008/057103 A1 |00} 00000 O 0O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O T OO 0O

International Bureau

(43) International Publication Date
15 May 2008 (15.05.2008)

(10) International Publication Number

WO 2008/057103 Al

(51) International Patent Classification:
G0O6Q 99/00 (2006.01)

(21) International Application Number:
PCT/US2006/044856

(22) International Filing Date:
17 November 2006 (17.11.2006)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
11/557,011 6 November 2006 (06.11.2006) US
(71) Applicant (for all designated States except US): THE
BOEING COMPANY [US/US]; 100 North Riverside

Plaza, Chicago, II. 60606-2016 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): JOWERS, Steven
[US/US]; 16103 Dock Bar Court, Friendswood, TX 77546
(US). FOX, Barry, R. [US/US]; 558 Castle Ridge Drive,
Ballwin, MO 63021 (US).

(74) Agents: RAD, Fariba, K. et al.; The Boeing Company,
MC 110-SD54, P.O. Box 2515, Seal Beach, CA 90740-
1515 (US).

(81) Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,

AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,

CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,

GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IS,

JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS,

LT, LU, LV, LY, MA, MD, MG, MK, MN, MW, MX, MY,

MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS,

RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN,

TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),

European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,

FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,

RO, SE, S, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,

GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

(54) Title: SYSTEM AND METHOD FOR RATE AND CAPACITY PLANNING

X =

c+ b X

@\ (57) Abstract: The invention relates to methods for production rate and capacity planning used to answer key questions necessary
for planning efficient production operations, where the goal is to plan the performance of some repetitive body of work subject to a
combination of constraints on duration, rate, and resources. In one embodiment, resource quantity, unit duration, production interval,
and/or resource utilization may be determined utilizing a method of applying derived equations.

WO



10

15

20

25

30

WO 2008/057103 PCT/US2006/044856

SYSTEM AND METHOD FOR RATE AND CAPACITY PLANNING

BACKGROUND OF THE INVENTION

Production rate and resource capacity planning may be described as an inter-
related set of processes used to answer key questions necessary for planning efficient
production operations, where the goal is to plan the performance of some repetitive
body of work subject to a combination of constraints on duration, rate, and resources.
This type of planning may be applicable to any operational context involving repetitive
work which may result in the delivery of finished products or completed services, and/or
applicable to other types of non-operation contexts. The following four basic questions
may be asked in the context of Production Rate and Capacity Planning:

(Q1) What is the highest production‘ rate that can be achieved with the available
resources?

(Q2) What quantity of resources is required to achieve the target production rate?
(@3) What is the shortest duration that can be achieved with the available resources?
(Q4) What quantity of resources is required to achieve the target duration?

Together, these questions (and other questions itemized in Section 6 of the
Description below) may characterize the objectives of production rate and resource
capacity planning.

In current practice, only one of these four questions, question Q3, may be easily
answered, and only when a number of simplifying assumptions may be satisfied. The
remainder of these questions often go unanswered, or are often answered only by ad-
hoc, trial and error exercises. Using current practice there may be no assurance that
suitable answers may be obtained or that the answers will prove valid in production
operations. Often the most effective, but most expensive and time-consuming method
used to answer these questions may be to implement a decision in production
operations and to incrementally adjust resource quantities, target durations, and target
rates until performance goals are achieved.

In current practice, questions Q1 and Q3 may be answered by constructing a
finite capacity schedule for the planned work, limited by the fixed quantity of resources
provided, using simulation or other conventional means. Each time a new quantity of

resources is considered, the process may be repeated.
1
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In current practice, questions Q2 and Q4 may not be so easily answered. For
instance, often several different resource plans are constructed, and for each
constructed resource plan a schedule may also be constructed (such as answers to
question Q1 or Q3). If a schedule is produced that is near the target duration, small
changes may be made to the corresponding resource plan and further trials may be run.
Even when a suitable schedule is found, there may be no assurance that the best
resource plan has been found because there may be so many ways that the quantity of
required resources can be varied. Current practice often relies upon ad-hoc, trial and
error exercises, and even when an answer is obtained, the quality of that answer may
be uncertain.

One or more methods of production rate and resource capacity planning are
needed to efficiently answer questions Q1, Q2, Q3, and/or Q4.

SUMMARY OF THE INVENTION

In one aspect of the invention, a method for production rate and capacity
planning is provided. In one step, a resource quantity, unit duration, and production
interval is determined for Category 1 resources. In another step, a resource quantity
and unit duration is determined for Category 2 resources. in an additional step, a
resource utilization is determined for Category 1 and Category 2 resources.

These and other features, aspects and advantages of the present invention will
become better understood with reference to the following drawings, description and
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 depicts a graph of Equation 2 under one embodiment of the invention;

Figure 2 depicts a graph of Equation 1 under another embodiment of the
invention;

Figure 3 illustrates non-concurrent production of one embodiment under the
invention;

Figure 4 illustrates non-concurrent production of another embodiment under the
invention;

Figure 5 illustrates concurrent production of yet another embodiment under the
invention;
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Figure 6 illustrates concurrent production of still another embodiment under the
invention;

Figure 7 illustrates the relationship between degree of production concurrency C,
unit duration D, and production interval / as a family of equatiohs under another
embodiment of the invention;

Figure 8 illustrates the relationship between the linear function C and the step
function Knax under another embodiment of the invention;

Figure 9 depicts a flow chart of Method 1 under another embodiment of the
invention;

Figure 10 depicts a flow chart of Method 2 under another embodiment of the
invention;

Figure 11 depicts a flow chart of Method 2.1 under another embodiment of the
invention;

Figure 12 depicts a flow chart of Method 2.2 under another embodiment of the
invention;

Figure 13 depicts a flow chart of Method 2.3 under another embodiment of the
invention;

Figure 14 depicts a flow chart of Method 3 under another embodiment of the
invention;

Figure 15 depicts a flow chart of Method 3.1 under another embodiment of the
invention;

Figure 16 depicts a flow chart of Method 3.2 under another embodiment of the
invention;

Figure 17 depicts a flow chart of Method 4 under another embodiment of the
invention;

Figure 18 depicts a flow chart of Method 4.1 under another embodiment of the
invention;

Figure 19 depicts a flow chart of Method 4.2 under another embodiment of the
invention;

Figure 20 depicts a flow chart of Method 5 under another embodiment of the
invention;

Figure 21 depicts a flow chart of Method 6 under another embodiment of the
invention;
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Figure 22 depicts a flow chart of Method 7 under another embodiment of the
invention;

Figure 23 is a table of data for demonstrating an example of one embodiment
under the invention;

1 Figure 24 is a table showing tabulations of resource quantity and resulting unit

duration under one embodiment of the invention;

Figure 25 is a table showing determined coefficients of the Parametric Model of
Unit Duration under one embodiment of the invention; and

Figure 26 is a graph, under one embodiment of the invention, showing the
functional relationship between the quantity of Category 2 resources provided and the
resulting unit duration as determined by the Parametric Model of Unit Duration, with an
overlay of the empirical data from the Table of Figure 24.

DETAILED DESCRIPTION OF THE INVENTION
The following detailed description is of the best currently contemplated modes of
carrying out the invention. The description is not to be taken in a limiting sense, but is
made merely for the purpose of illustrating the general principles of the invention, since
the scope of the invention is best defined by the appended claims.
Section 1: Introduction

In one embodiment, a method for production rate and resource capacity planning
is disclosed which may be applied in any context where the goal is to plan the
performance of some repetitive body of work subject to a combination of constraints on
duration, rate, and resources.

The instant invention may be applicable to any operational context involving
repetitive work which may result in the delivery of finished products or completed
services. The invention may be applicable to manufacturing (both fabrication and
assembly), maintenance repair and overhaul, training, flight operations, and other
contexts which entail the repetitive performance of work.

The invention may be used to make decisions in staffing, asset management,
capital investment, production rates, supply contracts, sales, and others areas where it
is necessary to determine the quantity of resources required to meet a target duration or
rate, or where it is necessary to determine what duration or rate may be achieved with
the available resources.
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Section 2: Production Rate and Resource Capacity Planning

Section 2.1: General Information Regarding The Invention

Using one or more methods of the below disclosed invention, a single specific
resource plan may be constructed. A set of derivative resource plans may be created
and schedules may be constructed for each. The durations of these schedules may be
analyzed and the results may be converted to an equational form and to an equivalent
inverse form. Thereafter, any instance of questions Q1, Q2, Q3, and/or Q4 (as
disclosed in the background section) for this body of work may be answered by
application of the derived equation or its equivalent inverse form, without need to
construct additional schedules. In many cases, this process may yield consistent, high
quality answers based upon analysis of only three schedules.

In one embodiment of the invention, structured, systematic methods are provided
to answer questions Q1, Q2, Q3, and/or Q4 (and others central to the processes of
production rate and resource capacity planning). A discussion of key concepts and
mathematical relationships is provided in this specification in order for the reader to
understand the methods of the invention. The instant invention may unify the collection
of processes required to perform production rate and capacity planning into a single
decision process, which may contain the computational steps necessary for planning
efficient production operations.

Section 2.3: Methods Of Invention

The instant invention discloses multiple method embodiments which allows one of
ordinary skill in the art to practice one or more of the following:
e a parametric model of production concurrency;

a parametric model of unit duration;
e a parametric model of resource availability;

e a structured, systematic approach to production rate and resource capacity planning
(See Section 7.1, Method 1);

 a systematic approach for balancing resource capacity, unit duration, and production
interval (See Section 7.2, Method 2);

e a systematic approach for balancing resource capacity and unit duration (Section
7.3, Method 3);
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 a systematic approach for constructing a parametric model of unit duration (Section
7.4, Method 4);

« a systematic approach for constructing a parametric set of resource plans (Section
7.5, Method 5); -

¢ a systematic approach for estimating net resource utilization in the context of

specific production rates, unit durations, and resource capacities (Section 7.6,
Method 6);

Section 3: Mathematical Background

Several of the mathematical relationships that may occur in the study of
schedules and scheduling may have a common mathematical representation. These
may include, but may not be limited to the following: the relationship between work
content, duration, and resource quantity; the relationship between degree of
concurrency, unit duration, and production interval; the relationship between resource
capacity and unit duration; and the relationship between resource capacity and
production rate.

To avoid redundantly presenting and deriving some of the key equational forms,
the following basic discussion will be presented once, and then referenced as
appropriate.

Section 3.1: Basic Equations of the Common Mathematical Relationship

Several of the mathematical relationships that may occur in the study of
schedules and scheduling may be characterized as a common mathematical
relationship illustrated in Figure 1. The simplest form is a basic equation of two variables
x and y as follows:

Eq. 1 =1
X

The graph for Eqg. 1 is asymptotic to the lines x=0 and y = 0, and may contain the point
x=1, y=1 as illustrated in Figure 2.

The simple relationship between two variables x and y may be further
generalized by an equation of the form (including its various equivalent forms):

Eq. 2 y=a+

(x—c)
The graph for Eq. 2 may be asymptotic to the lines x = cand y = a, and may contain the

6
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point
(x=c+Jl;,y=a+JZ)

The coefficients a, b, and ¢ may influence the shape and placement of the graph as
illustrated in Figure 1.

Section 3.2: Estimating Coefficients from Empirical Data

Estimating the coefficients a, b, and ¢ in Eq. 2 from empirical data may be based
upon the assumption that the basic relationship defined in Eq. 1 may hold between the
two variables x and y as modified by the additional parameters a, b, and cin Eq. 2. The
simplest method for computing these coefficients may use two selected data points and
may determine values for the coefficients which yield an equation going through those
points. Other methods may analyze all data points and may determine values for the
coefficients which may yield an equation which is the best fit to the data points using
distance measures such as least squares.

In order to provide a suitably complete presentation of a method for production
rate and resource capacity planning the following mathematical analysis derives a
simple method which may determine values for the coefficients using two selected data
points. Equivalent and related methods may be obtained from standard mathematics,
statistics, or engineering textbooks and will not be presented here.

For purposes of the analysis, assume that iwo data points x, y1, and X, y» are
given, and that they each lie on the line defined by Eq 2. Also assume that these
equations are used in a context where the value of coefficient a can be estimated or
determined independently. This assumption may be satisfied in the methods described
below.

