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APPENDIX F 

F-000 Improvement Curve Analysis Techniques 

F-001 Scope of Appendix 

As explained later in this appendix, the 
improvement (or learning) curve is a gen­
eralization of the concept that, within
certain reasonable limits, the knowledge, 
skills, and techniques employed in the 
production of a product will improve as 
production of the product continues with­
out material change and that this im­
provement will result in corresponding
reduction in the time and material re­
quired to produce the product and, there­
fore, in the cost of the product. The 
generalization also postulates that the rate 

of improvement will be relatively regular 
and constant for any given product. By
stating these concepts as generalizations, 
a valuable technique of graphical and
computational analysis and a tool for 
evaluating production requirements and 
costs has been made available to produc­
tion planners, analysts, and contract audi­
tors. This appendix discusses the methods 
of using these techniques in the evalua­
tion of contract production costs. The 
principles underlying these techniques 
and their use in analyzing costs are exten­
sions of the principles discussed in Ap­
pendix E. 

F-100 Section 1 --- The Improvement Curve Theory 

F-101 Introduction 

This section discusses the improvement 
curve theory including its concept, descrip­
tion, and characteristics. 

F-102 Concept 

a. The improvement curve is a statisti­
cal device used in predicting production 
costs and as an aid in planning and control­
ling production. The theory of the curve 
assumes a predictable correlation between 
the number of manhours (or the labor, ma­
terial, or other cost) necessary to produce a 
particular unit or a particular production lot 
of units and the number of such units or 
lots successively produced. The term is 
also applied to the line graph which depicts 
this correlation and to the computational 
procedures for estimating the cost or man­
hour requirements under the improvement 
curve theory. The line graph and improve­
ment curve theory are both based on the 
principle that the time required to produce 
(and, therefore, other things being equal, 
the cost of producing) successive quantities
of a product decreases with additional ex­
perience and the introduction of improved 
methods and tools. The term "improvement 
curve" is derived from the fact that the 
curve reflects this decrease. Because the 

reduction is largely a result of increased 
knowledge and skill, the curve and its the­
ory are sometimes referred to as the learn­
ing curve, the experience curve, or the 
progress curve.

b. The principles of a gradual reduction
in the unit cost of a product as production 
continues has long been accepted but the 
use of the improvement curve as a man­
agement and auditing tool for evaluating 
and forecasting costs, and for planning and 
controlling production, is an outgrowth of 
research in the fields of defense procure­
ment and production conducted primarily 
by the airframe industry and the  Govern­
ment. The correlation of production quanti­
ties and direct labor requirements for the 
production of airplanes disclosed for the
firms studied that as production of a par­
ticular product continued there was a rela­
tively constant percentage reduction in the 
labor requirements for doubled quantities 
of production. For example, a study of 
production costs incurred by various air­
frame contractors during World War II 
revealed that the average rate of improve­
ment (that is, the average rate of reduction 
in labor requirements) for all companies 
studied was 20% between successive dou­
bled quantities. In other words, the labor 
required to build the second plane was 
approximately 80% of that required to 
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build the first; the labor required for the 
fourth plane was approximately 80% of 
that to build the second; the labor for the 
eighth, approximately 80% of that for the 
fourth; and so on for each successive dou­
bling of production. During this same pe­
riod, the calculated rate of improvement for 
individual companies in the airframe indus­
try varied from 2% to approximately 35%. 
Expressed in another manner, the cost of 
successive doubled quantities of production 
varied from 98% to 65% of the cost of the 
preceding quantities. The improvement 
curve theory as presently used by the in­
dustry and the  Government assumes this 
basic relationship: that there will be a rela­
tively constant percentage reduction in the 
cost for doubled quantities of production. 
"Cost" as used in this paragraph and in all 
subsequent references to the cost-quantity
relationship refers to a cost that may be 
expressed in terms of dollars or where ap­
propriate, in terms of a quantity such as 
labor-hours. This latter method of express­
ing the cost of a product, especially of di­
rect labor, is frequently preferred because it 
eliminates the effect of extraneous factors 
such as changes in labor rates. 

c. The original studies and applications 
of the improvement curve were confined to 
the direct labor requirements for building 
airplanes, but subsequent experience indi­
cates that there are similar patterns of im­
provement for other production costs (such 
as material costs) and in other industries, 
especially where hand or line operations 
are involved. Thus, today the improvement 
curve theory may be applied in the audit 
evaluation of costs and cost estimates in 
any industry, provided that the basic as­
sumption of a relatively constant rate of 
improvement can be shown to be true for 
the particular cost-quantity relationships 
being studied. When this relationship is valid 
for any element of the cost of producing an 
item, the improvement curve pattern experi­
enced in the production of the item in the 
past can be extended to obtain predictions of 
the costs which will be required to produce 
additional units in the future. A further as­
sumption relative to these elements may 
sometimes be made; namely, that the rate of 
improvement experienced by a particular 
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contractor on a prior product may be in­
dicative of the rate of improvement which 
can be expected on a new product of simi­
lar size, complexity, and construction. 
When both of these assumptions are valid, 
the use of the improvement curve simpli­
fies the problem of evaluating an estimated 
cost for a new product and permits a more 
sound evaluation than is possible without
the use of the curve. Without the improve­
ment curve technique, the auditor must 
attempt to evaluate directly either the total 
cost or the overall average cost for the en­
tire future production. This direct evalua­
tion of an estimate is difficult if the 
estimate covers an extended period of time 
even though past cost experience is avail­
able. It is more difficult for a new product. 
Where the improvement curve assumptions 
are valid, however, the auditor can first 
evaluate the actual or estimated initial cost 
of manufacture and from this information 
he or she can evaluate both the expected 
total and the average costs for the produc­
tion period by using the improvement 
curve theory. 

d. A number of factors, such as those 
listed below, contribute toward a progres­
sive increase in efficiency as production of 
a given product continues and thus account 
for a corresponding and progressive decline 
in unit costs. Their effect on the improve­
ment curve is discussed more fully in F­
106b. 

(1) Job familiarization by both produc­
tion workers and supervisory personnel. 

(2) Changes in product design which 
do not materially affect the product, but 
result in increased ease and speed of pro­
duction. 

(3) Changes in tooling, machinery, and 
equipment which simplify or speed up the 
production process.

(4) Improved production planning and 
scheduling, and improvements in produc­
tion techniques and operational methods. 

(5) Improvements in shop organization, 
and in engineering coordination and liai­
son. 

(6) Improvements in the handling and 
flow of materials, and in the materials and 
parts supply systems, with an attendant 
reduction in lost time. 
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F-103 Description of the Improvement
Curve 

a. Figure F-1-1 is an illustration of an 
idealized 80% improvement curve (a 20% 
rate of improvement) plotted on arithmetic 
graph paper and based on the man-hour 
data contained in the following table. For 
simplicity, the table is based on the as­
sumption that the first unit required 100 
person-hours to produce. It will be ob­
served that the table indicates a constant 
rate of reduction of 20% for each doubling 
of the unit number; the value of the second 
and each succeeding item in the table is 
80% of the value of the preceding item. 
The curve drawn through the plotted points
in Figure F-1-1 dramatically reveals this 
reduction in person-hours as succeeding 
units are produced. At first it dips sharply
because the amount of reduction per unit is 
large. As production continues the reduc­
tion per unit becomes smaller, and the line 

begins to slope downward more gently as 
the distance between doubled quantities
becomes progressively larger. Thus, as 
production continues, the curve, when plot­
ted on arithmetic paper, tends to approach 
the horizontal but theoretically does not 
actually become horizontal. 

