensions. These resources can
therefore be defined as identifiable costs of quality.

6.1 Total Cost of Quality Calculations
The cost of quality (COQ) for the grocery department
of the distribution center under study is presented us-
ing two different views. One view displays the COQ
as a set of estimates (i.e., pessimistic, average, and op-
timistic) ; the other view shows COQ as a probabilistic
confidence interval. The foundation of the cost of qual-
ity calculations is based on the following formula.

where:

ARi = Actual number of resource i used,

IRi = deal number of resource i that should be

used,

CRi = Annual cost of resource i,
i --7 n = Different resources being analyzed,
SRi = Supplemental resources outside the

model,

i ~ m= Different supplemental resources being
analyzed.

The actual resources allocated to the grocery depart-
ment (are) and the supplemental resources (SRi) were
obtained by a combination of research methods, in-
cluding sampling and detailed observation of the ware-
house operations. The hourly cost per resource type
(CRi) was acquired from the payroll records of the dis-
tribution center under study. The ideal number of re-
sources (IRi) for each resource type was derived from
the percent resource utilizations generated by the sim-
ulation models and presented in Table 2.
The cost of quality estimates (i.e., pessimistic, aver-

age, and optimistic) obtained by applying the above
COQ mathematical formula are presented in Table 3,

Table 2. Confidence interval estimates of average resource utilization
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Table 3. Cost of quality estimates: optimistic, average and pessimistic

which shows the cost of quality differential in both
hours and dollars. This COQ differential is the result
of carrying additional resources in the warehouse op-
eration due to the existence of non-value-added ac-
tivities (i.e., correcting errors, unnecessary delays, ex-
cessive material handling).

The creation of probabilistic confidence intervals
for the cost of quality in the grocery warehouse opera-
tion first began with the calculation of the correlation
coefficient matrices for the receiving and shipping

Table 4. Receiving process: correlation coefficient matrix

processes. This step was necessary to determine the
strength of the relationship between the percent re-
source utilizations within each process. The resulting
correlation coefficient matrices calculated for the re-

ceiving and shipping processes using the 360 replica-
tions generated by the simulation models for each re-
source are illustrated in Tables 4 and 5.

It can be observed in Tables 4 and 5 that the resource

percent utilizations have relatively high correlation
coefficients. These results were expected at the outset
because of the many interdependent functions that
these resources perform within each process.

In order to develop a probabilistic confidence inter-
val for the overall cost of quality (i.e., both receiving
and shipping processes combined), the interactions
between resources within each process had to be taken
into account; consequently the following formula was
adopted to calculate the variance for each process.

Table 5. Shipping process: correlation coefficient matrix
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The formula above was simplified as follows:

As specified in the mathematical formula, it was
necessary to calculate the covariance matrices for each

process. The same data sets of 360 replications used to
calculate the correlation coefficients were also used to
determinate the covariance matrices, as shown in
Tables 6 and 7.

The figures presented in the diagonal positions of
the covariance matrices are the variances for each per-
cent resource utilization. These variances represent
the yt’s presented in the mathematical formula above.
Upon substituting into the formula the variances

and covariances, the following variances and standard
deviations were obtained, as illustrated in Table 8.

6.2 Total Cost of Quality Confidence Level
Since it was previously ascertained that the receiving
and shipping processes were independent, a confidence
interval for the cost of quality was estimated by calcu-
lating the variance and the standard deviation of both
processes combined. The following formula was used
to achieve this objective.

The application of the process variances displayed
in Table 8 to the previous mathematical formula re-
sults in a combined process variance of 297.79, and a

Table 6. Receiving process: covariance matrix

Table 8. Receiving and shipping processes:
variance and standard deviation results

standard deviation of 17.25. Since the calculated stan-
dard deviation was for the percent resource utilizations,
which in turn were directly related to the annual ideal
hours required to perform the receiving and shipping
functions, the confidence interval developed was for
the ideal annual average hours required. The confidence
level was selected at 99% or a = 0.01. The resulting
interval on the ideal annual hours was 54,703 ± 52
hours. The narrow dispersion between the lower and
upper limits of the confidence interval is due to the

relatively small standard deviation obtained for the
combined processes.

Utilizing the ideal average annual hours figures, a
weighted average hourly cost for the grocery depart-
ment under study ($17,904), and the actual operating
costs ($1,266,554), a total cost of quality confidence
interval was calculated. In this study the COQ interval
was $287,148 ± $931.

. B

7. Concluding Remarks
Acquiring estimates for the cost of quality in ware-
housing and other functional business areas is of key
importance to management because it provides the 

’

opportunity to evaluate the return on investment in
quality programs prior to incurring the expense. In
view of the fact that this research was conducted in an
actual conventional dry grocery warehouse, using op-
erating data from the receiving and shipping processes
proved it was feasible to estimate a confidence level
for the cost of quality using a simulation approach.
The total cost of quality upper confidence interval can
be used as an upper limit guideline for management
decisions regarding investments to reduce non-value-
added activities. It must be recognized that the results
obtained from this approach are only estimates of the
cost differential between the actual operating costs
and an &dquo;ideal&dquo; warehouse where all non-value-added
activities have been eliminated.
The methodology used in this study is not limited

to dry grocery warehousing; it also has the potential

Table 7. Shipping process: covariance matrix
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to be applied to other types of warehousing operating
environments. A major benefit of this approach is that
during the mapping and flowcharting of the processes,
and the data gathering and probability distribution
fitting phases of the study, operational problems were
revealed and potential solutions were identified. An-
other potential benefit was the overall increased aware-
ness of the existence of non-value-added activities, the
number of errors occurring during the performance of
the warehousing functions, and the added personnel
resources being dedicated to correcting errors.

It is important to note that the data gathering phase
is complex, primarily when attempting to isolate the
tasks for only one departmental unit, because of the
inherent functional interdependencies and dynamic
nature of distribution center operations. Warehousing
functions in conventional operations are labor-intensive,
relying on cross-trained personnel who are continu-
ously on the move, performing duties wherever they
are assigned. The warehouse workers’ mobility is high
because the motorized pallet jacks and forklifts they
work with are fast and reliable.

The simulation approach applied in this study could
potentially be carried out to estimate the total cost of
quality in other logistics areas, and could also be ex-
panded to measure the total cost of quality for the en-
tire supply chain, given the time and resources neces-
sary for the data gathering process.
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