The value of ¢ may be determined by first incorporating known values for two
data points xi, y; and X, y», inserting the coefficient a into the equations, and rewriting
the equations through a series of steps comprising the following:

Eq. 3.1 y1=a+(x1_c) and y2=a+(x2_c)

Eq. 3.2 (y,—a)-(x,—c)=b and (y, —a)-(x,—¢c)=b
Eq. 3.3 (y-—a)(x,—c)= (y,—a)(x, —-c)

Eq- 3.4 (y1~a) _(xZ—C)

(y,~a) (% —¢)
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To simplify the necessary computations the following substitution may be
introduced:

Eqg. 3.5 ==
(y,—a)

Eqg. 3.4 may be rewritten as follows:

Eq. 3.6 k=-(—xi:i)

(%, ~¢)
Eq. 3.7 k-(x,—c)=(x,~c)
Eqg. 3.8 k-x,—k-c=x,-c
Eq. 3.9 k-x,—x,=k-c-c

Eq. 3.10 k-x—x,=((k-1)-c
This may yield the following equation for the coefficient c:

Eq. 3.11 Skmmx)
(k-1
Using either part of Eq. 3.1, the value for coefficient b may be determined by
incorporating known values for one data point, (e.g. x1,¥1), inserting the coefficients a
and c into the equations, and rewriting the equations through the following steps:
b
(%, —¢)
b

(xl - C)

Eq. 3.12 y,=a+

Eqg. 3.13 y—a=

This may yield the following equation for the coefficient b:
Eq. 3.14 b=(y,—a) (x,—c)

3.3: Derivation of the Equivalent Inverse Equation

Using similar analysis, an equation that determines the value of x, given the
value for y, and the coefficients a, b, and ¢, may be derived by the following

transformations:
b
Eq. 4.1 =aq+
q y G0
Eqg. 4.2 y—a= b
(x—c)
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Eg. 4.3 (y—-a)-(x—c)=b

Eqg. 4.4 (y—a)-x—(y—a)-c=b
Eg. 4.5 (y—a)-x=(y—a)-c+b
This may yield the following equation for the variable x as a function of y
Eq. 4.6 c=-a)c+b
(y-a)

Section 4: Concepts and Definitions

The instant disclosure includes the following inter-related set of concepts, definitions,
and formulae that together provide necessary background for a complete description of
the method for production rate and resource capacity planning:

Concepts of Production (Section 4.1);
Concepts and Measures of Resources (Section 4.2);
Concepts and Measures of Work (Section 4.3);
Concepts and Measures of Production Rate  (Section 4.4);
Concepts and Measures of Concurrency (Section 4.5); and
Concepts and Measures of Duration (Section 4.6).

Section 4.1: Concept of Production

In the context of production rate and resource capacity planning, the concept of
production may be defined to be delivery of a finished product or completed service.
The delivery of a single instance of a product or service may constitute a single
production unit, while the delivery of multiple similar instances of a product or service
may constitute repetitive production.

Section 4.2: Concepts and Measures of Resources

Section 4.2.1: Resource

A resource may be defined as any physical asset required for production, or as
defined below, any physical asset required for the performance of work.
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Section 4.2.2: Provisioning of Resources

Section 4.2.2.1: Fixed Resources

In any given production context there may be some resources that are limited
and fixed in quantity. Because the performance of work depends upon the availability of
necessary resources, any resources that are limited and fixed in quantity may, in turn,
constrain or limit the performance in work and its associated duration and rate.

Section 4.2.2.2: Flexible Resources

In any given production context there may be some resources that are flexible
where the quantity available may be increased or decreased to satisfy production
demands, cost of operation, and other factors. Because the performance of work may
depend upon the availability of necessary resources, any resources that are flexible,
may be adjusted to enable the performance of work and its associated duration, and
rate.

Section 4.2.3: Allocation and Usage of Resources

Section 4.2.3.1: Dedicated Resources

Dedicated resources may be those that are assigned to a single production unit,
from start until finish, without being assigned or applied to any other concurrent
production unit. When one production unit is complete, dedicated resources may be
assigned to a successive production unit, again dedicated from start until finish.

An example of a dedicated resource may be a pilot assigned to an aircraft to fly a
commercial flight. Clearly, a pilot cannot time-share between two aircraft. A pilot may
be dedicated to one aircraft and one flight from start until finish and when that flight is
complete, may be assigned to another aircraft.

Section 4.2.3.2: Shared Resources

Shared resources may be those that are assigned to concurrent production units.
During the period of time in which the concurrent production units are in work, shared
resources may be alternately applied to one production unit, then to another, or to both
simultaneously. When one production unit is complete, shared resources may be

10
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assigned to a successive production unit, while continuing to support those that have
not yet been completed.

If a resource is or can be used to support more than one concurrent production
unit at the very same moment of time, that usage may be said to be simultaneous. If a
resource is or can be used to support more than one concurrent production unit by
successively switching between them, that usage may be said to be interleaved.

An example of a shared resource and simultaneous usage may be an auxiliary
power unit that can concurrently supply electricity to multiple pieces of equipment, up to
the limit of its power rating and the availability of power connectors. Another example of
a shared resource may be an instructor in a lab concurrently assisting multiple students,
where general assistance may be simultaneous (advice or instructions to more than one
student) and specific assistance may be interleaved (advice or instruction to only one
student at a time).

Section 4.2.3.3: Dedicated and Shared Resources Assigned in the Same Context

Both dedicated and shared resources may be utilized in the same context of
work. For example, a maintenance crew may be assigned to a flight line expected to
support multiple aircraft at one time. Upon landing, an aircraft may be assigned a fixed
gate (as a dedicated resource) until departure, while the crew (as a shared resource)
may be expected to divide its support among all aircraft on the ground. While it may be
feasible to assign a fixed to crew to each gate as a dedicated resource, assigning a
fixed crew at each gate of sufficient size to address all possible maintenance
requirements may be excessive. At the same time, assigning a smaller crew at each
gate may create risks that one aircraft may be delayed because of greater than average
maintenance requirements while crew at another gate may be underutilized. Using a
maintenance crew as a shared resource may require fewer total individuals while
providing sufficient capacity to respond to variation in maintenance requirements on a
case-by-case basis.

Section 4.2.4: Resource Usage and Effects

There are four basic effects that activities may have on resources. Two effects
may be temporary. For instance, an activity may reserve and use a resource for a finite
period of time (precluding use by other activities), or an activity may provide and make

11
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available a resource for a finite period of time (enabling use by this same or other
activities). Two other effects may be permanent. For instance, an activity may
consume a resource and permanently decrease the quantity available (preventing
further use by any activity), or an activity may produce a resource and permanently
increase the quantity available (enabling use by this same or subsequent activities).

This discussion of production rate and resource capacity planning may be
concerned primarily with temporary reservation and use of resources over finite periods
of time. The mathematics which relate the quantity of reserved resources to the overall
rate of production for a given product or service may not be immediately obvious, yet
when applied correctly may be powerful.

The occurrence of activities that provide resources over finite periods of time may
be exceptional, and will be excluded from further discussion, although the mathematical
models provided below may, to a certain extent, be equally applied to this category of
usage and effects.

The mathematics which relates the quantity of resources permanently consumed
or produced to the overall rate of production for a given finished product or completed
service may be comparatively simple, and intuitive, and will be excluded from further
discussion.

Section 4.2.5: Concepts and Measures of Resource Quantity

Section 4.2.5.1: Dimensions of Resource Usage

Focusing on temporary reservation and use of resources over finite periods of
time, resource reservation and use may have two dimensions: (1) the quantity, and (2)
the duration of time that the resource is required or provided.

Section 4.2.5.2: Units of Resource Quantity

The quantity of a resource, required or provided for the performance of some
body of work, may be measured in some units such as: number of individuals; watts of
electricity; number of tools; fixtures; or jigs, etc. Some measures of quantity may be
clearly quantized such as number of tools or individuals, while other quantities may
have a finer granularity such as watts of electricity that may be measured in both whole
units and fractional parts.

12
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Section 4.2.5.3: Representation of Resource Quantity

In general, the quantity of resources required or provided for the performance of
work (over a suitable period of time) may be represented by a vector, where each
element of the vector may represent the quantity of resources required or provided
within a single, distinct resource category. Systematic analysis of how the quantity of
resources provided affects unit duration or production interval may require systematic
exploration of the entire multidimensional vector space.

Such analysis may be simplified by focusing on a parametric model of resource
availability defined using a proportional resource vector and a parametric series of
quantized resource vectors (both are defined below). The basis for this concept may be
simple but may require reflection on how resource availability affects unit duration (and
equivalently production interval).

If only one category of resource is required for completion of one production unit,
it may be reasonable to assume that the unit duration will be affected by the quantity of
that resource. If only a small quantity is provided, the duration may be long. If a larger
quantity is provided, the duration may be shorter. After a certain point, increase in the
quantity provided may produce no further decrease in unit duration (see discussion of
Minimum Duration and Resource Dependent Duration provided below).

If two categories of resources are required for completion of one production unit,
it may also be reasonable to assume that the unit duration will be affected by the
separate quantities of the resources provided. If a small quantity of the first resource is
provided and a very large quantity of the second resource is provided, then the quantity
of the first resource may have the most effect and the duration may be long. Likewise, if
a very large quantity of the first resource is provided and a small quantity of the second
resource is provided, then the quantity of the second resource may have the most effect
and the duration, again, may be long. Separately exercising the quantity of each
resource across a range of values may be wasted effort because the result may be
largely determined by the resource that has the smallest proportional value.

The alternative may be to exercise the quantity of resources through a series of
cases. In each case, the quantity of each resource may have an equal and balanced
effect on unit duration. Analysis of the effect of resource availability on unit duration and
production interval may requires three things. First, it may require a means for

determining the correct proportion between resources so that each resource has an
13
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equal and balanced effect. Second, it may require some means to represent that
proportion. Third, it may require some means to construct a parametric series of
individual cases, which may vary across a range of values while still preserving the
desired proportions.

As will be described below, the correct proportion between resources may be
derived from the Basis Work Content Vector. Construction of the parametric model of
resource availability and resource vectors for individual cases of the analysis may begin
with construction of a Proportional Resource Vector and may follow with construction of
a parametric series of Quantized Resource Vectors.

Section 4.2.5.3.1: Resource Vecior

In general, large complex bodies of work may require a mixture of differentiated
resources in their performance, and even individual tasks may require resources from
two or more distinct resource categories. The resources may include specific tools,
pieces of equipment, human labor categorized by skill (e.g. electrician or mechanic) or
qualification, and fluid resources of finer granularity such as electricity or thermal
capacity.

In general, the quantity of resources required or provided for the performance of
work (over a suitable period of time) may be represented by a vector where each
element of the vector may represent the quantity of resources required or provided
within a single, distinct resource category. Where useful or necessary, the quantity of
resources provided for the performance of work may be divided into two or more vectors
representing the separate allocation of shared and dedicated resources as follows:

Eq. 5.1 R=[n1,,..1,], where

Eq. 5.2 r, = the quantity of resource category j required or provided

Section 4.2.5.3.2: Total Quantity

The total quantity of resources T required or provided for the performance of
some activity or body of work may, in some cases, be usefully computed as the sum of
the elements within a Resource Vector. For example, this may be useful when
considering the total number of individuals within a mixed pool of labor divided between
specific skill sets. This quantity may also be useful in the definition of other concepts
such as a Proportional Resource Vector.

14
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Eq. 6 T=>3r

j=

Section 4.2.5.3.3: Proportional Resource Vector

A Proportional Resource Vector may be defined to be a resource vector wHere
each element represents the percentage of the total resources contained within the
corresponding resource category. By definition, this may imply that the sum of all
elements within a Proportional Resource Vector equals one.

Eq. 7.1 P=[p, p,,...p,,], and
Eqg. 7.2 Z p; =1
j=l

l

Clearly, any resource vector (R) May be reduced to a proportional resource
vector (P) by dividing each element of (R) by (T).

Eqg. 8 p=|0Lk In
T 7T

Section 4.2.5.3.4: Quantized Resource Vector

[082] A Quantized Resource Vector (Ps) may be defined to be a proportional resource
vector (P) multiplied by a scalar quantity (s) as defined in the following:

Eqg. 9.1 Pi=s-P =[s-ps-p,..s-p,] , where (s) is a scalar value and

Eq. 9.2 P=[p, p,....p,,] is a proportional resource vector.

Section 4.2.5.3.5: Parametric Series of Quantized Resource Vectors

A Parametric Series of Quantized Resource Vectors may be defined to be a set
of resource vectors:
Eq. 10 BR,P,,..P,

wherein each Quantized Resource Vector (P) may be constructed from a common
Proportional Resource Vector (P), and scalarvalues s=1, 2, 3, ... n.