TABLE FOR FIGURES  
F-1-1 and F-1-2 

Unit Unit 
No. Person-hours 

1 100.00 
2 80.00 
4 64.00 
8 51.20 

16 40.96 
32 32.77 
64 26.21 
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Figure F-1-1
80% Unit Curve on Arithmetic Paper 
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80% Unit Curve on Logarithmic Paper 
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b. An improvement curve plotted on 
arithmetic paper has the advantage of 
displaying the pattern of costs incurred in 
normal perspective. This is particularly
useful in assessing the effects of engineer­
ing changes and other descriptions. How­
ever, it is difficult to determine from a 
graph drawn on arithmetic paper if there 
is a constant reduction for doubled quanti­
ties; and it is difficult to measure the rate 
of reduction. Further, as each unit is rep­
resented by an equal distance, a graph 
showing a series of several hundred or 
several thousand units would be exces­
sively long and impractical. Construction, 
interpretation, and projection of a curve 
on arithmetic paper are also difficult, es­
pecially for the portion of the curve per­
taining to early production quantities
where the slope of the curve changes rap­
idly. For these reasons the improvement 
curve should be plotted on full logarith­
mic scale (log-log) paper where, as will 
be shown later, the curve becomes a 
straight line. 

c. On an arithmetic scale equal 
amounts are represented by equal dis­
tances (Figure F-1-1). In contrast, on a 
logarithmic scale the distances between 
doubled amounts are equal (Figure F-1-2). 
An improvement curve, therefore, which 
very closely follows the improvement 
curve theory will be approximately a 
straight line when plotted on log-log pa­
per; a fact which facilitates interpretation 
and projection of the curve. Figure F-1-2 
illustrates an improvement curve drawn 
on log-log paper. The solid portion of the 
curve was plotted from the data previ­
ously used in constructing Figure F-1-1. 
A projection of the curve through unit 500 
is shown by a broken line. Improvement 
curves of 70%, 80%, and 90% drawn on 
log-log paper; are illustrated in Figure F-
1-3. These curves show that the more 
rapid the rate of improvement, the steeper 
the curve; and, conversely, the more 
gradual the improvement, the flatter the 
curve. A 100% curve, indicating no im­
provement, would be horizontal. Portions 
of a curve which slope upward indicate a 
loss of production efficiency. It should be 
noted that the improvement curve is re­
ferred to by the complement of the rate of 
improvement and not by the rate itself. A 
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70% improvement curve, therefore, re­
flects a 30% rate of improvement. 

d. An improvement curve can be ex­
pressed mathematically as well as graphi­
cally. The basic model is expressed by the 
equation: 

by = ax

where y is the man-hours or cost to pro­
duce the xth unit. The parameter a repre­
sents the cost of the first unit and the 
parameter b indicates the rate of improve­
ment. The relationship between b and the 
improvement curve percentage (P) is ex­
pressed by the following equations: 

P = 100(2b)
and 

= b -log(P) log(100) 
log(2) 

The curve shown in Figure F-1-1 was plot­
ted from the equation 

y = 100 x -.321928 

The value of -.321928 for b, was calculated 
as follows: 

= b log(80) - log(100) .321928 -= 
log(2) 

The basic improvement curve model can 
also be expressed by the following equa­
tion, which is obtained by taking the loga­
rithms of both sides of the first equation, 

y = axb: log(y) = log(a) + b log(x) 

It may be seen that this equation is in the 
same basic form as the simple linear re­
gression equation which, as discussed in 
E-202.1, may be represented by a straight 
line on arithmetic graph paper. The only
difference is that the logarithms of y, x, 
and a replace the values of y, x, and a in 
the simple linear model. The effect of 
using log-log paper is to convert the val­
ues of x and y to the logarithms of x and 
y, and it is for this reason that the im-
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provement curve model becomes a 
straight line when plotted on log-log pa­
per. 

e. As illustrated in the above 
discussion and throughout this appendix, 
the improvement curve can be depicted 
both graphically and mathematically. 
Hence, projections of anticipated
performance can be attained graphically 

by extending the line or by computation. 
While graphics facilitate analysis and 
presentation in audit reports, and are
encouraged for these purposes, the 
mathematical approach provides more 
precise estimates and should be used to 
obtain estimates presented in audit 
opinions. 
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Figure F-1-3 
Curves of Various Slopes on Logarithmic Paper 
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F-104 Fitting an Improvement Curve to
Data 

a. The data for the hypothetical im­
provement curve shown in Figure F-1-2 
were selected to follow the improvement 
curve theory; that is, the values were cal­
culated so that the cost-quantity relation­
ship was perfectly linear for successive 
doubled quantities. As a result, the graph
of that relationship on log-log paper is a 
straight line. In actual practice, a strictly
linear relationship is seldom present; in­
stead, the pattern is usually somewhat 
irregular. As a result, it is generally nec­
essary to fit a line to the data as shown in 
Figure F-1-4.

b. Before fitting a line to the data, the 
auditor must determine whether or not a 
clear trend exists. This can be determined 
by plotting the data on appropriate graph 
paper and reviewing the resultant dia­
grams. If the improvement curve theory is 
to be applied, the data pattern plotted on 
log-log paper should be approximately 
linear. 

c. Frequently, the auditor may find that 
improvement curve assumptions are not 
valid in particular circumstances. For exam­
ple the rate of cost reduction may not be 
constant, or it may be constant only for rela­
tively short periods. In certain operations, 
unit production costs may reach a plateau 
where they may remain unchanged for a 
significant period of time or tend to vary in 
an erratic manner. Because the basic as-
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sumptions of the curve are not always valid, 
the auditor cannot assume their validity in 
any particular situation; to do so may lead to 
invalid conclusions. 

d. When the preliminary study shows 
that the cost-quantity relationships are not 
sufficiently linear, no attempt should be 
made to apply the improvement curve 
techniques to the forecasting of costs.
Instead, the auditor should use other ana­
lytical procedures such as those discussed 
in Appendix E. There are exceptions to 
this general prohibition. Data patterns that 
are otherwise approximately linear may 
contain significant variations. For exam­
ple, engineering changes often result in 
such variations, or the data may be af­
fected by breaks-in-production or the re­
tention of learning from the manufacture 
of similar items. Methods of treating these 
types of cost fluctuations as part of the 
improvement curve theory are discussed 
in F-600. 

e. When the cost-quantity relation­
ships are sufficiently linear on a loga­
rithmic graph to permit the application of 
the learning curve theory, an improve­
ment curve can be fitted to the plotted 
data. The preferred and widely accepted 
method of fitting an improvement curve 
to data is the least-squares method dis­
cussed in Section 2, Appendix E. Com­
puter software prepared for the purpose 
of providing least-squares fits of im­
provement curves to data are described in 
F-405. 
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Typical Improvement Curve 
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F-105 Characteristics of the 
Improvement Curve 

In comparing rates of improvement 
experienced by various contractors in the 
production of a common item, it may ap­
pear that a contractor operating on a 70% 
or 75% curve is doing a better job than 
one operating on a 90% or 95% curve. On 
the other hand, it may be contended that a 
high slope rate (a low improvement rate) 
is indicative of effective planning and
efficient operation while a low percentage 
curve (a high rate of improvement) is 
indicative of poor planning and inefficient
operation. The total contract cost, in any 
event, is the deciding factor in judging the 
economy of a particular operation. Effec­
tive planning and efficient operation from
the start of a production cycle tends to 
keep costs at a relatively low level; but it 
does not follow, as will be shown later, 
that either low initial cost or operation on 
a low percentage curve will assure the 
lowest cost. From the standpoint of the 
improvement curve theory, three factors 
affect the total production run cost: (1) 
the slope of the improvement curve, (2) 
the level of costs at the start of operations, 
and (3) the length of the production run. 
These factors will be considered in the 
paragraphs which follow. 

F-105.1 Slope 

a. The improvement curve slope, ex­
pressed in percentage terms, is the primary 
characteristic by which a curve is identi­
fied. As previously discussed, it is actually 
the complement of the rate of cost reduc­
tion that occurs as production progresses. It
is also the ratio (in percentage terms) of the 
unit cost of any given quantity to the unit 
cost of half of that same quantity. For ex­
ample, the slope of the curve shown in 
Figure F-1-2 can be computed from the 
curve data given in F-103a. Using the
hours for units 32 and 16 (32.77 and 
40.97), the slope would be 32.77/40.97 or 
80%. 

b. The slope of an improvement curve 
also can be determined by graphical meth­
ods. The simplest of these methods in­
volves the use of a protractor. The 
protractor is placed with its straight edge 
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on a vertical line and the center of the 
straight edge on the intersection of the ver­
tical line with the trend line. The angle 
between the two lines is measured in a 
counterclockwise direction from the verti­
cal line to the trend line. The reading in 
degrees is divided by .9 to obtain the slope 
percentage. If a protractor is not available, 
another graphic method can be used. A line 
is first drawn parallel to the trend line and 
in such a position, either above or below 
the trend line, that it intersects the left-hand 
vertical (y) axis (the unit number one line) 
at the start of a vertical cycle (point A in 
Figure F-1-5). The units of the vertical 
scale may be read as percentages with 
100% at the end of the cycle where the 
parallel line intersects the scale (point A). 
The percentage value of the point at which 
the parallel line intersects the vertical axis 
for unit two (point B) will be the slope of 
the curve (80% in the example). There are 
two methods by which the parallel line may 
be constructed: (1) by measurement, or (2) 
by use of a triangle and straight edge. 