Section 4.2.5.3.6: Modified Resource Vector

A Modified Resource may be defined as a quantized proportional resource vector
where the quantity of resources in each category has been rounded up and modified as

necessary to satisfy the minimum resource requirements for performance of the given
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activity or production unit.

Eqg. 11.1 U =[uu,..u,] ,where
Eg. 11.2 R=[nr,..r,] isaquantized proportional resource vector and

Eqg. 11.3 u;, = [r, ], where use of [ ] indicates rounded and modified as necessary.

Section 4.2.5.3.7: Scalar Representation of Resource Quantity

The mathematical relationship between resource quantity and unit duration, and
the mathematical relationship between resource quantity and production interval, may
be reduced to a common mathematical relationship as discussed in multiple sections
below. Derivation and use of these mathematical relationships may depend upon a
means to represent the quantity of resources required or provided as single scalar
value. Clearly, the total quantity of resources, computed as the sum of elements within
a resource vector, may be a candidate. Without additional restrictions this may be a
poor choice. Many different resources vectors may yield the same total quantity of
resources yet yield different unit durations or production intervals when used to
generate schedules.

The mathematical relationship may depend upon more than total quantity. The
mathematical relationship may be best derived and may be best employed in the
context of a family of resource vectors where all resource vectors in the family can be
reduced to one common proportional resource vector, and where each element of each
resource vector has an equal and balanced effect on unit duration or production interval.
Construction of a suitable family of resource vectors, based upon analysis of total work
content, is described below.

Within a suitably constructed family of resource vectors, each resource vector (R)
may be equivalent to a common proportional resource vector (P), multiplied by some
scalar value (S).

Eq. 12.1 R=§-P =[S-p S p,..S-p,] ,where (5) is a scalar value.
As a result, the total quantity of resources may equal (S):

Eq122 S=zrj=ZS-pj=S-ij=S.1
J=l j=1 j=1
Restricting focus to a suitable family of resource vectors, the total quantity of

resources, or equivalently the scalar multiplier of the proportional resource vector, may

16



10

15

20

25

30

WO 2008/057103 PCT/US2006/044856

serve as a suitable scalar representation of resource quantity and basis for deriving the
desired mathematical relationships.

In practice, schedules may be constructed only from resource vectors that have
been modified to satisfy the minimum resource requirements for performance of the
given production unit. In practice then, the total quantity of resources within the
guantized resource vector may be less than the total quantity of resources within the
modified resource vector. Experience may show that either may be used within the
methods described below, but use of the total quantity of resources within the modified
resource vector may yield slightly more accurate results.

In the remainder of this application, the variable Q will be used to denote the
quantity of resources required or provided for the performance of work. In all contexts,
it is assumed that Q represents the total quantity of resources contained within a
modified resource vector within a suitable family of resource vectors with a common
proportional basis.

Section 4.3: Concepts and Measures of Work

It may be impossible to provide a single definition of work that will serve equally
in all contexts for production rate and resource capacity planning. Nevertheless, for this
discussion, work may be defined to be performance of a set of activities, making use of
a set of resources, contributing to the delivery of a finished product or completed
service.

For example, the activity of manufacturing and assembling component parts to
create a finished product qualifies as work. In mainténance, the activity of removing a
failed component and replacing it with a new component to restore a product to an
operational condition qualifies as work. Less obvious, the activity of inspecting aircraft
structure to ensure that no fatigue or corrosion is present qualifies as work. In teaching,
the activity of creating, delivering, and grading a test to certify the capabilities of the
students qualifies as work.

Other examples are less clear but still qualify as work. For example, baking
carbon-fiber epoxy composite materials in an oven to cure the plastics and bond the
materials adds value to the finished product but does not immediately appear to be an
activity. Other examples include processes of annealing, tempering, fermentation,
drying, and curing which do not immediately appear to be activities yet all add value to
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manufactured goods.

Some might argue that activities or periods of time that do not add value to a
product or service should not be interpreted as work. Nevertheless, activities or periods
of time that require resources (for storage, for example) are relevant to this discussion
and there will be no attempt in the following to distinguish between value-added and
non-value-added activities, resource assignments, or periods of time.

Repetitive work may be accomplished by repetitive performance of a set of
activities, making use of a set of resources, resulting in the delivery of multiple units of a
finished product or completed service.

Section 4.3.1: Work Content of One Activity

By convention, the work content of one activity may be defined as the product
obtained by multiplying the quantity of resources required to perform the activity by the
duration of the activity, each measured in relevant units. The most common measure of
work content may be man-hours, or equivalently labor-hours, used in those cases
where people may be required for the performance of work. Equally common may be
references to man-months or man-years. This definition of work content may apply
whether or not the resources are flexible and whether or not the duration is resource
dependent.

Given a duration d, and a quantity of undifferentiated resources g, the work
content w of one activity may be defined by the three equivalent equations (instances of
the common mathematical relation defined by Eq 1) as follows:

Eq. 13.1 d=Y
q

Eq. 13.2 =Y
q q=-

Eq. 183  w=gq-d

Section 4.3.2: Work Content of One Production Unit

When the work required to complete one production unit may be accomplished
by performing a collection of individual activities by a pool of undifferentiated resources,
the work content w may be defined as the sum of the work content of n individual
activities as follows:
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Eq. 14.1 w=>gq,-d,, where

i=l
Eqg. 14.2 g; = the quantiy of resources required for task i , and

Eq. 14.3 d; = duration of task i

Section 4.3.3: Work Content Using a Vector of Resources

In general, large complex bodies of work may require a mixture of differentiated
resources in their performance, and even individual tasks may require resources from
two or more distinct resource categories. The resources may include specific tools,
pieces of equipment, and human labor categorized by skill (e.g. electrician or mechanic)
or qualification.

In general, the quantity of resources required for the performance of work may be
represented by vector where each element of the vector may represent the quantity of
resources required within a single, distinct resource category. In some cases, the
quantity of resources required for the performance of work may be divided into two or
more vectors representing the separate allocation of shared and dedicated resources.

Section 4.3.3.1: Basis Work Content Vector

The Basis Work Content Vector (Wjasis) for one production unit may be defined to
be a vector where each element represents the work content within the corresponding
resource category as follows:

Eq. 15.1 W,

basis

=[w, wy,..w, 1, where
Eq. 15.2 w; =Y g/ -d,, and
i=1
Eq. 15.3 g/ =the quantity of resource category j required for task i

Section 4.3.3.2: Exclusions from the Basis Work Content Vector

Given this definition, the Basis Work Content Vector (Whssis) may contain only
those resources which are directly associated with the performance of individual
activities (Eq 15.2 & Eq 15.3). It may not contain and may not account for the quantity
of resources associated with the completion of one production unit as a whole (rather
than completion of individual tasks).

For example, completion of a major assembly may require the performance of
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hundreds of individual tasks by individuals within specific labor categories and each task
may explicitly require other supporting resources (such as test equipment, cranes, or
hand tools). These requirements may be contained within the Basis Work Content
Vector. '

At the same time, this assembly may require dedicated use of an assembly jig for
the full duration of work performed by those individuals. There may be no basis for
computing the work content associated with the assembly jig as the product of a
quantity and duration. While the quantity required may be easily stated (quantity one)
the duration required may depend entirely upon quantity of other resources provided
and the way that the work is organized and managed. Simple application of Eq 15.2
may lead to an equally questionable result. If use of the jig is associated with every
constituent task then the wdrk content computed for the jig may be equal to one times
the sum of all task durations. This value may have reasonable interpretation if the tasks
are performed serially, one after the other (one jig multiplied by the net duration), but
may have no reasonable interpretation when the tasks are organized and managed to
be performed with some degree of concurrency or a parallelism (the real requirement
for the jig will then be one jig multiplied by the resulting duration). (See also discussion
of Resource Requirements, Allocation, and Usage).

Section 4.3.3.3: Total Work Content

The total work content W for one production unit may be computed as the sum of
the elements within the Basis Work Content Vector as follows:

n

Eq: 16 W= >w,
j=1

Section 4.3.3.4: Proportional Work Content Vector

The Proportional Work-Content Vector V for one production unit may be defined
to be a vector, where each element represents the percentage of the total work content
contained within the corresponding resource category (computed by dividing each
element of the basis work content vector by the total work content (W) (Eq. 16)) as
follows:

Eq. 17.1 V=[wv,,..v, ], where

m
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Eq.17.2 v, = —L

In later discussion of the detailed methods for production rate and capacity
planning, the Proportional Work Content vector may be used to derive a Proportional
Resource Vector and a Parametric Series of Resource Vectors.

Section 4.4: Concepts and Measures of Production Rate

Section 4.4.1: Interval Between Start

The interval between start of production units, in the performance of repetitive
work, may be the duration of time between start of successive production units.

Section 4.4.2: Interval Between Finish

The interval between finish of production units, in the performance of repetitive
work, may be the duration of time between finish of success production units.

Section 4.4.3: Production Interval (/)

The production interval /, in the performance of repetitive work, may be
synonymous with the interval between finish. In a steady state condition for production,
the interval between start and the interval between finish may be constant and equal
and may be used synonymously with production interval.

Production interval may be further qualified with key words and phrases such as
actual production interval, target production interval, minimum production interval,
maximum production interval, etc. that may be defined separately, as necessary.

Section 4.4.4: Production rate (R)

The production rate R, in the performance of repetitive work, may be the ratio
between the number of finished production units and the duration of time required for
their completion. Production rate may be further qualified with key words and phrases
such as actual production rate, target production rate, minimum production rate, and
maximum production rate, that will be defined separately, as necessary.

In practice, the word rate may be most commonly used in discussions of
production but it is sometimes problematic to represent rate as a useful ratio. To be
useful, the timeframe for this ratio should be long enough to contain at least one
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completed production unit and preferably several. Moreover, production rate may have
many equivalent forms that can only be compared by conversion to a common
denominator (e.g. 1 unit per month is equivalent to 12 units per year). Worse, common
time units may have inconsistent boundaries leading to mathematical discrepancies (4
units per month is equivalent to 48 units per year, but 1 unit per week is equivalenf to 52
units per year).

Within this methodology and its associated equations and algorithms, production
interval I may be a more useful parameter and will be used most often.

Section 4.4.5: Relationship between Production Interval (/) and Production Rate (R)

Given the previous definitions of production interval / and production rate R, the
relationship between production interval / and production rate R may be given by three
equivalent equations (instances of the common mathematical relation defined by Eq. 1)
as follows:

Eq. 181  R=

Eq. 18.2 I=

Eq. 183  I.-R=1

Section 4.5: Concepts and Measures of Concurrency

Section 4.5.1: Concept of Concurrent Production

Concurrent production may occur when, during the performance of repetitive
work, two or more production units are simultaneously in work for some measurable
period of time in their performance. In the following discussion, Figure 3 and Figure 4
illustrate non-concurrent production, while Figure 5 and Figure 6 illustrate concurrent
production.

Section 4.5.2: Degree of Production Concurrency (O)

The degree of concurrency, within the performance of repetitive work, may be the
measure of how much of the work is performed concurrently. Figures 3, 4, 5, and 6
illustrate the concept of production concurrency while Figure 7 illustrates the
relationship between degree of production concurrency C, unit duration D, and

22



10

15

20

25

WO 2008/057103 PCT/US2006/044856

production interval / as a family of equations as defined below.

Section 4.5.2.1: Relationship between Degree of Production Concurrency (),

Unit Duration (D), and Production Interval ()

Given the previous definitions of unit duration D, production interval /, and
degree of concurrency C, the Parametric Model of Production Concurrency may be
given by following three equivalent equations (instances of the common mathematical
relation defined by Eq. 1):

D

Eq. 19.1 =—
a I
D

Eqg. 19.2 =
a C

‘Eq. 19.3 D=C-I

Section 4.5.2.2: Derivative Forms

The derivative forms of Eq. 19 may form a family of equations, as shown in
Figure 7, that can be used in a variety of circumstances. When values of both D and /
are known, Eq. 19.1 may be used to compute the value of C. Moreover, if only D is
known or /is known, this equation may define the functional relationship between C and
the remaining free variable, as shown in the following derivative equations where Dr
and /r are known fixed values.

Eq.19.1a C= PIL

Eq.19.1b C=

il

When values of both D and C are known, Eq. 19.2 may be used to compute the
value of . Moreover, if only D is known or C is known, this equation may define the
functional relationship between I and the remaining free variable, as shown in the
following derivative equations where Dr and Crare known fixed values.

Eq. 1922 1=2c
C

Eq. 1920 1=2
c

F
When values of both /and C are known, Eq. 19.8 may be used to compute the
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value of D. Moreover, if only D is known or C is known, this equation may define the
functional relationship between / and the remaining free variable, as shown in the
following derivative equations where /Irand Cr are known fixed values.

Eq.193a D=C, I

Eq. 1930 D=C-I,

Section 4.5.3: Degree of Maximum and Minimum Production Concurrency

Given the previous definition of degree of production concurrency C, the degree

of maximum production concurrency K. and the corresponding degree of minimum
production concurrency, Kmin may be defined by the following.

Eq. 20.1 K, =] C'|, defined to be the least integer greater than or equal to C
Eq. 20.2 K, = |_C_| , defined to be the greatest integer less than or equal to C

Section 4.5.4: Interpretation of Degree of Production Concurrency

Given any two values for unit duration D and production interval /, the degree of
production concurrency C may yield a value which provides an intuitive measure of how
much work is performed concurrently. Given any two values for unit duration D and
production interval /, the degree of maximum production concurrency Kax may yield a
value which is an upper bound on how much work is performed concurrently, and
correspondingly Knin may be a lower bound on how much work is performed
concurrently.

When, as illustrated in Figure 3, D=3 and /=4, C=0.75, K;;=0 and
Kmax=1, three quarters of the time one production unit may be in work, and one quarter
of the time no work may be underway. When, as illustrated in Figure 4, D=4 and /=4,
C=1.00, Knir=1 and Kmax=1, at every point in time, exactly one production unit may be in
work with perfect continuity from one unit of work to the next. When, as illustrated in
Figure 5, D=5 and =4, C=1.25, Knir=1 and Kpa=2, three quarters of the time one
production unit may be in work, and one quarter of the time two production units may be
in work. When, as illustrated in Figure 6, D=8 and /=4, C=2.00, K,=2 and Knax=2, at
every point in time two production units may be in work, and when one unit of work
completes, one unit may remain in work and another one may start. The relationship
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between the linear function C and step function K.y is illustrated in Figure 8.

Section 4.5.5: Relationship between Degree of Concurrency and Use of

Dedicated or Shared Resources

When the degree of concurrency is less than or equal to 1 (C<=1), no more than
one production unit may be in work at any one time. In such cases, the resources
applied to each production unit may be effectively dedicated to exactly one production
unit at a time. When the degree of production concurrency is greater than 1 (C>1), then
for at least some short period of time, more than one production unit may be in work. In
such cases the resources applied to each production unit may be dedicated, shared, or
a combination of both.

The degree of maximum concurrency Knax may be used to determine the
quantity of dedicated Category 1 resources required in a given production context.
Specific details are provided below.

Section 4.6: Concepts and Measures of Duration

Section 4.6.1: Unit Duration (D)

Unit duration D may be the duration of time required to complete one production
unit, accomplished by the performance of a set of activities, making use of a set of
resources. Unit duration D may be measured by the difference between the start
time and tHe finish time of the set of activities required to complete one production
unit. Duration may be measured in any conventional units, such as seconds, days,
or years. However, use of a common fine granularity measure (such as seconds or
minutes) may yield more accurate and more usable results than use of large
granularity measures and fractional units (such as years and decimal parts). Unit
duration may be further qualified with keywords and phrases such actual duration,
target unit duration, predicted unit duration, estimated unit duration, minimum feasible
unit duration, maximum unit duration, average unit duration, etc. that are defined
separately, as necessary.

Section 4.6.2: Fixed Unit Duration

When the duration of time required to complete one production unit may be
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unaffected and cannot be controlled by sequencing the constituent activities, by supply
resources, and by other factors, the unit duration may be said to be fixed.

Section 4.6.3: Fiexible Unit Duration

When the duration of time required to complete one production unit may be
affected and can be controlled by sequencing the constituent activities, by supply of
resources, and by other factors, the unit duration may be said to be flexible.

Section 4.6.4: Minimum Unit Duration (D)

The minimum unit duration (D) may be the minimum duration of time required

- to complete one production unit, when all constraints have been applied and when all

means to reduce that duration have been exercised including sequencing of the
constituent activities and supply of additional resources. In general, the minimum unit
duration may be conveniently computed by constructing a schedule where all required
constraints are enforced and all flexible resources are modeled as “infinite”.

Section 4.6.5: Maximum Unit Duration (Dpnay)

The maximum unit duration Dpmax may be the maximum duration of time required
to complete one production unit without introducing artificial gaps in the performance of
work where no activity is underway. In general, the maximum unit duration may be
conveniently computed by constructing a schedule where all required constraints are
enforced and the activities are further constrained to be performed serially, without
overlap. In cases where there are no extraordinary timing constraints, the maximum
unit duration may be exactly the sum of the durations of the constituent activities.

Section 5: Relationship Between Quantity of Resources and

Production Interval and Unit Duration

Depending upon the nature of the work and the way that it is organized, the
supply of resources may affect both unit duration and production interval. This
application includes the following inter-related set of concepts, definitions, and formulae
that together establish the mathematical foundation required to implement the methods
of production rate and resource capacity planning:

Resource Dependent Production (Section 5.1);
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Key Categories of Resource Requirements (Section 5.2);
Resource Dependent Production Interval (Section 5.3);
Resource Dependent Unit Duration (Section 5.4);

Shared Resources and Production Interdependence (Séction 5.5); and
Concepts and Measures of Resource Utilization (Section 5.6).

Section 5.1: Resource Dependent Production

Section 5.1.1: Resource Dependent Production Interval

All work may be accelerated by decreasing the interval of time between start of
successive production units (or equivalently by increasing the production rate).
However, as the production interval decreases to a value less than or equal to the unit
duration, concurrency may be introduced into production operations requiring an
increase in dedicated and shared resources. When the production interval (or
equivalently the production rate) of some body of repetitive work is affected and can be
controlled by the quantity of resources supplied, it may be said to have a resource
dependent production interval.

Generally, all work may have a resource dependent production interval. There
are some circumstances where key resources (such as number of aircraft, number of
assembly tools, or number of classrooms) may be fixed and it may be infeasible to
exercise flexibility by increasing or decreasing those assets.

Section 5.1.2: Resource Dependent Unit Duration

Some work, by its very nature, requires specific fixed resources for its
performance and there may be no benefit if more resources are available. An example
is the crew for an airline flight. An international flight may require a primary crew of one
pilot and one co-pilot plus a relief crew of one additional pilot and one additional co-pilot.
If all four individuals are available, the flight may proceed. If even one individual is
missing, the flight may be held up, but the duration of the flight may be unaffected by
and cannot be reduced by supplying additional crew.

Other work, by its very nature, requires some minimum resources for its
performance but its duration depends upon the quantity provided. An example is large
scale aircraft assembly. Given a few individuals of specific skill codes (electricians,

mechanics, etc.), work proceeds very slowly resulting in long unit duration. Given larger
27



10

15

20

25

30

WO 2008/057103 PCT/US2006/044856

number of individuals within those skill codes, work proceeds more rapidly resulting in
short unit duration.

When the unit duration of some body of repetitive work may be affected and can
be controlled by the quantity of resources supplied, it may be said to have resource
dependent unit duration.

Section 5.1.3: Independence of Unit Duration and Production Interval

When the production interval (or equivalently the production rate) of some body
of repetitive work may be affected and may be controlled by the quantity of one
category of resources available to dedicate to each production unit (such as assembly
tooling), and when the unit duration may be affected and may be controlled by the
quantity of a separate category of resources available to dedicate to each production
unit (such as labor), production interval and unit duration may be effectively
independent. In such cases, the quantity of resources in each category may be
exercised separately to separately control production interval and unit duration.

Section 5.1.4: Interdependence of Unit Duration and Production Interval’

When the production interval (or equivalently the production rate) of some body
of repetitive work may be affected and may be controlled by the quantity of one
category of resources available to dedicate to each production unit (such as assembly
tooling), and when the unit duration may be affected and may be controlled by the
quantity of a separate category of resources shared across multiple concurrent
production units (such as labor), production interval and unit duration may be effectively
interdependent. Changes in quantity of the shared resources may affect both unit
duration and the minimum feasible production interval (or equivalently the maximum
feasible production rate).

Section 5.2: Key Categories of Resource Requirements, Allocation, and Usage

Production operations of any scale may present complex combinations of
resource requirements, allocation, and usage. For example, in large scale assembly a
single production unit may require exclusive, dedicated use of special tooling (e.g. jig or
fixture) for the duration of time required to complete the production unit, yet the quantity
available may have no direct effect on the duration. Instead, the quantity available may

simply determine how many production units may proceed concurrently, which may fall
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in Category 1.

In this same context, a single production unit may require use of labor in order to
perform the work, and the quantity available may have direct effect on the time required
to complete the production unit by enabling concurrency within the work required to
complete one production unit. Here there may be two sub-cases. In one case, labor
may be divided into segregated pools, where each pool is assigned exclusively to a
single production unit for the duration, which may fall in Category 2. In the other case,
labor may be managed within a single pool and shared across all production units,
which may fall in Category 3.

Division of resource requirements, allocation, and usage into such categories
may be necessary for systematic rate and capacity planning. However, within a single
operational setting, the quantities provided must satisfy certain mathematical
relationships described below, and the inter-relationships between them. For example,
the quantity of Category 1 resources required may determined by the equations
provided in Section 5.3, while the duration in that equation may be determined by the
quantity of Category 2 resources provided and the equations in section 5.4. In other
circumstances, the equations provided in Section 5.3 may determine the necessary or
target duration and the equations of Section 5.4 may be used to determine the
necessary quantity of Category 2 resources. In the same operational setting, there may
be resources of Category 3, subject to the relationships defined in Section 5.5, while the
overall degree of concurrency may be determined by the equations in Section 5.3.

Section 5.2.1: Resources of Cateqgory 1

Resources of Category 1 may comprise the following resources: (1) not-shared
(and potentially not sharable) between production units: (2) with direct effect on
concurrency between production units; and (3) with no effect on unit duration and
degree of concurrency within the production unit. |

Section 5.2.2: Resources of Category 2

Resources of Category 2 may comprise the following resources: (1) not-shared
(although potentially sharable) between production units: (2) with no direct effect on
concurrency between production units; (3) with direct effect on unit duration, by enabling
concurrency within work required to complete one production unit.
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Section 5.2.3: Resources of Category 3

Resources of Category 3 may comprise the following resources: (1) shared
between production units; (2) with direct effect on the concurrency between production
units, by enabling concurrent work on multiple production units; (3) with direct effect on
unit duration, by enabling concurrency within work required to complete individual
production units. Methods related to rate and capacity planning for shared resources,
which fall under Category 3, will be addressed in a separate application.

Section 5.3: Relationship between Category 1 Resource Availability

and Production Interval

The following discussion may only apply to work where the degree of
concurrency of some body of repetitive work may be affected and may be controlled by
the quantity of resources supplied (resource dependent production interval), and where
the quantity available may be increased or decreased to satisfy production demands
(flexible resources). This discussion may be applicable to work where the key
resources are dedicated to individual production units (not shared) and have no direct
effect on unit duration. This may be relevant to manufacturing that is dependent upon
the availability of dedicated tooling or machine tools, training that is dependent upon
dedicated classrooms, flight operations that is dependent upon pilots or aircraft, etc.

Recall that Eq. 19.1 defines the degree of concurrency C as the ratio between
unit duration D and production interval /. Also recall that Eq. 20.1 defines the degree of
maximum production concurrency Kpax as simply the least integer greater than or equal
to C. In practice the quantity of dedicated Category 1 resources supplied for the
performance of some repetitive work must be greater than or equal 10 Knay. If fewer
resources are available, less work will be able to be performed concurrently, and target
production rates (or equivalently interval) may not be met. Hence the relationship
between the quantity of resources available Q; and the three parameters degree of
concurrency, unit duration, and production interval is defined by the following:

Eq. 21.1 0, 2K, where K, =[ClandC =?

Eq.21.2 @ zﬁ]
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Section 5.4: Relationship between Category 2 Resource Availability and Unit Duration

The following discussion may only apply to work where the unit duration of some
body of repetitive work may be affected and may be conirolled by the quantity of
dedicated resources supplied (resource dependent duration) and where the quantity
available may be increased or decreased to satisfy production demands (flexible
resources). This may be most applicable to work which may be decomposed into a
large number of individual activities which may be flexibly rearranged to take advantage
of the availability of the dedicated Category 2 resources. This may be relevant to large
scale assembly that is dependent upon the availability of a labor pool of flexible size,
maintenance that is dependent upon a labor pool of flexible size, or cleaning service
that is dependent upon a labor pool of flexible size, etc.