(1) To construct the parallel line by 
measurement, the trend line first should be 
extended, if necessary, to intersect the left­
hand axis (point B in Figure F-1-6). The 
distance from this point to the start of the 
next vertical cycle (point A) is measured, 
and this distance (1 inch in the illustration) 
is laid out vertically from any second point 
on the trend line; in Figure F-1-6 this was 
arbitrarily done at unit 10 (point C). A 
straight line is then drawn from the point 
thus determined (point D) to the start of the 
vertical cycle (point A); this line is parallel 
to the improvement curve trend line, and 
the percentage value of the point where it 
crosses the unit two line indicates the slope 
of the curve. 

(2) To draw the parallel line using a 
triangle and a straight edge, the triangle is
placed on the graph with one edge (called
the leading edge) lying along the trend line 
(position 1, Figure F-1-7). The straight 
edge is placed against the left-hand edge of 
the triangle; and the triangle is then moved 
to the left along the straight edge until its 
leading edge intersects the vertical axis at 
the start of a cycle (position 2). The paral­
lel line is then drawn through this point 
along the leading edge of the triangle 
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(points x and y). The curve is thus deter­
mined to be a 76% curve (point y). 

c. The degree of precision attainable by
these methods is directly dependent on the 
skill and care exercised by the estimator, 
especially in constructing the curves and in 
reading values from the curves. For exam­
ple, a small variation in placing a point or a 
line, or in reading a value from a trend line 
may have little significance, numerically, at 
the lower end of the logarithmic scale. At 
the upper end of the scale, however, the 
same physical amount of variation can have 
a significant effect even though the relative 
degree of error would be the same. This is 
evident from the fact that the distances 
between the values 2 and 4, 200 and 400, 
and 2,000 and 4,000 are equal on a loga­
rithmic scale. Thus, a deviation that may 
appear small may represent a sizable varia­
tion in the upper end of the scale; even the 
width of a pencil line may make a material 
difference. 

d. By using the above techniques in a 
reverse manner, the estimated cost of any 
subsequent unit or group of units may be 
computed (1) from the slope of the im­
provement curve and the known or esti­
mated cost of any unit or lot of production, 
or (2) from the costs of any two units from 
the same production run. 

(1) The validity of this procedure will 
be directly dependent on the validity of the 
underlying assumptions and the skill of the 
estimator. The cost-quantity relationships, 
both and in the future, must warrant the use 
of the improvement curve technique; and 
the assumed improvement curve rate must 
be valid for both the known cost and for 
the production throughout the forecast pe­
riod. The auditor should assess the validity 
of these assumptions before applying this 
technique or before accepting any estimates 
based on its use. 

(2) The technique of using the cost of a 
single unit or lot and the slope of the im­
provement curve as a base for estimating 
future costs is frequently used in pricing 
new or modified products. In these cases, 
the cost used may be the estimated cost of 
the first unit or lot and the improvement 
curve rate may be the average for the plant 
or for comparable previous production. In 
addition to computation by graphical 
means, the cost for doubled quantities 
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could be computed by multiplication in the 
same manner that the table for Figure F-1-1 
(F-103a.) was computed. The costs, how­
ever, usually will be computed by use of 
improvement curve tables or improvement 
curve software, as discussed in section 4. 

F-105.2 The Vertical Position of the Im­
provement Curve and Length of the
Production Run 

For convenience, these two factors are 
discussed under one heading. 

a. The commonly used index of the cost 
level or vertical position of the curve is the 
value assigned to the point where the im­
provement curve crosses the vertical (y)
axis, the actual or calculated theoretical 
cost of the number one unit. In Figure F-1-
8, the first or irregular portion of the solid
line connects the first three plotted points 
of a typical set of improvement curve data. 
The straight portion of the line portrays the 
trend for units 4 through 80. The broken 
line extends this trend line backward to 
intersect the vertical axis at the 190 man­
hour point. This number, the index of the 
vertical position of the curve, is referred to 
as the computed or theoretical value of the 
number one unit because it is the amount 
that the number one unit would have cost 
had the subsequent cost-quantity relation­
ship existed from the start of production. In 
practice, the computed or theoretical cost 
of the number one unit often differs materi­
ally from the actual cost of the unit when a 
constant rate of improvement does not de­
velop immediately. In the example in Fig­
ure F-1-8, this constant rate of 
improvement begins only with the fourth 
unit. Many factors can cause this difference 
and at times, as when the early production 
is performed in the pilot shop, two distinct 
curves may be apparent; for example, a 
steep one for the pilot shop production and 
a more shallow one for production in the 
regular shop.

b. The length of the production run (that 
is, the number of units or production lots of 
a particular product to be successively pro­
duced) frequently must be considered as a 
fixed factor in the evaluation of cost esti­
mates for a particular contract, if produc­
tion is to be confined to the requirements of 
that contract. However when there will be 
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production for several contracts, Govern­
ment or commercial, for the same or rela­
tively the same product, evaluation must be 
made on the basis of the total production 
requirements. 

c. As illustrated by curves A and B in 
Figure F-1-9, all curves which have the 
same slope are parallel. It follows, that for 
curves of the same slope, the one occupy­
ing the lowest position with reference to 
the vertical axis will yield the lowest total 
cost for any given quantity of production. 
The same general prediction may be made 
if the curves, though not parallel, are so 
positioned that they cannot cross (curves 
C and D) or will not cross within the pro­
duction period for a particular quantity of 
product (curves E and F, projection period 

F13 
F-105 

No. 1). However, if production were con­
tinued for curves E and F, they would 
eventually cross, and the cost of units 
produced thereafter and in time the total 
cost of all units produced would be lower 
for the curve with the higher starting cost 
and the lower slope rate (curve E, projec­
tion period No. 2). The three factors of 
slope, initial cost, and the number of units 
to be successively produced are interde­
pendent and must be considered together 
in determining the overall economy of 
production operations. For any given
number of units, however, the level of the 
curve with reference to the vertical axis 
and the slope of the curve determine the 
total cost. 
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Figure F-1-5 
 

Figure F-1-5 
Determining Slope of a Trend Line for an  

Improvement Curve on Logarithmic Paper 
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Figure F-1-6 

 
 

Figure F-1-6 
Constructing a Parallel Line by Measurement 
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Figure F-1-7 

Figure F-1-7
Construction of Parallel Lines 

Using Straight Edge and Triangle 
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Figure F-1-8 
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Actual and Theoretical Values 
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Figure F-1-9 
 

DCAA  Co

Figure F-1-9 
Comparison of Curves -- Slope and Position 

 
 

 
 

 

1
1

10

100

H
O

U
R

S

A-B, 80% C, 86% 

% 
% 

Curve B, 80% 

F, 90% 

Curve E, 80%

Curve F, 90% 
D, 78

Curve A, 80
Curve C, 86% 

Curve D, 78% 

 

E, 80%
ntract  Audit  Manual 

10 100
UNITS

Projection 
Period #1 

Projection
Period #2 



July 2004 

F-106 Significance of Vertical Position
and Slope 

a. A number of factors determine the 
overall level of costs and the rate of im­
provement and, thereby, the vertical position 
and slope of the curve. Whether a given
change will affect the level or the slope, or 
both, is dependent not only on the type and 
extent of the change, but also and primarily 
on the timing and manner of its implementa­
tion. For example, improvements made in 
tooling, if introduced gradually during pro­
duction, will tend to affect the slope of the
curve, whereas a major change made at any 
one time could shift the subsequent cost 
level. A change in product design resulting 
in a major simplification of production can 
have a similar effect, reducing the subse­
quent cost level. Major changes are com­
monly made at the start of the production 
cycle, and their effect is reflected in the cost 
level of the number one unit. However, 
when major changes are introduced during 
production, the overall level of subsequent 
costs may change materially, as illustrated in 
Figure F-1-10. When this situation is en­
countered in the historical period, predic­
tions of future costs should be based on the 
straight portion of the curve after the change. 
An attempt to fit an over-all trend line that 
would integrate the two sections of the curve 
would lead in most cases to incorrect cost 
estimates. 

b. Factors which affect the slope of 
the curve were listed in paragraph
F-102d. Some of these and others which 
also affect the vertical position of the 
curve are discussed below. Neither the 
listing of items nor the discussion of 
those listed is exhaustive, rather, the pur­
pose of the discussion is to suggest ave­
nues of investigation for determining the 
importance of any abnormalities in the 
cost trends. Possibly because the curve 
integrates the effects of so many opera­
tional factors, it frequently exhibits a 
considerable degree of stability. 