Section 5.4.1: Work Content and Resource Dependent Unit Duration

Consider a case where the work required to complete one production unit has
been quantified as 210 labor-hours. It is imaginable that this work might be complete by
1 person working 210 hours in duration, 2 people working 105 hours, 3 people working
70 hours, 5 people working 42 hours, 7 people working 30 hours, or other combinations
where the product of the number of people and the unit duration, measured in hours,
yields 210. Yet it is equally clear, because of physical constraints on the performance
of work, that duration and resources may never be perfectly exchanged one for the
other.

Section 5.4.2: Constraints on the Performance of Work

When the work to be performed is accomplished by performing a collection of
individual activities there are likely to be constraints on the performance of the individual
activities. Without elaborating on all of the possibilities, assume at a minimum that the
constituent tasks have documented resource requirements and may be subject to inter-
task precedence constraints.

Section 5.4.2.1: Precedence Constraints

If one activity A is constrained to occur before another activity B, then it may be
prohibited for B to occur before A or to be performed concurrent with A even for some
short period of time. The net effect may be that the effective duration of performing
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activities A and B is at least the duration of A plus the duration of B. If the work required
to complete one production unit is accomplished by performing a collection of individual
activities which are subject to some specified precedence constraints, then there may
be some minimum duration for that work that results from enforcing those constraints. If
a collection of activities is subject to precedence constraints, then the minimum duration
for that work may not be less than the duration of the critical path (computed using
conventional algorithms).

Section 5.4.2.2: Minimum Resource Requirements

If the work required to complete one production unit is accomplished by
performing a collection of individual activities it is likely that some activities themselves
may have a minimum resource requirement and cannot be performed unless that
minimum quantity of resources is available.

Section 5.4.3: Estimating the Relationship between Resource Availability

and Unit Duration

Eq. 13.3 defines the work content w for one activity as the product of unit
duration d and quantity of resources q. Eq. 14.1 further refines that definition for those
cases where the work to be performed is accomplished by a collection of individual
activities, each of which has a specified duration and quantity of resources required.

Using these equations as a guide, the functional relationship between Resource
Availability and Unit Duration may be clear and simple. For a body of work with fixed
work content W, the unit duration D may be decreased by increasing the guantity of
resources provided Q. |

While Eq. 13 may be commonly used in industry to perform rate and capacity
planning, the actual relationship between resource availability and unit duration may be
more complex. Use of these equations may lead to erroneous results, which then must
be adjusted based upon actual operational performance. These equations may be
inadequate because unit duration may be affected by the constraints between the
constituent activities, the minimum feasible duration, per activity minimum resource
requirements, the degree of concurrency between activities, and other factors.

A more general, parametric equation is required which can be instantiated with
parametric values derived from analytic studies and empirical data which take these
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effects into consideration. Using Egs. 1, 2, and 13 as a basis, the simplest parametric
formulae that relate Category 2 resource availability (Q2) to unit duration (D), given fixed
work content, comprises the following pair of equations: '

Eq. 22.1 D=a+
(Qz -—C)

D-a)-c+b
Eq.222 0= ((Tia)—

Work that is composed of many small, loosely constrained activities may fit this
equation well, while work that is compose of only a few, tightly constrained activities
may fit this equation poorly.

Methods for estimating values for the parameters a, b, and ¢ were provided in
Section 2. Methods for performing the necessary empirical trials will be discussed
below. Reflection on Eq 22.1 and Figure 1 establishes one of the most significant
implications of the Parametric Model of Unit Duration: production is governed by the
Law of Diminishing Returns. After a certain point, attempts to reduce unit duration
through application of increasing quantity of Category 2 resources may become
unaffordable.

Section 5.5: Concepts and Measures of Resource Utilization

Resource utilization may be measured as the percentage of provided resources
that are used in the performance of work. It is generally computed as a ratio where the
numerator is the quantity of resources used and the denominator is the quantity of
resources provided and then presented as a decimal, fraction, or percentage.

Section 5.5.2: Utilization of Category 1 Resources

As discussed above, it may be difficult to relate use of Category 1 resources to
work content or work accomplished. Nevertheless the utilization of Category 1
resources may be easily determined by consideration of concurrency between
production units.

For repetitive production of a body of work with production interval | and unit
duration D, the degree of concurrency C may be an average measure of how many
production units are concurrently in work. At the same time Kinayx may be the minimum
number of Category 1 resources required to sustain the target rate and production
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interval. Assuming that the quantity of Category 1 resources provided Q; is equal to
Kmax, the maximum utilization of Category 1 resources U; may be determined by the
following:

Eq. 23 U, =—5—,Where

1

C=_?—’ Kmax =|_C-l,andQ1 =Kmax

Section 5.5.2: Utilization of Category 2 Resources

The resource content (where appropriate, also referred to as labor content) over
some duration of time d as performed by a dedicated pool of resources may be simply
the product of the quantity of resources provided Q and the duration of time d, as
defined in the following:

Eq. 24 L=Q-d

Based upon this definition, resource utilization over some period of time may be
defined as the ratio of total work content accomplished T to resource content provided
L, as defined in the following:

T
Eq. 25 U==
. L
Hence for a given allocation of Category 2 resources the following may apply:
T
Eq. 26 U, =
q 2= 0. D

But since unit duration D may be determined by a function of the quantity of
resources provided, utilization of a given quantity of resources may be in fact determine
solely by the nature of the work and the quantity of resources provided. Making use of
Eq. 22 for a single production unit with a dedicated quantity of Category 2 resources Q,,
the net labor content L over the duration of one production unit can be determined using
the following equation (as parameterized by a, b, and ¢):

(@, —0)

Hence the corresponding resource utilization for a given quantity of Category 2

Eq. 27 L=Q2-D=Q2.[a+ b j
resources (Qz) may be estimated by:
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Eqg. 28

T
b
Qz '(a-l— (Qz —C))

Section 6: Overview of the Defined Methods.

U,=

Section 6.1: Key Questions

The example questions first introduced in Section 2 can now be more precisely

stated and expanded to include additional, naturally related, questions as follows:

Q1)

(Q2)

(Q3)

(Q4)

(Q5)

(Q6)

(Q7)

Given a number of fixed Category 1 resources, where each will be dedicated to
one production unit at a time, and a fixed unit duration, what is the minimum
sustainable production interval (or equivalently maximum sustainable production
rate):

Given a number of fixed Category 1 resources, where each will be dedicated to
one production unit at a time, and a fixed production interval (or equivalently
production rate), what is the maximum acceptable unit duration:

Given a fixed unit duration and a fixed production interval (or equivalently
production rate), what quantity of fixed Category 1 resources are required, where
each will be dedicated to one production unit at a time?

Given a fixed quantity of Category 2 resources for non-concurrent performance
of one production unit, what is the minimum achievable unit duration for
performance of that work?

Given a target unit duration, what is the minimum quantity of dedicated Category
2 resources required to achieve that target unit duration in non-concurrent
performance of one production unit?

Given a number of fixed Category 1 resources, where each will be dedicated to
one production unit at a time, a fixed unit duration, and a fixed production interval
(or equivalently fixed production rate), what is the effective utilization of those
resources?

Given a fixed quantity of Category 2 resources for non-concurrent performance
of one production unit, and a fixed unit duration for performance of that work,
what is the effective utilization of those resources?

Section 6.2: Relationship of Defined Methods to Key Questions

In the following sections, Method 1 may be used to select the appropriate

supporting method based upon information that is known, and the operational question

to be answered. Method 2 may address questions Q1, Q2, and Q3. Method 3 may
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address questions Q4 and Q5. Method 4 may address Questions Q6 and Q7. Method
5 may define a process for creating a parametric model of unit duration. Method 6 may
define a process for creating a family of quantized resource vectors. Method 7 may
define a process for creating a work content vector and for determining total work
content.

Section 6.3: Use of the Defined Methods

Successful use of the defined methods may require use of computerized
scheduling software and construction of the necessary resource models, activity
models, and production models. It may also require construction of schedules using the
computerized software, analysis and interpretation of the results, etc.

A skilled practitioner in the art of production rate and resource capacity planning
will readily recognize that one or more embodiments of the methods disclosed herein
may provide simple systematic means to solve problems which previously may only
have been solved with ad hoc, trial and error methods.

Section 6.4: Implementation of the Defined Methods

The below methods are presented as numbered steps to be performed in order,
except as otherwise specified (e.g. use method x, or go to step y). In this form, they
may be reasonably implemented as computer programs or rendered as flowcharts,
paper workbooks or computerized spreadsheets. In other embodiments, derivative
implementations of these methods may be utilized.

Section 6.5: Preferred Implementation

The below methods require construction of schedules, based upon input
resource models, activity models, and production models. For the most part, any
computerized scheduling system may be sufficient, but the preferred implementation
may utilize an optimizing scheduler so that the resulting production plans generally
minimize unit duration, maximize production rate, and minimize required resources. An
Optimizing scheduler, as described in US Patent #5,890,134 which is hereby
incorporated by reference, may satisfy both of these requirements.

Section 6.6: Alternative Methods

It should be recognized that derivative forms of the below methods, in addition to
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other types of methods, may be used which incorporate alternative combinations of the
below methods. Methods related to rate and capacity planning for shared resources of
type Category 3 will be covered in a separate patent application.

Section 7: Defined Methods

Section 7.1: Method 1

A flow chart of Method 1 is shown in Figure 9. As shown in Figure 9, the
selection of the appropriate method for production rate and capacity planning based
upon the objective and available information utilizes the following steps:

(1)  If the objective is to determine quantity of dedicated Category 1 resources Qy,
unit duration D, or production interval I, given two of these three values, use
Method 2 (a flow chart of Method 2 is shown in Figure 10).

(2) If the objective is to determine quantity of dedicated Category 2 resources Qo
required to achieve a given unit duration D or the minimum unit duration D that
can be achieved with a given quantity of dedicated Category 2 resources Qg, use
Method 3 (a flow chart of Method 3 is shown in Figure 11).

(3) If the objective is to determine the utilization of Category 1 or Category 2
resources use Method 4 (a flow chart of Method 4 is shown in Figure 12).

(4 End

Section 7.2: Method 2

A flow chart of Method 2 is shown in Figure 10. As shown in Figure 10, the
determination of the quantity of dedicated Category 1 resources Qy, unit duration D, or
production interval |, given fixed or target values for two of the three values Q7, D, or |,
using the Parametric Model of Production Concurrency utilizes the following steps:

(1) If the objective is to determine the minimum acceptable quantity of dedicated
Category 1 resources Qy, given fixed or target values for unit duration D and
production interval |, use Method 2.1 (a flow chart of Method 2.1 is shown in
Figure 11).

(2)  If the objective is to determine the maximum acceptable unit duration D, given
fixed or target values for quantity of dedicated Category 1 resources Q; and
production interval /, use Method 2.2 (a flow chart of Method 2.2 is shown in
Figure 12).

(8)  If the objective is to determine the minimum acceptable production interval /,
given fixed or target values for quantity of dedicated Category 1 resources Qy
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and unit duration D, use Method 2.3 (a flow chart of Method 4 is shown in Figure
13).

End

Section 7.2.1: Method 2.1

A flow chart of Method 2.1 is shown in Figure 11. As shown in Figure 11, given

fixed or target values for unit duration D and production interval /, determining the

minimum acceptable quantity of dedicated Category 1 resources Q7 utilizes the

following steps:

(1)
@)

(3)

(4)

()

If the value for unit duration D is known, go to step 3.

Use Method 3 to determine minimum feasible unit duration D, using the quantity
of dedicated Category 2 resources Qo provided to complete one production unit
(a flow chart of Method 3 is shown in Figure 14)

Compute the maximum degree of concurrency K that will occur during the course
of production using

Compute the required quantity of dedicated, Category 1 resources Qy, using
Q1 =K

End

Section 7.2.2: Method 2.2

A flow chart of Method 2.2 is shown in Figure 12. As shown in Figure 12, given

fixed or target values for the quantity of dedicated Category 1 resources Q7 and

production interval |, determining the maximum acceptable unit duration D utilizes the

following steps:

(1)

()

3)

Compute the maximum acceptable degree of concurrency K using
K=0

Compute the maximum acceptable unit duration D using
D=K-I

If it is not desired to determine the minimum quantity of Category 2 resources Qa
required to achieve unit duration D go to step 5.
38



10

15

20

25

WO 2008/057103 PCT/US2006/044856

(4)  Use Method 3 to determine minimum quantity of dedicated Category 2 resources
Q; required to complete one production unit in duration D (a flow chart of Method
3 is shown in Figure 14)

(6) End

Section 7.2.3: Method 2.3

A flow chart of Method 2.3 is shown in Figure 13. As shown in Figure 13, given
fixed or target values for the quantity of dedicated Category 1 resources Q7 and unit
duration D, determining the minimum acceptable production interval / utilizes the
following steps:

(1)  If the value for unit duration D is known, go to step 3.