(1) The relative amount of manual 
labor to machine time. In general, the 
higher the ratio of manual labor to ma­
chine time, the greater may be the rate of 
improvement and the smaller the slope 
value of the improvement curve, con­
versely, the higher the degree of automa-
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tion, the less the opportunity for 
improvement by the individual operator. 
With the increased complexity and cost 
of automation, changes may tend to be­
come less frequent and of relatively ma­
jor significance. Thus, highly automated 
processes, after the shakedown period
when improvement is rapid, may exhibit 
relatively little improvement for an ex­
tended period.

(2) The complexity of the product.
Generally, as complexity increases, more 
man-hours are required and the vertical 
position of the curve becomes higher.
Complexity also affords more opportuni­
ties for improvement and steeper slopes 
are typically encountered. 

(3) The experience and skill of man­
agement and the work force. Inexperience 
usually results in higher first unit costs 
than would be expected with more experi­
enced personnel, but it can also result in 
higher observed rates of improvement 
since the opportunities for improvement 
are greater. The fact that more experi­
enced personnel might start at a lower 
first unit cost and proceed at a lower ob­
served rate of improvement can be attrib­
uted to prior applicable experience gained 
elsewhere. 

(4) Number of shifts and amount of 
overtime. Multi-shift operations and exces­
sive overtime tend to reduce efficiency, 
with a resulting adverse effect on the verti­
cal position of the curve.

(5) Plant capacity. Operation at other 
than optimum plant capacity may adversely 
affect the vertical position of the curve and, 
frequently, the slope. 

(6) The costs of experimental models, 
prototypes, and pilot shop production. The 
cost of production in model and pilot shops 
tends to be higher than the cost of subse­
quent production in the regular shop.
Whether or not the costs of these opera­
tions can be used, even with adjustment, as 
a basis for forecasting subsequent produc­
tion costs in the regular production shop, 
can be determined only by careful analysis 
of the contractor's experience. Further, 
when these costs are used as a basis for 
developing a forecast, the auditor's report 
should include comments on this fact and 
all pertinent findings as to the historical 
reliability of this procedure. These prob-
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lems arise primarily from a contemplated 
transfer of production from the model or 
pilot shop to the regular production facili­
ties. They will not exist, as a rule, if pro­
duction is to be completed in the model or 
pilot shop.

(7) The stability of the work force. 
When labor turnover is high, production 
efficiency and hence labor costs will be 
adversely affected. The vertical position of 
the curve usually will be higher than it 
otherwise would have been. The effect on 
the slope of the curve will depend on the 
rate of turnover and on the stability of that 
rate; for example, a consistent but exces­
sive rate of turnover may substantially re­
duce overall improvement. 

(8) Period between production units.
When an extensive period elapses between 
the production of successive units, the rate 
of improvement will tend to be low be­
cause of the lapse of time between when a 
worker performs the identical operation on 
successive units. For example, the rates of 
improvement in the construction of large 
ships are generally less than in the manu­
facture of other end items which employ 
extensive manual labor but over much 
shorter periods of time. 

(9) Documentation. Records should be 
maintained of problems encountered in 
past production and work methods, 
schedules, and layouts devised to alleviate 
these problems and improve future effi­
ciency. In this manner, the lessons of the 
past will not be forgotten. If substantial 
periods elapse between the production of 
successive units, the extent of such docu­
mentation will affect the rate of improve­
ment. When there is a break in 
production, the extent of such documenta­
tion will affect the amount of improve­
ment retained when production is 
resumed. 

(10) Engineering changes. Major en­
gineering changes usually tend to disrupt 
normal improvement curve patterns. Be­
cause of the importance of these changes, 
they are separately discussed in F-502. 

(11) Make-or-buy practices. Because 
a company's make-or-buy practices can 
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have a significant effect on the work be­
ing performed, on the capacity level at 
which the company operates, and on unit 
labor requirements, they can also materi­
ally affect the vertical position and slope 
of the improvement curve. A major 
change during the production cycle can 
have an effect somewhat similar to an 
engineering change. A major change 
from make to buy may cause a rapid drop 
in cost, possibly followed by a change in 
slope. A major change from buy to make 
may cause a rapid increase in cost and 
can also be followed by a change in 
slope.

(12) Prior experience in producing
similar items. If a contractor produces an 
item similar to items previously produced 
in the same facility with the same work 
force, it can be expected that some of the 
improvement gained on prior production 
will be carried over to the new item. The 
same effect is generally obtained when a 
contractor makes an item which has pre­
viously been produced by another con­
tractor, and documentation on the lessons 
learned by the first contractor is made 
available to the second. In either case, it 
will appear that initial improvement is 
less than that experienced later in pro­
duction, when the data are plotted nor­
mally. The appropriate adjustment is to 
reposition the data several units to the 
right in order to compensate for the num­
ber of units of retained improvement. 
This adjustment is discussed in F-503. 

(13) Breaks-in-production. Resump­
tion of production after an inordinate in­
terval between units or lots will adversely 
affect the pattern of improvement and the 
vertical position of the curve can be ex­
pected to be higher than it was prior to the 
disruption. Breaks-in-production are dis­
cussed in some detail in F-504. 

(14) Fluctuations in volume. When 
manloading requirements are not propor­
tional to the number of units being pro­
duced, there will be instances when the 
volume of production impacts the produc­
tion efficiency. A complete discussion of 
this factor is presented in F-505. 
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Figure F-1-10 

Figure F-1-10
Reduction in Cost Level 

Resulting from Major Simplification 

DCAA Contract Audit Manual 



F22 July 2004 
F-201 

F-200 Section 2 --- Improvement Curve Types 

F-201 Introduction 

This section discusses and compares the 
two basic theories underlying improvement 
curves. 

F-202 General 

As has been previously stated, the basic 
concept of the improvement curve assumes 
that there will be a relatively constant rate 
of reduction in the unit cost for each suc­
cessive doubling of the total production. 
This general concept has been expressed in
two slightly different ways: (1) as the unit 
curve theory and (2) as the cumulative 
average curve theory. For each of these 
theories, two types of improvement curves 
may be constructed: a unit cost curve and a 
cumulative average cost curve. Thus, there 
are four improvement curves: a unit cost 
curve and a cumulative average cost curve 
for the unit curve theory, and a unit cost 
curve and a cumulative average cost curve 
for the cumulative average theory. The 

methods of constructing these four curves, 
their similarities and differences, and the 
difference between the two improvement 
curve theories, are discussed in the follow­
ing paragraphs. 

F-203 The Unit Curve Theory 

The unit curve theory is based on the 
assumption that as production quantity is 
doubled from any level, the cost of the last 
unit of the doubled quantity is a constant 
percentage of the cost of the last unit be­
fore doubling. That is, the cost of the fourth 
unit is assumed to be the same percentage 
of cost of the second unit as is the cost of 
the eighth unit is to the cost of the fourth. 
This is the improvement curve theory dis­
cussed in section 1. It was illustrated with 
an 80% curve in Figure F-1-2. Based on
the data given in the following table, an 
80% unit cost curve and an 80% cumula­
tive average cost curve computed under the 
unit curve theory are illustrated in Figure 
F-2-1. 

Table for Figure F-2-1
80% Unit Curve Theory 

Unit 
No. 

Unit 
Man-hours 

Cumulative  
No. of 
Units 

Cumulative 
Total 

Man-hours* 

Cumulative  
Average

Man-hours 
1 100.00 1 100.00 100.00 
2 80.00 2 180.00 90.00 
4 64.00 4 314.21 78.55 
8 51.20 8 534.59 66.82 

16 40.96 16 892.01 55.75 
32 32.77 32 1,467.86 45.87 
64 26.21 64 2,392.45 37.38 

100 22.71 100 3,265.08 32.65 
1000 10.82 1000 15,867.09 15.87 

* The totals include the values of omitted units 

The data in columns 1 and 2 of this table the other hand, the cumulative average
are the same through unit 64 as the data data, which are derived from the unit cost 
given in the table for Figures F-1-1 and F- data, do not reflect a constant rate of im-
1-2 (F-103a.). As a result, the unit curve in provement linear. However, the curvature 
Figure F-2-1 and the curve in Figure F-1-2 in this line decreases rapidly, so that it be­
are identical. Because the assumed uniform comes approximately linear and parallel to 
rate of reduction applies to the cost of spe- the unit cost line after the first 20 to 30 
cific units, the unit cost line is linear. On units. 
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Figure F-2-1 

 
Figure F-2-1 

Unit Curve Theory (80% Curve) 
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F-204 The Cumulative Average Curve each doubled quantity of production (that 
Theory is, the average cost of units 1 and 2, of 

units 1 through 4, 1 through 8, 1 through 
The hypothesis for the cumulative aver- 16, etc.) will decline by some constant 

age curve theory assumes that as the total percentage. The operation of this theory is 
number of units successively produced is illustrated in the following table and in 
doubled, the cumulative average cost of Figure F-2-2. 