(2)  Use Method 3 to determine minimum feasible unit duration D, using the quantity
of dedicated Category 2 resources Q; provided to complete one production unit
(a flow chart of Method 3 is shown in Figure 14)

(3) Compute the maximum degree of concurrency using
K=0

(4) Compute the minimum acceptable production interval / using

2

(6) End

Section 7.3: Method 3

A flow chart of Method 3 is shown in Figure 14. As shown in Figure 14,
determining the quantity of dedicated Category 2 resources Q- required to achieve a
given unit duration D or minimum unit duration D that can be achieved with a given
quantity of dedicated resources Q,, using the Parametric Model of Unit Duration utilizes
the following steps:

(1)  Use Method 5 to compute the coefficients a, b, and ¢ of the Parametric Model of
Unit Duration (a flow chart of Method 5 is shown in Figure 20)

(2)  Ifthe objective is to determine the minimum unit duration D that can be achieved
with a given quantity of dedicated resources Q, use Method 3.1 (a flow chart of
Method 3 is shown in Figure 15)
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(3)  If the objective is to determine quantity of dedicated resources Q; required to
achieve a given unit duration D, use Method 3.2 (a flow chart of Method 3 is
shown in Figure 16)

(4) End

Section 7.3.1: Method 3.1

A flow chart of Method 3.1 is shown in Figure 15. As shown in Figure 15, given a
quantity of dedicated resources Qz, determining the minimum unit duration D that can
be achieved utilizes the following steps:

(1)  Compute a parametric estimate for the value for unit duration D using the
Parametric Model of Unit Duration: (a flow chart of Method 5 is shown in Figure
20)

b
(Q,-0

D=a+

(2)  If a parametric estimate is sufficient go to step 6

(8)  Using the proportional resource vector P as constructed in Method 5, compute a
working resource vector V using (a flow chart of Method 5 is shown in Figure 20)

V=0, P

(4)  Round or modify elements of V as necessary to satisfy minimum resource
requirements.

(5)  Construct a schedule using Vto determine a constructive estimate of unit
duration D.

(6) End

Section 7.3.2: Method 3.2

A flow chart of Method 3.2 is shown in Figure 16. As shown in Figure 16, given a
target unit duration D, determining the quantity of dedicated resources Qg required
utilizes the following steps:

(1)  Compute a parametric estimate for quantity of dedicated Category 2 resources

Q- using the inverse formulation of the Parametric Model of Unit Duration

==(D—a)-c+b

@ D-a

(2)  If a parametric estimate is sufficient go to step 12.
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(3)

(7)
(8)
(9)
(10)
(11)
(12)

Using the proportional resource vector P constructed in Method 5, and the
current value of Q,, compute a working resource vector V using (a flow chart of
Method 5 is shown in Figure 20)

V=0,-P

Round or modify elements of V as necessary to satisfy minimum resource
requirement

Construct a schedule using V to determine minimum feasible unit duration D,

If the resulting unit duration D, is sufficiently close to target duration D go to step
12

If the resulting unit duration is greater than the target duration D go to step 10
Decrease Q2

Gotostep 3

Increase Qg

Gotostep 3

End

Note: Since Qqis a scalar value, this process will quickly produce estimated

values for Q. that will bound the target duration D.

Section 7.4: Method 4

A flow chart of Method 4 is shown in Figure 17. As shown in Figure 17, selecting

the appropriate method for estimating resource utilization based upon the objective and

available information utilizes the following steps:

(1)

(3)

If the objective is to determine utilization of dedicated Category 1 resources,

~ given known quantities for unit duration D and production interval / or quantity of

dedicated resources Qy use Method 4.1 (a flow chart of Method 4.1 is shown in
Figure 18)

If the objective is to determine utilization of dedicated Category 2 resources,
given know quantities for unit duration D or quantity of dedicated resources Q>
use Method 4.2 (a flow chart of Method 4.2 is shown in Figure 19)

End

Section 7.4.1: Method 4.1

A flow chart of Method 4.1 is shown in Figure 18. As shown in Figure 18,
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determining utilization of dedicated Category 1 resources uitilizes the following steps:

(1)
(2)

(3)

(4)

(8)

If the quantity of Category 1 resources Qy is known go to step 3.

Use Method 2 to determine required quantity of Category 1 resources Qy, given
unit duration D and production interval / (a flow chart of Method 2 is shown in
Figure 10) :
Compute degree of concurrency C using
c=2
I
Compute resource utilization U; using
b= <
0,

End

Section 7.4.2: Method 4.2

A flow chart of Method 4.2 is shown in Figure 19. As shown in Figure 19,

determining utilization of dedicated Category 2 resources utilizes the following steps:

(1)
()

(3)
(4)

(5)

(6)

If the unit duration D is known go to step 3

Use Method 3 to determine unit duration D given provided quantity of Category 2
resources Q. (a flow chart of Method 3 is shown in Figure 14)

If the quantity of Category 2 resources Qz is known go to step 5

Use Method 3 to determine quantity of Category 2 resources Q; required given
target unit duration D (a flow chart of Method 3 is shown in Figure 14)

Use Method 7 to determine total work content T (a flow chart of Method 7 is
shown in Figure 22)
Compute resource utilization U2 using

T

U, =
Qz'D

End

Section 7.5: Method 5

A flow chart of Method 5 is shown in Figure 20. As shown in Figure 20,

determining coefficients a, b, and ¢ of the Parametric Model of Unit Duration utilizes the

below steps:
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D=a+

(1)

(2)

(4)

(5)

(10)

(g—c)

Use Method 6 to create a Parametric Series of n Resource Vectors (a flow chart
of Method 6 is shown in Figure 21)

(R, i=1,n)

For each member of the parametric series of n resource vectors, record the total
resource quantity

(Ti, i=1 ,n)

For each member of the parametric series of n resource vectors, construct a
single-unit schedule

(Si, i=1,n)

For each member of the parametric series of n single-unit schedules, record the
unit duration

(Di, i=1 ,n)

Construct one additional schedule S, where the resource capacity provided is
infinite and record the resulting unit duration Dp.

Using the schedule constructed using infinite resource capacity Sp and the
corresponding the unit duration Dy, compute & using

a=D,

Using two selected schedules Sy and Sy, and the corresponding unit durations Dy
and D,, compute k using

- D=a)
(D, —a)

Using the same two selected schedules Sxand Sy, and the corresponding total
resource quantities Ty and T,, compute ¢ using

_(k-Tx—Ty)
T (k-1

Using one of the selected schedules Sy, and the corresponding unit duration Dy
and resource quantity T, compute b using

b=(D,-a) - (T,—c)

End
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Section 7.6: Method 6

A flow chart of Method 6 is shown in Figure 21. As shown in Figure 21, creating

a Parametric Series of Resource Vectors utilizes the following steps:

(1)

(2)

3)

(4)

Use Method 7 to construct a work content vector W and to determine total work
content T (a flow chart of Method 7 is shown in Figure 22)

Construct a proportional work content vector V= vy, vs, v3, ... Vi Where for each
of the m elements of V, compute the value of v; using

Construct a proportional resource vector P = py, pg, P3, ... Pm Where for each of
the m elements of P, compute the value of p;using

pP;=v;

Construct a quantized series of n resource vectors R;, i=1,n, where for each of
the n elements of the series, compute the value of R; using

R =i-d-P
wherein d is selected to produce a suitable range of resource vectors.

End

Section 7.7: Method 7

A flow chart of Method 7 is shown in Figure 22. As shown in Figure 22,

constructing a work content vector and determining total work content utilizes the

following steps:

(1)

(2)

3)

For each of ktasks T; i = 1,k required to complete one production unit, document
the resources required to perform the respective tasks.

Divide the resource requirements documented in step 1 into m resource
categories C;, j=1,m as is most relevant to this work. (e.g. labor requirements
may be divided separate skill codes).

For each of ktasks T; i = 1,k required to complete one production unit, tabulate
the quantity of resources required in each of the m resource categories,
representing the resource requirements for task T;as a vector Ri=r1, I, 13, ... I'm
where r; = the quantity of resources required in category C;

For each of ktasks T, i = 1,k required to complete one production unit, tabulate
the task duration d; ;= 1.n.
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(5)  Construct a work content vector W= wy, wg, W3, ... Wm Where for each of the m
elements of W, compute the value of w; using

n )

= g

w; = E d; r;
i=1

where d, = the duration of task i and
where r; = the quantity of resource category j required by task i

(6) Compute the total work content T for one production unit using
T = ZWJ.
j=l
(79 End

Example

Rate and Capacity planning comes in many forms, depending upon the
circumstance and what information is known and what information is desired. The
defined methods have been designed to support virtually every analysis that is
mathematically feasible using Method 1 as a starting point. A planner, skilled in the art
of rate and capacity planning, may use the defined methods flexibly, and possibly in
different order, according to circumstance.

Two examples are provided below along with the background data necessary to
illustrate use of the defined methods. In these examples, suppose that a business has
introduced a new product that requires manufacture and that the rate of production must
be balanced against market demands and manufacturing capacity. Each example will
state what information is known and fixed, will identify what information is desired in the
form of one or more questions, and will trace the steps required to answer those
questions using the defined methods.

Background Data

To establish the background for this example and o facilitate quick illustration of
the defined methods, consider the data provided in the Table of Figure 23. The content
of this table has been constructed as prescribed in Methods 5, 6, and 7.

e Column A contains the resource categories required for the performance of the
planned work.
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e Column B contains the work content vector (the summation over all tasks of the work
content required per resource category). The number at the bottom of the column
shows the total work content (summation over all tasks and all resource categories).

e Column C contains the proportional resource vector, presented as percent of total
resource requirement.

e Column D contains a tabulation of minimum quantity required in each resource
category, based upon the resource requirements of individual tasks.

e Columns E contain the Parametric Resource Vectors, constructed from the
proportional resource vector, the minimum resource requirements, and vector
multiplication by the quantities i and d. The numbers at the bottom of these columns
show the total quantity of resources provided.

Using this data, 12 schedules have been constructed using the corresponding
parametric resource vectors along with one additional schedule constructed using
infinite capacity. The resource quantity and resulting unit duration are tabulated as
shown in the Table of Figure 24. Schedules 4, 12, and infinite have been shaded to
indicate that they will be selected for use in application of Method 5.

The coefficients of the Parametric Model of Unit Duration, as determined by
Method 5, are shown in the Table of Figure 25. The application of Method 5 is detailed
below.

The functional relationship between the quantity of Category 2 resources
provided and the resulting unit duration as determined by the Parametric Model of Unit
Duration, with an overlay of the empirical data from the Table of Figure 24, is shown in
the graph of Figure 26.

Example 1: Suppose that market demand requires completion of one production unit
every 8 working days, and that the quantity of Category 1 resources is 2.

e What unit duration must be achieved to support this rate?
e What quantity of Category 2 resources is required to achieve this unit duration?

Beginning with Method 1, make use of Method 2 and then Method 2.2 to
determine the necessary unit duration. According to Method 2.2 determine the unit
duration as a result of performing the below recited steps. Given fixed or target values
for the quantity of dedicated Category 1 resources Q7=2 and production interval 1=8,
determine the maximum acceptable unit duration D.
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(1)

(4)

(6)

Compute the maximum acceptable degree of concurrency K using
K=0Q =2

Combute the maximum acceptable unit duration D using
D=K-1=2-8=16days=16-(15-60) =14400 minutes

(where working days consist of two 7.5 hours shifts)

If it is not desired to determine the minimum quantity of Category 2 resources Qa
required to achieve unit duration D go to step 5

Use Method 3 to determine minimum quantity of dedicated Category 2 resources
Q. required to complete one production unit in duration D.

End

Continuing with Step 4 of Method 2.2 make use of Method 3 to determine the

quantity of Category 2 resources required per unit. According to Step 1 of Method 3,

determine coefficients of the Parametric Model of Unit Duration using Method 5. In the

context of Method 5, assume that the Parametric Series of Resource Vectors has been

constructed as shown in the Table of Figure 23 and that a series of schedules have

been constructed, recording the resulting durations as shown in the Table of Figure 24,

and that schedules 4 and 12 are selected for necessary computations, satisfying the

intent of Steps 1 through 5.