Table for Figure F-2-2
80% (Cumulative Average Curve Theory) 

Unit 
No. 

Unit 
Man-hours 

Cumulative 
No. of 
Units 

Cumulative 
Total 

Man-hours* 

Cumulative 
Average

Man-hours 
1 100.00 1 100.00 100.00 
2 60.00 2 160.00 80.00 
3 50.63 3 210.63 70.21 
4 45.37 4 256.00 64.00 
5 41.82 5 297.82 59.56 
6 39.19 6 337.01 56.17 
7 37.13 7 374.14 53.45 
8 35.46 8 409.60 51.20 

16 28.06 16 655.36 40.96 
32 22.33 32 1,048.58 32.77 
64 17.82 64 1,677.70 26.21 

100 15.42 100 2,270.62 22.71 
1000 7.34 1000 10,819.71 10.82 

*Totals include values of omitted units. 

The data in the last column of this table, 
the cumulative average man-hours, is 
identical with that in the unit man-hours 
columns in the table for Figure F-2-1 (F­
203). Both tables reflect a 20% im­
provement for doubled quantities (80% 
curves). In Figure F-2-2 it is the cumula­

tive average cost line which is linear, and 
the unit line which is curved. Again, the 
rate of curvature becomes negligible after 
the first few units and the unit cost line 
becomes approximately linear and paral­
lel to the cumulative average cost line. 
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Figure F-2-2 
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Cumulative Average Curve Theory (80% Curve) 
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Figure F-2-3 
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Comparison of Unit and Cumulative Average Theories (80% Curve) 
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F-205 Comparison of Improvement
Curve Theories 

a. The auditor should understand from 
the discussion in the first part of this ap­
pendix that the improvement curve theory 
is not an expression of an exact or absolute 
principle. It is a generalization based on
observed relationships between the produc­
tion cost and the quantity produced which 
has been found to be sufficiently true to 
permit broad usage in the analysis and 
forecasting of product costs. The concept 
expresses an approximation, and many 
variations in the method of application 
have been developed to meet the needs and 
ideas of users. These differences represent 
varying methods of interpreting the general 
concept and the two theories of the im­
provement curve. The auditor must deter­
mine the appropriateness of the methods 
used by the contractor. He or she will not 
find it a difficult task if he or she under­
stands the basic principles and interrela­
tionships underlying and integrating the 
two slightly different expressions of the 
basic concept.

b. A comparison of the curves in Figure 
F-2-1 and F-2-2 will disclose a number of 
similarities and differences that are signifi­
cant to their construction and interpreta­
tion. To facilitate this comparison the four 
curves have been combined in Figure F-2-
3. 

(1) It should be evident that the unit cost 
line for the unit curve theory and the cumu­
lative average cost line for the cumulative 
average curve theory are identical for any
given slope; an identity that is postulated in 
the two curve theories. As a result, these 
curves are represented by a single line in 
Figure F-2-3. Although the two lines are 
identical for any given slope, the basic data 
resulting in identical slopes is different. For
example, if unit one requires 100 man-hours 
and unit two requires 80 manhours, under 
the unit curve theory this would be repre­
sented by an 80 percent unit curve, but under 
the cumulative average curve theory this 
would be represented by a 90 percent cumu­
lative average curve, i.e., in order for the 
cumulative average curve under the cumula­
tive average curve theory to be 80 percent, 
unit number two must require 60 man-hours. 
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(2) Except for the curvature in the first 
portion of the cumulative average line for 
the unit curve theory and in the first portion 
of the unit line for the cumulative average 
curve theory, which result primarily from 
the construction methods used, the only 
difference between curves of the same 
slope lies in the level or relative vertical 
positions of the unit and cumulative aver­
age lines. Regardless of the curve theory 
being followed, the cumulative average
cost curve lies above the unit cost curve 
(occupies a higher position in relation to 
the vertical axis). This difference in posi­
tion arises from the fact that each cumula­
tive average cost is an average of all costs
from the first unit through a given point of 
production and thus includes a portion of 
the high cost of the early, less efficient 
production; while the unit cost curve pre­
sents only the costs of individual units. 
However, because of the lack of linearity in 
the first part of the curves, the use of the 
cumulative average curve for the unit curve 
theory and of the unit curve for the cumula­
tive average curve theory is not practical 
for forecasting the early cost of production. 
Beyond the first few units, however, the 
relationship between the unit and the cu­
mulative average curves for either theory 
becomes relatively constant and either 
curve could be used. 

(3) In practice, it is customary to plot the 
unit curve of the unit curve theory and the 
cumulative average curve of the cumulative 
average curve theory. This representation of 
the cumulative average curve can be mis­
leading since the averaging process tends to 
smooth out the data pattern, concealing and 
suppressing significant deviations in unit 
costs. For this reason, the auditor should plot 
a unit curve as part of the analysis, regard­
less of whether the unit curve theory or the 
cumulative average curve theory is used. 

c. Although the cumulative average the­
ory was developed first, the unit curve the­
ory is most commonly used. Furthermore, 
studies of Defense production data have 
generally provided more support for the unit 
curve theory. Accordingly, auditors should 
use the unit curve theory unless there is evi­
dence that the contractor's experience has 
consistently followed the pattern predicated 
by the cumulative average curve theory. 
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F-300 Section 3 --- Fitting Improvement Curves to Lot Data 

F-301 Introduction 

This section discusses the application of
the improvement curve theory to data ac­
cumulated in lots rather than by individual 
units. 

F-302 General 

a. The accounting systems maintained 
by the majority of manufacturers accumu­
late costs by production lots rather than by 
production units. Both the unit curve and 
the cumulative average curve theories can 
be applied to lot data.

b. Plotting a cumulative average curve 
presents no problem because the cumulative 
averages are simply plotted at the last unit 
number for each lot. However, in plotting a 
unit curve under either theory, it will be 
necessary to locate the unit number at which 
the average unit cost of each lot is plotted. 
This lot midpoint represents the unit number 
to which the average lot cost could be ex­
pected to apply if cost data were available on 
each unit in the lot. In consonance with the 
improvement curve theory, it may be as­
sumed that the first unit a production lot 
would normally cost more to produce than 
the average for the lot and the last unit less. 
Some unit within the lot, however, would 
cost approximately the same as the lot aver­
age. The true lot midpoint will not usually be 
a whole number, although rule-of-thumb 
methods may result in whole numbers being 
used. For example, if a lot consists of units 1 
and 2 on an 80% unit theory curve, the mid­
point will obviously be between 1 and 2. 
Even if the lot consists of units 1 and 3, the 
midpoint will not be exactly 2 because the 
average unit cost of the first three units un­
der an 80% unit theory curve is about 83.4% 
of the first unit cost, whereas the cost of the 
second unit is 80% (Table F-4-1). In general, 
a lot midpoint will be less than the mean of 
the first and last unit numbers in the lot. 
However, it will be quite close to the mean if 
(1) many units were produced in prior lots 
and/or (2) the slope of the curve is shallow. 

c. Another consideration when an im­
provement curve is fitted to lot data is the 
weight to be given to each lot. Both the­

ory and logic dictate that more weight be 
given to larger lots. Computer programs 
are available which provide the correct
weighting of lots, as well as precise calcu­
lations of lot midpoints. 

F-303 Locating Lot Midpoint by Rule-
of-Thumb 

Many short-cut methods of obtaining 
lot midpoints have been developed. The 
following rule-of-thumb is simple and 
fairly accurate in most applications: (1) 
for the first lot multiply the number of 
units by .3 and add one, (2) for all subse­
quent lots, divide the lot size by two and 
add the number of units in the preceding 
lots. An example of a unit curve theory 
graph constructed by this rule-of-thumb is 
presented in Figure F-3-1. 

F-304 Computation of Lot Midpoints
from Tables 

Improvement curve tables (excerpts 
are shown in Tables F-4-1 and F-4-2) may 
be used to compute lot midpoints. This 
method is more precise than rule-of-
thumb methods (F-303). The lot midpoint 
is determined in this method by finding 
the number of that unit within the lot 
whose factor is equal to the cumulative 
average factor for the lot. The method is 
illustrated below. 

a. In this illustration it is assumed that 
the tables for an 80% curve under the 
unit curve theory (F-203) will be used 
and that the midpoint of a first lot of 10 
units will be computed. From the cumu­
lative total column of Table F-4-1 the 
cumulative average factor is found to be 
.631537 (6.315373 divided by 10). In the 
unit factor column, this falls between 
units 4 and 5. By interpolation, it is 
found that a unit factor of .631537 corre­
sponds to unit no. 4.19. Therefore, 4.19 
is considered the lot midpoint for a first 
lot of 10 units. 

b. Table F-3-1 shows exact first lot 
midpoints for selected lot sizes and 
slopes. The table should not be used for 
second and subsequent lots. 

DCAA Contract Audit Manual 



July 2004 F29 
Figure F-3-1 

 
Table for Figure F-3-1 

Lot Average Cost Curve (Unit Curve Theory) 
 

 
 
Lot No. 

No. of 
Units 
in Lot 

Cumulative 
No. of 
Units 

 
Plotting 

Point 

 
Lot  

Hours 

Average 
Hours 

Per Unit 
1 6 6 2.8 480 80 
2 16 22 14 1,024 64 
3 6 28 25 354 59 
4 14 42 35 784 56 
5 4 46 44 216 54 
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Table F-3-1 
First Lot Midpoints -- Selected Quantities

and Curves (Unit Curve Theory) 

Units in 
1st Lot 

70% 
Curve 

80% 
Curve 

90% 
Curve 

2 1.37 1.39 1.40 
3 1.72 1.75 1.79 
4 2.06 2.12 2.17 
5 2.39 2.47 2.54 
6 2.71 2.82 2.91 
7 3.03 3.16 3.28 
8 3.34 3.50 3.64 
9 3.65 3.83 4.00 

10 3.95 4.17 4.36 
15 5.44 5.82 6.14 
25 8.32 9.03 9.65 
50 15.25 16.90 18.30 

100 28.65 32.36 35.43 
500 131.71 153.76 171.31 

1000 258.15 304.43 340.67 
10000 2495.48 3002.85 3384.18 

F-305 Computer Programs and Lot Data 

The preceding discussion is presented 
to provide a basic understanding of lot 
midpoints and to aid the auditor when 
computer facilities are not readily avail­
able. However, the preferred method of 
fitting improvement curves and projecting 
future costs is with the Agency's com­
puter software designed specifically for 
this purpose. Unit and cumulative average 
improvement curve options are available 
on EZ-Quant software for curve estima­
tion and cost projection. 

F-306 Use of Equivalent Units 

a. In some situations contractors may 
not segregate costs by units or lots. If, 
however, data are available on the actual 
labor hours charged to the production of 
an item during each month (or other pe­
riod) and labor standards are used, it is 
often possible to determine the equivalent 
number of units produced during the pe­
riod. The following tabulation illustrates
computations for an item for which the 
standard hours per unit is 150. 
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Computation of Equivalent Units and Related Hours 

Month 
Col. 1 

Standard 
Hours 
Col. 2 

Equivalent
Units* 
Col. 3 

Actual 
Hours 
Col. 4 

Actual Hrs. 
Per Unit** 

Col. 5 
Jan 6,037 40.24 8,624 214.31 
Feb 17,058 113.72 15,972 140.45 
Mar 36,307 242.05 26,728 110.42 
Apr 48,973 326.49 27,851 85.30 
May 51,207 341.38 26,528 77.71 
Jun 51,853 345.69 25,630 74.14 

*Col. 2 ÷ 150 
**Col. 4 ÷ Col. 3 

b. Even if labor standards are not used, 
this same general procedure can be fol­
lowed if (1) records are maintained of the 
number of units in process at various stages 
of production at the end of each payroll 
period, and (2) there are estimates of the 
number of labor hours required for the 
work performed between stages. Such es­
timates could, for example, be obtained 
from the bill of labor submitted by the con­
tractor in support of the bid proposal. To 
illustrate the procedure, suppose the con-
tractor's records show the following status 
of production at the end of a payroll period: 

Number 
Cumulative 

Total 
Completed  100 100 
In process through: 
Operation 3 10 110 
Operation 2 30 140 
Operation 1 20 160 

The equivalent number of units produced 
through the end of the period could be cal­
culated as follows: 

Operation 

Total 
Units 

Processed 

Estimated 
Unit 

Labor 
Hours 

Ex­
tended 

Amount 
1 160 10 1,600 
2 140 30 4,200 
3 110 40 4,400 
4 100 20 2,000 

Total 100 12,200 

This would mean the equivalent of 122 
units (12,200 – 100) had been produced 
through the end of the period. By apply­
ing this analysis to the status of opera­
tions at the end of each period, the
equivalent number of units produced in 
each period can be obtained. 
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F-400 Section 4 --- Improvement Curve Techniques 

F-401 Introduction 

This section sets forth the methods of 
applying improvement curve theories. 

F-402 General 

As mentioned earlier, the methods or 
techniques of applying improvement 
curves are as follows: 

a. The graphical method, in which the 
forecast values are derived from a graph 
upon which historical data have been
plotted or one point is plotted and an 
improvement curve slope is drawn 
through the plot point. This method is 
satisfactory for exploratory purposes or 
where a high degree of accuracy is not 
required. Although this method is not 
desirable for expressing an audit opinion, 
inclusion of a graph in an audit report to
depict the visual representation of the 
audit recommendation is desirable, and 
graphic analysis should always be util­
ized in conjunction with mathematical 
analysis. 

b. The computational method, in 
which the forecast values are computed 
directly from the curve derived from the 
data. To eliminate the cumbersome proce­
dure of manually computing projected 
costs, two methods of streamlined calcu­
lation are available: (1) tables of im­
provement curve factors and (2) the
specially developed EZ-Quant computer 
software. The second option is the best 
method for both improvement curve esti­
mation and cost projection. In addition to 
the significant savings in time and the 
superior accuracy of computer-based 
analysis, the computerized approach per­
mits more complete and in-depth analysis 
than is possible by any other means. 

F-403 Graphical Projection 

a. Figure F-4-1 illustrates the graphical 
method of estimating the hours required to 
produce units 401 through 600 of a given 
product. The production data upon which the
projection is to be based is given in the table 
which follows: 

Table for Figure F-4-1 

Unit No. 
Lot Average
Unit Hours 

Cumulative Total Hours 
From Unit 1 

Cumulative Average Hours 
from Unit 1 

75 43.6 4,199 56.0 
80 42.9 4,415 55.2 
90 41.8 4,838 53.8 
100 40.8 5,250 52.5 
150 37.0 7,187 47.9 
200 34.6 8,975 44.9 
250 32.9 10,660 42.9 
400 29.4 15,308 38.3 
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c. This graphical method has several 
disadvantages. Construction of the graphs 
with any degree of precision requires care 
and is time consuming, and the precision 
attained may be relatively low. More im­
portant, is the fact that the degree of preci­
sion is not known or predictable because it 
is largely dependent on the care and skill of 
the estimator. 

F-404 Use of Improvement Curve
Factors 

a. Many contractors have developed 
tables of improvement curve factors which 
permit the computation of forecasted val­
ues to several more significant places than 
is possible by graphic means. Portions of 
two tables for both the unit curve theory
and for the cumulative average curve the­
ory are shown as Table F-4-1 and Table F-
4-2. 

b. Comparison of the tables developed 
by various companies will disclose a num­
ber of differences resulting, primarily, from 
the adaptation of the tables to the needs and 
specific methods of the developer. A prin­
cipal difference is to be found in the unit 
number to which a value of unity is as­
signed. Several manufacturers, for exam-
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ple, assign the value of one to the number 
one unit. At least one assigned this value to 
unit 350 and another assigned it to unit 
1,000. In each of these latter cases, the 
developers worked forward and backward 
from this point. Because of such differ­
ences, the values given for any particular 
unit in the different tables are not necessar­
ily the same. Nevertheless, except for the 
very first units, the differences in the con­
struction of the tables should not materially 
affect the answers to any given problem, 
provided that the instructions for using the 
tables are followed. 

c. The tables are constructed on either 
the "unit curve theory" (F-203) or the "cu­
mulative average theory" (F-204), depend­
ing on which concept the contractor 
believes will best meet his or her needs. 
The tables usually contain a series of fac­
tors for both the unit and cumulative aver­
age curves under the selected curve theory
and for each percent of slope from 51% to 
99%. The tables are bulky and to keep their 
size to a minimum, cumulative total fac­
tors, rather than cumulative average fac­
tors, are usually given. Cumulative average 
factors may be readily obtained by dividing 
the cumulative total factor by the corre­
sponding cumulative number of units. 
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Table F-4-1 
Improvement Curve Theory (Unit Curve Theory) 
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Table F-4-2 
Improvement Curve Theory

(Cumulative Average Curve Theory) 

DCAA Contract Audit Manual 



F38 July 2004 
Table F-4-2 

DCAA Contract Audit Manual 



July 2004 

F-405 EZ-Quant Computer Programs 

Comprehensive guidance on the use 
of EZ-Quant is given in the software’s 
“help” documentation. EZ-Quant in­
cludes the following improvement curve 
models: 

a. Estimated least squares curve fits to 
data using the unit curve theory and the 
cumulative average theory models. 

b. Models to project values on an im­
provement curve defined by a percentage 
slope and the cost of any unit or lot. 

c. Special application improvement 
curve models which account for engineer­
ing design changes, production breaks, 
retained prior improvement, or variations 
in production rates. These additional pro­
cedures are discussed in section 5. 