According to Method 5, continue with Step 6 as follows:

(6)

(7)

Using the schedule constructed using infinite resource capacity Sp and the
corresponding the unit duration Dy, compute a using

a= D, =9036

Using two selected schedules Sy and Sy, and the corresponding unit durations Dy
and D,, compute k using

_(D,—a) _ (16114—9036) _

= = =3.2202
(D,—a) (11234-9036)

Using the same two selected schedules Syand S, and the corresponding total
resource quantities Ty and T, compute ¢ using

_(k-T,-T,) (3.2202-39-72)
c= =
(k—1) (3.2202-1)

=24.1365
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(9)  Using one of the selected schedules S,, and the corresponding unit duration Dy
and resource quantity T, compute b using

b=(D,—a) (T, —c)=(16114-9036) - (39 — 24.1365) = 105204
(10) End

Returning to Method 3, skip Step 2, continue with Step 3 and use Method 3.2 to
determine the quantity of Category 2 resources required per unit.
According to Method 3.2 determine the quantity of Category 2 resources required per
unit as a result of performing the following step. Given a target unit duration D,
determine quantity of dedicated resources Q- required as follows:

(1)  Compute a parametric estimate for quantity of dedicated Category 2 resources
Q, using the inverse formulation of the Parametric Model of Unit Duration

_(D=a)-c+b _ (14400-9036) - 24.1365 +105204
(D-—-a) (14400 -9036)

0, = 43.7495

Finally, in answer to the initial questions:
e What unit duration must be achieved to support this rate?
e What quantity of Category 2 resources is required to achieve this unit duration?

The required unit duration is 16 days, and the required quantity of Category 2 resources
is 44 (rounding 43.7495 up to the next higher integer). Specific quantities of the
constituent Category 2 resources can be determined by interpolation within the
Parametric Series of Resource Vectors.

Example 2: Suppose that Category 1 resources are constrained at quantity 3, and that
Cateqory 2 resources are constrained at quantity 39 per unit (and in sufficient total
quantity 117 to support 3 concurrent production units).

e What production interval (or equivalently production rate) can be achieved with these
resources?

e What level of utilization will be achieved with the provided Category 1 and Category
2 resources?

Beginning with Method 1 use Method 2, and then Method 2.3 to determine the
minimum feasible unit duration. According to Method 2.3 determine the minimum
feasible unit duration as a result of performing the following steps. Given fixed or target
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values for the quantity of dedicated Category 1 resources Q7 and unit duration D,
determine the minimum acceptable production interval / using the following steps:
(1) If the value for unit duration D is known, go to step 3.

(2)  Use Method 3 to determine minimum feasible unit duration D, using the quantity
of dedicated Category 2 resources Qs provided to complete one production unit

(83)  Compute the maximum degree of concurrency using
K=0Q,

(4)  Compute the minimum acceptable production interval / using

D
! =[K-l
(6) End

According to Step 2 of Method 2.3, use Method 3 to determine the minimum
feasible unit duration. According to Method 3 determine the minimum feasible unit
duration as a result of performing the following steps:

(1)  Use Method 5 to compute the coefficients a, b, and ¢ of the Parametric Model of
Unit Duration

(2) I the objective is to determine the minimum unit duration D that can be achieved
with a given quantity of dedicated resources Qz, use Method 3.1

(8)  If the objective is to determine quantity of dedicated resources Q: required fo
achieve a given unit duration D, use Method 3.2

(4 End

Since the coefficients of the Parametric Model of Unit Duration are known from
provided background data and the analysis performed in example 1, continue the
process with Step 2 of Method 3, where Method 3.1 is used to determine the minimum
unit duration. According to Method 3.1 and the background data presented in the
previous section, estimate the minimum feasible unit duration as a result of performing
the following step. Given a quantity of dedicated resources Qz, determine the minimum
unit duration D that can be achieved.

(1)  Compute a parametric estimate for the value for unit duration D using the

Parametric Model of Unit Duration:

D=a+ b =9036 + 105204 _ 16114 minutes = 17.90 days
Q,—-c) (29-24.1365)
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Returning to Method 2.3, determine the minimum interval between successive
production units as a result of performing the following steps.

(8)  Compute the maximum degree of concurrency using
K=0Q =3

(4)  Compute the minimum acceptable production interval / using

e

(6) End

Use Method 4 to determine the effective Category 1 and Category 2 resource
utilization, first using Method 4.1 and then Method 4.2. According to Method 4.1,
determine the utilization of Category 1 resources as a result of performing the following
steps. Determine utilization of dedicated Category 1 resources.
(1)  If the quantity of Category 1 resources Qy is known go to step 3

(2)  Use Method 2 to determine required quantity of Category 1 resources Q, given
unit duration D and production interval /.

(3)  Compute degree of concurrency C using

oD 1790 , o0
I~ 6

(4) Compute resource utilization U; using

(6) End

According to Method 4.2, determine the utilization of Category 2 resources as a
result of performing the following steps. Since quantity, duration, and total work content
have been previously determined, Step 6 is effectively the starting point. Determine
utilization of dedicated Category 2 resources.

(1) If the unit duration D is known go to step 3

(2)  Use Method 3 to determine unit duration D given provided quantity of Category 2
resources Qo.

(8)  If the quantity of Category 2 resources Qzis known go to step 5

(4)  Use Method 3 to determine quantity of Category 2 resources Q: required given
target unit duration D.
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(5)  Use Method 7 to determine total work content T

(6)  Compute resource utilization U2 using

T 104021

= =16.55%
0,-D 39-16114

U,=

(7) End

Finally in answer to the initial questions:

e What production interval (or equivalently production rate) can be achieved with these
resources?

e What level of utilization will be achieved with the Category 1 and Category 2
resources?

A production interval of 6 days between units can be sustained with the provided
Category 1 and Category 2 resources. Utilization of Category 1 resources is nearly
perfect at 99.47% while utilization of Category 2 resources is only 16.55%. This is
largely because a few tasks require a large number of individuals, and staffing to satisfy
the requirements of those few tasks creates inefficiency. (See Table 1).

It should be understood, of course, that the
foregoing relates to exemplary embodiments of the invention and that modifications may
be made without departing from the spirit and scope of the invention as set forth in the
following claims.
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WE CLAIM:

1. A method for production rate and capacity planning, the method comprising:

determining a resource quantity, unit duration, and production interval for
Category 1 resources;

determining a resource quantity and unit duration for Category 2 resources; and

determining a resource utilization for Category 1 and Category 2 resources.

2. The method of Claim 1, wherein the step of determining the resource quantity,
unit duration, and production interval for Category 1 resources comprises:

determining a minimum acceptable quantity of Category 1 resources using at
least one of fixed and target values for unit duration and production interval;

determining a maximum acceptable unit duration using at least one of fixed and
target values for quantity of Category 1 resources and production interval; and

determining a minimum acceptable production interval using at least one of fixed
and target values for quantity of Category 1 resources and unit duration.

3. The method of Claim 1, wherein the step of determining the resource quantity
and unit duration for Category 2 resources comprises:

determining coefficients of a Parametric Model of Unit Duration;

determining a minimum unit duration that can be achieved with a given quantity
of dedicated resources; and

determining a quantity of dedicated resources required to achieve a given unit
duration.

4, The method of Claim 1, wherein the step of determining the resource utilization
comprises:

determining a utilization of Category 1 resources using known quantities for at
least one of unit duration, production interval, and quantity of dedicated resources; and

determining a utilization of Category 2 resources using known quantities for at
least one of unit duration and quantity of dedicated resources.

5. The method of Claim 2 wherein the step of determining the minimum acceptable
quantity of Category 1 resources using at least one of fixed and target values for unit
duration and production interval comprises:

determining a minimum feasible unit duration using a quantity of Category 2
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resources which are available to complete one production unit;

computing a maximum degree of concurrency that will occur during the course of
production; and

computing a required quantity of dedicated Category 1 resources.

6. The method of Claim 2 wherein the step of determining the maximum acceptable
unit duration using at least one of fixed and target values for quantity of Category 1
resources and production interval comprises:

computing a maximum acceptable degree of concurrency;

computing a maximum acceptable unit duration; and

determining a minimum quantity of Category 2 resources required to complete
one production unit in duration.

7. The method of Claim 2 wherein the step of determining the minimum acceptable
production interval using at least one of fixed and target values for quantity of Category
1 resources and unit duration comprises:

determining a minimum feasible unit duration using a quantity of Category 2
resources provided to complete one production unit;

computing a maximum degree of concurrency; and

computing a minimum acceptable production interval.

8. The method of Claim 3 wherein the step of determining coefficients of the
Parametric Model of Unit Duration comprises:

constructing a parametric series of resource vectors;

recording a total resource quantity for each member of the parametric series of
resource vectors;

constructing a single-unit schedule for each member of the parametric series of
resource vectors;

recording a unit duration for each member of the parametric series of single-unit
schedules;

constructing an additional schedule where the resource capacity provided is
infinite; and

computing coefficients of the Parametric Model of Unit Duration using the
constructed schedules.
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9. The method of Claim 3 wherein the step of determining the minimum unit
duration that can be achieved with a given quantity of dedicated resources comprises:

computing a parametric estimate for the value of unit duration using the
Parametric Model of Unit Duration; '

constructing a proportional resource vector;

constructing a working resource vector using the proportional resource vector;

modifying elements of the working resource vector to satisfy minimum resource
requirements; and ,

constructing a schedule using the modified working resource vector to determine
a constructive estimate of unit duration.

10. The method of Claim 3 wherein the step of determining the quantity of dedicated
resources required to achieve a given unit duration comprises:

computing a parametric estimate for quantity of Category 2 resources using the
inverse formulation of the Parametric Model of Unit Duration;

constructing a proportional resource vector;

constructing a working resource vector using the proportional resource vector;

modifying elements of the working resource vector to satisfy minimum resource
requirements;

constructing a schedule using the modified working resource vector to determine
a constructive estimate of unit duration; and

modifying the quantity of resources in the working resource vector, and iterating
the constructive estimate of unit duration.

11.  The method of Claim 4 wherein the step of determining the utilization of Category
1 resources using known quantities for at least one of unit duration, production interval,
and quantity of dedicated resources comprises:

determining a required quantity of Category 1 resources using known quantities
of unit duration and production interval;

computing a degree of concurrency; and

computing a resource utilization.

12.  The method of Claim 4 wherein the step of determining the utilization of Category
2 resources using known quantities for at least one of unit duration and quantity of
dedicated resources comprises:
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determining a unit duration using a provided quantity of Category 2 resources;

determining a required quantity of Category 2 resources to achieve a target unit
duration;

determining a total work content; and

computing a resource utilization.

13. The method of Claim 8 wherein the step of constructing the parametric series of
resource vectors comprises:

constructing a work content vector and determining total work content;
constructing a proportional work content vector;
constructing a proportional resource vector; and

constructing a quantized series resource vector.

14. The method of Claim 13 wherein the step of constructing the work content vector
and determining total work content comprises:

documenting resources required to perform each task required to complete one
production unit; '

dividing documented resources into resource categories;

tabulating a quantity of required resources, in each of the resource categories,
for each task required to complete said one production unit;

tabulating a task duration for each task required to complete said one production
unit;

constructing a work content vector; and

computing a total work content.

15.  The method of Claim 2 wherein the step of determining the minimum acceptable
quantity of Category 1 resources using said at least one fixed and target values for unit

duration and production interval comprises utilizing the formula C =-?— , the step of

determining said maximum acceptable unit duration using said at least one fixed and

target values for quantity of Category 1 resources and production interval comprises

utilizing the formula D = C-I, and the step of determining said minimum acceptable

production interval using said at least one of said fixed and target values for quantity of
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Category 1 resources and unit duration comprises utilizing the formula 7 = %, wherein

D represents unit duration, / represents production interval, and C represents degree of

concurrency.

16.  The method of Claim 3 wherein the step of determining said minimum unit
duration that can be achieved with said given quantity of dedicated resources comprises

utilizing the formula D =a+ , and the step of determining said quantity of

0, - c)
dedicated resources required to achieve said given unit duration comprises utilizing the
formula Q, =@(—Ta)%+b, wherein Q. represents Category 2 resources, D represents

unit duration, and the coefficients a, b, and ¢ are determined by constructing a
parametric series of resource vectors, by recording a total resource quantity for each
member of the parametric series of resource vectors, by constructing a single-unit
schedule for each member of the parametric series of resource vectors, by recording a
unit duration for each member of the parametric series of single-unit schedules, by
constructing one additional schedule where the resource capacity provided is infinite,
and by computing coefficients of the Parametric Model of Unit Duration using the
constructed schedules.