F-406 Coefficient of Determination 

a. The least squares improvement 
curves fitted to the data by the EZ-Quant 
options generally satisfy the requirements 
of regression analysis. Accordingly, the 
coefficient of determination (r-squared) is 
included in the output. This statistic 
measures the extent to which variations in 
unit costs can be explained by difference 
in unit numbers. Paragraph E-205 dis­
cussed correlation analysis and provides 
guidance on interpreting the index of de­
termination and determining the existence 
of correlation. In using Table E-2-1, it 
should be noted that mathematical models 
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for the standard unit curve theory and 
cumulative average have two parameters. 
However, each of the more advanced 
models discussed in F-503, F-504, and F­
505 has three. 

b. Certain improvement curve options 
of EZ-Quant determine the comparison 
assurance (or confidence) that is associated 
with the coefficient of determination for 
the regression equation. This correlation
analysis statistic is discussed in paragraph 
E-205.2. 

F-407 Selection of a Curve 

The best possible source of improve­
ment curve data is the records of the con­
tractor who is to produce an item. If the 
contractor has produced the same item in 
the past, its records can usually be used to 
obtain both the percentage slope and the 
theoretical first unit. Even if the contractor 
has not produced the item before, its ex­
perience in producing other items at the 
facilities planned for the new item will 
generally provide a more reliable percent­
age than the experience from another con­
tractor. It should also be noted that while 
improvement curves can best be fitted to 
direct labor hours or costs which have been 
segregated by unit or lot, it is often possi­
ble to develop satisfactory improvement 
curves from monthly or weekly costs and 
equivalent units of production (F-306), or 
even from cost recorded against successive 
contracts. 
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F-500 Section 5 --- Other Factors Which Affect Improvement 

F-501 Introduction 

This section describes factors which 
may cause departures from normal im­
provement curve patterns. It also discusses 
methods of measuring and compensating 
for the effects of these factors. 

F-502 Engineering and Other Major
Changes 

a. Changes in a product and in the 
method of its manufacture will affect the 
unit cost of the product and, therefore, the
slope and vertical position of the improve­
ment curve. Most of these changes are rela­
tively minor; and, because they are 
constantly taking place, they form a con­
tinuing and repetitive pattern of change. 
Their combined and continuing impact on 
product unit cost is one of the principal 
improvement factors that the curve is de­
signed to measure. The use of the im­
provement curve to measure a rate of 
change is a dynamic method of analyzing 
costs. Where other methods assume a con­
stancy in composition of a product and in 
the technology of its production, the theory 
of the improvement curve assumes the con­
stancy of change. It assumes that the rate of 
change is the factor that will be constant. 
To the extent that this assumption is true, 
the curve, appropriately plotted, will be 
linear; and the slope of the curve will be 
constant. 

b. It must be recognized that these im­
provement curve assumptions encompass 
only those changes which compose the 
normal, continuing, repetitive pattern of 
change. There are, however, other changes, 
occasional in frequency, that have an 
abrupt and major impact on unit costs. 
These changes tend to produce a sharp and
material deviation in the slope and vertical 

position of the improvement curve, as 
shown between lots 5 and 6 in Figure F-5-
1. Major changes in the design of a prod­
uct, commonly known as engineering
changes, are one of the most common 
causes of these sharp deviations in the level 
and trend of the curve. There are, however, 
a number of other causes which can have 
the same or a similar effect, such as a major 
change in tooling and equipment, a major 
shift towards automation, or the production 
of a major component previously pur­
chased. 

c. The difficulty of forecasting from a 
curve that reflects an engineering or other 
major change may be seen from the exam­
ple given in Figure F-5-1. In this example, 
a major change was made in a component 
in lot 6. As a result, a sharp rise in the ver­
tical position of the curve occurred be­
tween lots 5 and 6. Though the curve 
slopes back sharply thereafter, it does not 
begin to reflect a stabilized trend until lot 
10, when it becomes asymptotic to the 
trend before the change. Projection of the 
basic trend at lot 6 to forecast lots 7 to 10 
would be meaningless, as would a projec­
tion of any segment of the line connecting 
any of these points. 

d. The first step in appraising the full 
impact of engineering changes should be 
the segregation of costs between compo­
nents affected by the change and those not 
affected. When unit cost or lot costs by 
components are available, there is usually
no problem in securing this segregation. 
When appropriate data is not readily avail­
able, the auditor may segregate costs on 
some other basis provided it measures the 
relative effort in the changed portion to that
in the whole product.

Asymptote: A curve always approach­
ing but never meeting a straight line; tan­
gent at infinity.  
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Table for Figure F-5-1 

Lot Units Per Total Lot Mid- Lot Plot- Total Hours 
Average
Hours 

No. Lot Units Point ting Point Per Lot Per Lot 

1 10 10 4.0 4.0 2000 200 
2 10 20 5.0 15.0 1100 110 
3 20 40 10.0 30.0 1600 80 
4 20 60 10.0 50.0 1240 62 
5 20 80 10.0 70.0 1080 54 
6 8 88 4.0 84.0 720 90 
7 12 100 6.0 94.0 840 70 
8 30 130 15.0 115.0 1680 56 
9 40 170 20.0 150.0 1840 46 

10 40 210 20.0 190.0 1600 40 
11 80 290 40.0 250.0 2800 35 
12 80 370 40.0 330.0 2400 30 
13 80 450 40.0 410.0 2160 27 
14 120 570 60.0 510.0 2880 24 
15 120 690 60.0 630.0 2640 22 
16 120 810 60.0 750.0 2400 20 

e. The data for a simplified example 
showing the plotting of separate curves 
for the changes and unchanged compo­
nents are shown in the following table and 
graphically displayed in Figures F-5-2 
and F-5-3. Curve A in Figure F-5-2 re­
flects the impact of an engineering change 
in Component A. Figure F-5-3 reflects an 
uninterrupted and uniform rate of im­
provement for all other components. Fig­
ure F-5-3 therefore presents no special
evaluation problem, but the changed seg­
ment of Curve A should be replotted as 
though it were a new unit, as shown in 
Curve B of Figure F-5-2. It may be seen 
in Figure F-5-2 that Curve B curves 
downward slightly. This indicates there is 
some retention of learning in the produc­
tion of Component A. Use of the retained 
prior improvement curve option of EZ-
Quant as described in F-503, indicates 
that this retained improvement (or learn­
ing) is equivalent to the production of 5 
units. Accordingly, the data should be 

replotted at unit nos. 9, 19, 40, etc. By 
computing and then combining separate 
evaluations for Component A, and for all 
other components, an evaluation for the 
entire product may be obtained. 

f. When unit or lot costs for the 
changed work are not available, it may be 
possible to obtain a reliable engineering
estimate of the proportion of direct labor 
for the lots prior to the change which is 
accounted for by the unchanged work. 
This proportion is applied to the hours for
each lot prior to the change. The im­
provement curve is fitted to the resultant 
data to estimate the proportion of labor 
hours in subsequent lots which are related
to the unchanged work. This portion is 
deducted from the total hours per unit for 
these subsequent lots to obtain estimates 
of the hours applicable to the changed 
work. If, in the foregoing example, an 
estimated 70% of the work prior to the 
change related to unchanged operations,
the following analysis would be made: 
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Average Hours per Lot
Unchanged Operations 

Lot No. 
Col. 1 

Total 
Col. 2 

Historic 
Col. 3 

Projected 
Col. 4 

Changed
Col. 5 

1 200 140 
2 110 77 
3 80 56 
4 62 43.4 
5 54 37.8 
6 90 34.49 55.51 
7 70 32.76 37.24 
8 56 29.91 26.09 
9 46 26.47 19.53 
10 40 23.73 16.27 
11 35 20.95 14.05 
12 30 18.41 11.59 
13 27 16.65 10.35 
14 24 15.07 8.93 
15 22 13.66 8.34 
16 20 12.60 7.40 