17. The method of claim 1 wherein said method is utilized for production rate and
capacity planning in at least one of staffing, asset management, capital investment,
supply contracts, sales, manufacturing, maintenance repair, overhaul, training, and flight
operations.

56



WO 2008/057103 PCT/US2006/044856

1/24
-
y
y=a+./b
y = a
X =_cC x=c+ b X

—F'1G. 1



WO 2008/057103 PCT/US2006/044856

2/24

—1'1G. 2



PCT/US2006/044856

WO 2008/057103

3/24

| =XBWy; sg=Ully <c)-0=0 ‘uogonpoiyg JUSLINOUOD-UON

9l

SHUN UOIIONPOI JUSLINOUOY JO JISGUUN

& sl
Gl ¥L €L 2 LL O 6 8 L 9 G ¥ € Z L 0
| | | i | | | ] | | | | | | i | |
1 | l ] 1 1T | { | | i i ] 1 I 1 1
_ _ _
ewun | v=l
_
zuun |
| |
. L 1un
€O . F— |

«— = ——



PCT/US2006/044856

WO 2008/057103

4/24

=XBWy Uy = ‘Uogonpold JuaLINOUOD-UON

S}UM UOIIONPOI JUSLINOUOY JO JSqUINN

& awi)
9. G ¥L € 2 L 0L 8 8 L 9 S ¥ € Z 1 0
| | | | | | | 1 | { | | | | | |
I | | ! 1 | | I | | | I i | I I
_ _
_ euun _ v=l >
Zuun
_
L 1un |




PCT/US2006/044856

WO 2008/057103

5/24

g=xBWy) | Uy «gz+) = ‘uononpoid Jusinouon

SHUM UOJONPOId JUSLINDUOY) JO Joqunp

&aunj
9. GL %L €L 2 L O 8 8 L 9 S ¥ € zZ I 0
| ] | | | | | | 1 | | | L | | | H
| I | | } i | | | 1 | | H 1. I | |
| | — =] —
_ ¢ uun |

_ _

[ Znn _
_ _
G OI.F _ L 1N |



PCT/US2006/044856

WO 2008/057103

6/24

=By oUWy, 5 (yogonpold Jueunouo)

S)IUM UOONPOId 1USLINOUOY) JO JaquinN

9l
|

m__\v__‘m__‘w__\_‘_wo__‘mmmomwm

1 | | ] I i } | I

gHun

_ Znn _

L Hun |

99T F—




WO 2008/057103 PCT/US2006/044856

7/24

—F'IG.7




PCT/US2006/044856

WO 2008/057103

8/24

Y-
n
X O

9] _Xew

8 O1 F—

— ojjey

) T 1 1 a1
. : " " : ‘
i 3 4
H 1
: : : : : ‘
H ) ’
) I T ¥ ]
s ' L 1 1 4
) 1 H ! 1 ’
¢ i v
i v ' i ' ’
: _ " ; TR
1 H ’
1
H H h H e
1 1 ) H P
RO 3 ; 5
=
1 H “ ] L4
¢ H i ’
H
" “ “ n L4
1 ’ ¢ ys
1 H H 1 ’
I 1 “ " s,
H i P
H H ' H ’
1 H i ' ’
) H H Y
v i v [
H H mmmemmad - 4
" : ; :
'
1 H . . 1
* « B o 7 s
T H T st H
i H s ’ i
' ' " ’ "
H ' ’
i h
H H H , H
' ' H ’, H
H ! 3 H
-t —r— Y - v
" ; R :
3 H 4 1
1 - -pe-es -=nes ]
¢
; : ‘ i :
H ' ’
: : . : :
. ' ’ 1 1
: ' ’ « 1
H H . i 3
% ' ’ z !
H H ’ H '
H N4 H H
' :
1 R4 ' «
meredecn———— - RCEETETECT R R demmm v —————
: ’ : H H
' H ’ 1
H ' ' i
i ] ' '
i i i '
1 ' ' 1
' ’ v '
1 t 1 '
H P 1 ) 1
1 4 H H H
v 4 1 1 1
v ' H i
4
Y : H H
—— - R o e e
' ' ] v
1 3 v H '
v H i ' ’
i 3 ' ' '

o3 O



WO 2008/057103 PCT/US2006/044856

9/24

Use Method 2

Y

Yes

Determine

D or Q27 Use Method 3

\ 4

Determine\\Yes

Utilization?,

A 4

Use Method 4

End

—I1'IG.9



WO 2008/057103

Determine\_Yes

PCT/US2006/044856

Use Method 2.1

Q1 using
Dand |2

Y

»| Use Method 2.2
etermine
| usin% Yes »| Use Method 2.3
Q1 a.V
No -
\ 4
End

—xX'1G. 10



WO 2008/057103 PCT/US2006/044856

11/24

Use Method 3
To Determine D
X
Compute
=[D/1]
A
Compute
Q=
A
End

—x1'IG. 11



WO 2008/057103 ‘ PCT/US2006/044856

12/24

Method 2.2

—4

Compute

Compute
D=K*I

Use Method 3

Determine ‘
To Determine Q2

Q2?




WO 2008/057103

Yes

Known?

Method 2.

3

13/24

PCT/US2006/044856

Use Method 3
To Determine D

A

A

y

Compute

K=

Q1

A

y

Compute
I=[D/K]

End

—X'1G.13



WO 2008/057103

A 4

Use Method 5

To Determine

Coefficients of
Parametric Model
Of Unit Duration

Determine \\Yes

14/24

PCT/US2006/044856

D using Q27

\ 4

Use Method 3.1

A 4

Use Method 3.2

—+'1G. 14



WO 2008/057103 PCT/US2006/044856

15/24

Method 3.1
aes s ®

v

Compute
Parametric
Estimate of y
Duration Compute
=9+ -
D=a+(b/(Q2-c)) VoO2P
Round & Modify
As Necessary

Y

Create Schedule
Using V
To Determine
Constructive
Estimate of
Determine Duration
Proportional
Resource
Vector P
\ 4
End




WO 2008/057103 PCT/US2006/044856

16/24
F
( Method 3.2)
Compute
V=Q2*P,
4 Round & Modify
Compute As Necessary
Parametric
Estimate of
Quantity
Q2=((D-a)*c+b)/
(D-a) J

Create Schedule
Using V
To Determine
Constructive
Estimate of
Duration

Determine
Proportional
Resource
Vector P
Decrease Q2 D%;?ggt'!f  Increase Q2
\ A /




WO 2008/057103 PCT/US2006/044856

17/24
|_
Method 4
Determine
Utilization of MY€S | Use Method 4.1
Category 1
Res?

Determine
Utilization of

Yes Use Method 4.2

h 4

—F'1G. 17



WO 2008/057103 PCT/US2006/044856

18/24

Use Method 2
To Determine Q1
Yes|
v
Compute
C=D/l
) 4
Compute
U1=C/Q1
b
End

—+'1G. 18



WO 2008/057103 PCT/US2006/044856

19/24

No Use Method 3
To Determine D

Yes|
Q2 No ' Use Method 3
Known? To Determine Q2
Yes|

) A

Use Method 7
To Determine
Total Wo_lr_kcontent

Compute
U2=T/(Q2*D)

End

—F'IG.19



WO 2008/057103

Y

Use Method 6
To Create
Paramedtric

Series of
Resource Vectors
R(i)

|

Compute Total
Quantity T(i) for

each R(i)

y

Construct
Schedules S(i) for

each R(i)

y

Record Schedule
Durations D(i)

\ 4

Construct
Schedule S(0) with
infinite resource
capagcity

20/24

PCT/US2006/044856

Corﬁpute
a=D(0)

¥

Select 2 Schedules
S(x) and S(y)

y

Compute
k=(D(x)-a)/D(y)-a)

h 4

Compute
C=(K*T()-T(y))
(k-1)

Y

Compute
B=(D(x)-a)/(T(x)-c)

End

—1G.20




WO 2008/057103

21/24

( Method 6 )

4

Use Method 7
To Construct
Work Content
Vector (W) and
Total Work
Content(T)

v

Construct
Proportional Work
Content Vector

V(i)

\ 4

Construct
Proportional
Resource Vector
P(i)

A4

Construct
Quantized Series
of Resource
Vectors

R()

End

—+'1G. 21

PCT/US2006/044856



WO 2008/057103

22/24

(' Method 7 )

/

Document
Resource
Reguirements for
each task T(i)

v

PCT/US2006/044856

Divide Resource
Requirements into
Categories C(i)

Construct Work
Content Vector
W(i) computed as
W(i)=d(i)*R(i)

A 4

y

Tabulate Total
Resource
Requirements R(i)
per Category

Compute Total
Work Content T by
Summation Across

W(i)

A 4

Document
Durations d(i) for
each task T(i)

End

—+'1G. 22




WO 2008/057103 PCT/US2006/044856

23/24
r
A B c D E
d=5
i= 1] 2] 3] 41 5] 61 71} 819 |10 111 112
i*d= 51 10] 15120 25|30 |35 |40 145 |50 155 160
Resource | _ Q*Min | Proportion | Min |
RT__ -] 1944 A s s R B B R R S R B o At
R2 23004 22.11% 33 hi 6 9 14
R3 10633 10.22% 3 5
R4 4104 3.95% Frimiapugl e R D S
R5 4644 4.46%

R6 1782 1.71%
R7 1426 1.37%
R8 648 0.62%

lmu-ro eoleof~

RO 11761 11.31% 7
R10 6912 6.64% chig
R11 20045 19.27% giRerss 7
R12 3802 3.66% D Bty 30 DA oy e T e e 3
R13 11534 11.09% 7
R14 1782 1.71% E 2

Total | 104021 | 100.00% | 36| 36] 36 36| 30140 |45 {47 |52 156 161 |67 |72

Schedule Q2 D
36
36 18796

1
2
3
5
6
7
8
9
10
11




WO 2008/057103

PCT/US2006/044856

24/24

Coefficient | Value
a 9036
b 105204
c 24.1365
k 3.2202
—F'1G. 25
19000 \
7 180001 ——
£ 17000
£ 16000 \\
<~ 15000
S 14000 \
® 13000
=2 \\:>\\
A 12000
11000 e——
10000
9000 - , y .
30 40 50 60 70 80

Resource Capacity

—X'1G. 26



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 06/44856

CLASSIFICATION OF SUBJECT MATTER
IPC(8) - GO6Q 99/00 (2007.01)
USPC - 705/8

A.

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8) - G06Q 99/00 (2007.01)
USPC - 705/8

Minimum documentation searched (classification system followed by classification symbols)

USPC - 705/1,7

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

PubWEST(USPT,PGPB,EPAB,JPAB); Google Patent; Google

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

Search Terms: "resource quantity", "unit duration”, resource, quantity, unit, duration, utilization, interval, category

C. DOCUMENTS CONSIDERED TO BE RELEVANT

col 6,In 19

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 5,765,139 A (BONDY) 09 June 1998 (09.06.1998) entire application especially col 1, in 1-7,11-12, 15, 17

- 50-55, col 2, In 22-28, col 4, In 54-63, col 5, In 15-18, col 8, In 11-13 [ —

Y 8-10, 13-14, 16

Y US 6,055,498 A (NEUMEYER et al.) 25 April 2000 (25.04.2000), entire application, especially 8-10, 13-14, 16

l—_—l Further documents are listed in the continuation of Box C.

L]

* Special categories of cited documents:

“A™  document defining the general state of the art which is not considered
to be of particular relevance

“E™ earlier application or patent but published on or after the international
filing date

“L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0" document referring to an oral disclosure, use, exhibition or other
means

“P"  document published prior to the international filing date but later than

the priority date claimed

“T"  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an nventive
step when the document is taken alone

“Y™ document of particular relevance: the claimed invention cannot be
considered to involve an nventive step when the document is
combined with one or more other such documents, such combination
being obvious 10 a person skilled in the art

“&" document member of the same patent family

Date of the actual completion of the international search

7 July 2007 (07.07.2007)

Date of mailing of the international search report

9,9 RUG 2007

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: §71-272-7774

Form PCT/ISA/210 (second sheet) (April 2007)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - claims
	Page 54 - claims
	Page 55 - claims
	Page 56 - claims
	Page 57 - claims
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - wo-search-report