Table for Figures F-5-2 and F-5-3
ENGINEERING CHANGES 

Component A and All Other Components 

Component A 
Replotted As Average Hours Per Lot 

Lot Units Lot Mid- Lot Lot At Component All Other Total 
No. Per Point Plotting No. Unit A Components 

Lot Point No. 
1 10 4.0 4.0 70.0 130.0 200.0 
2 10 5.0 15.0 44.0 66.0 110.0 
3 20 10.0 30.0 32.0 48.0 80.0 
4 20 10.0 50.0 24.0 38.0 62.0 
5 20 10.0 70.0 20.0 34.0 54.0 
6 8 4.0 84.0 1 3.4 59.0 31.0 90.0 
7 12 6.0 94.0 2 14 40.0 30.0 70.0 
8 30 15.0 115.0 3 35 29.0 27.0 56.0 
9 40 10.0 150.0 4 70 22.0 24.0 46.0 

10 40 20.0 190.0 5 110 18.0 22.0 40.0 
11 80 40.0 250.0 6 170 15.4 19.6 35.0 
12 80 40.0 330.0 7 250 12.8 17.2 30.0 
13 80 40.0 410.0 8 330 11.2 15.8 27.0 
14 120 60.0 510.0 9 430 10.0 14.0 24.0 
15 120 60.0 630.0 10 550 9.0 13.0 22.0 
16 120 60.0 750.0 11 670 8.0 12.0 20.0 
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In this example, column 3 equals 70% of 
column 2. A weighted least squares fit to 
the data in column 3 resulted in an im­
provement curve with a slope of 72.644% 
and a theoretical first unit cost of 266.68. 
Projections along the curve produced the 
estimate of 34.49 for units 81 to 88, 32.76 
for units 89 to 100, etc., shown in column 
4. Column 5 is the difference between col­
umns 2 and 4. It corresponds to the column 
headed "Component A" in the table re­
ferred to in the preceding subparagraph e 
and could be used in the same manner to 
project future costs of the changed work. 

g. The design change improvement 
curve model of EZ-Quant estimates curve 
segments for: 

(1) the pre-change production history, 
(2) the unchanged portion (remaining 

original work), and
(3) the changed portion (or new work).

The procedure also computes projected 
cost or hours for user-specified lots. 

F-503 Measuring Retained Prior
Improvement 

a. Where a contractor produces a new 
item that is similar to items produced in the 
past, it is likely that the first unit of the new 
item will require less cost than if the simi­
lar item had not been produced. In other 
words, prior improvement (or learning) 
achieved on the earlier item may be re­
tained, thereby benefiting the new item. 
For example, if the retained prior im­
provement was equivalent to the produc­
tion of 10 units, the labor-hour requirement 
for the first unit of the new model would 
correspond to unit 11 on a normal im­
provement curve, the hours required for the 
second unit would correspond to unit 12.

b. Typically, where retained prior im­
provement is a factor in determining costs 
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required to produce an item, the trend line 
of actual costs will be "humped" as illus­
trated by the points connected by the solid 
line in Figure F-5-4. Moving the points five 
units to the right produces the approxi­
mately linear pattern shown by the x's. This 
pattern is readily discernible through an 
evaluation of the "percent difference" sta­
tistics. If the first two or three data points 
are below the computed improvement 
curve, this may indicate retained prior im­
provement. 

c. The retained prior improvement 
curve option of EZ-Quant will compute a 
least squares estimate of the retained im­
provement in terms of the equivalent num­
ber of units. The procedure repositions the 
curve to reflect the retained improvement 
and to project cost or hours for user­
specified lots. 

F-504 Interruptions in Production 

a. A significant break in the produc-
tion of an item may cause a "loss of ex­
perience (or learning)." The slope and 
vertical position of the improvement 
curve will not change, but the first unit 
produced after the disruption will regress 
to an earlier position on the improvement 
curve and the pattern established in the 
past will be repeated. A similar pattern 
may result when normal production is 
disrupted over an extended period be­
cause of a shortage of materials, unac­
ceptable reject rate, or other factors. 

b. The effect of a disruption is illus­
trated graphically in Figure F-5-5. In this 
case, an interruption between the produc­
tion of units 7 and 8 caused a loss of ex­
perience of about 3.5 units. Moving the
points for units 8 through 15 by 3.5 units to 
the left brings them into alignment with the 
points for units 1 through 7. 
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Figure F-5-4 
Effect of Retained Learning 

 

 
 

 
 
 c. The break in production improve-
ment curve option of EZ-Quant provides a 
least squares estimate of the improvement 
lost (expressed in terms of units) due to a 
break in production. In the process, EZ-
Quant fits an improvement curve to the 
data, some of which is repositioned to 
account for the lost improvement. Data 
must be available for units before and 
after the break. The procedure also com-
putes projected cost or hours for user-
specified lots. 
  d. Where historical data are available 
only before the disruption occurred and 

projections of costs for units to be pro-
duced subsequent to the disruption are re-
quired, the following procedures should be 
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 (1) Review the contractor's methodol-
ogy for an understanding of the logic em-
ployed and evaluate the computation in 
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as: Is the contractor's reasoning consistent 
with the situation? Do the mathematical 
computations follow logically from the 
contractor's reasoning? Is the computed 
loss of learning a realistic value? 
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Figure F-5-5 
Effect of Production Break 

 

 
 

 
  (2) Determine whether the contractor 
had breaks with production of similar items 
for which historical data are available both 
before and after the disruption. If such data 
are available, perform an analysis of that 
data with the EZ-Quant break in production 
improvement curve option and compare the 
results with the contractor's proposal con-
sidering the respective time intervals for 
each disruption. 
 (3) Request a technical evaluation of the 
extent of lost improvement. 
  e. Much of the improvement in unit 
costs is generally the result of better prod-
uct design, tooling, work methods, and 
work layout. If these are properly docu-
mented, learning will not be totally lost, 
regardless of the length of the interruption 

or the turnover in personnel. Accordingly, 
a 100% loss of improvement (or learning) 
can rarely, if ever, be anticipated. 
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existence of fixed and semi-fixed labor 
produces no typical pattern to an improve­
ment curve graph. Familiarity with the 
production process is necessary to identify 
situations of this sort. 

c. When it is suspected that the produc­
tion process may include fixed or semi­
fixed labor while production rates have
varied significantly, an analysis should be 
performed with the fixed level of effort 
(per time period) improvement curve op­
tion of EZ-Quant. This procedure provides 
a least squares estimate of the fixed portion 
of the observed hours and the improvement 
curve applicable to the variable hours. It 
also provides projections of future costs or 
hours for user-specified lots and production 
periods. 

F-506 Other Variations in the Rate of 
Improvement and Cost Level 

a. The improvement rate may not al­
ways appear uniform during a production 
run, particularly if the run occurs over a 
long period of time. Long-term production 
runs sometimes display a series of plateaus 
where the improvement curve is flatter than 
the long-term trend. These are the result of 
"bunching" of the implementation of im-
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provement-inducing measures such as tool 
changes and production reorganization as 
opposed to a more gradual and continuous 
implementation of such measures. The 
long-term improvement rate is still a good 
reflection of the general trend of cost re­
duction that can be expected for future lots.

b. Contractors sometimes experience a 
rise in unit costs during the last few lots of 
a production run; the improvement curve 
reflects this by an upward or positive 
swing. There may be many reasons for a 
potential loss in efficiency including re­
duced rate of production, loss of more ex­
perienced workers, continued use of worn 
tools and equipment, part shortages, and 
worker concern for job security. Although 
costs might tend to go up for those reasons, 
there are other reasons why unit costs could 
actually go down (e.g., excess purchased 
parts and production inventory accumu­
lated throughout the life of the program). 

c. Cost and productivity improvements 
don't just happen---they are managed. Con­
tinuous management attention is required 
to ensure that costs are properly controlled. 
A constant rate of improvement may gen­
erally be assumed, unless the contractor 
can specifically document support for any 
proposed deviation. 
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F-600 Section 6 --- Application of Improvement Curve Techniques 

F-601 Introduction 

This section contains guidance in the 
use of improvement curve techniques in 
contract auditing. 

F-602 Use with Other Analysis Methods 

The improvement curve, like other sta­
tistical analysis methods, should not be 
considered as a complete or absolute pro­
cedure; rather, it is only an additional ana­
lytical tool useful for analyzing and 
forecasting cost trends when the reason­
ableness of the historical costs has been 
established by other means. While histori­
cal trends can be determined and measured 
with fair certainty, no future trend can be 
predicted with certainty. A number of vari­
ables, some of which have been discussed, 
can affect the forecast. 

F-603 Preliminary Evaluations 

In evaluating cost estimates based on an 
improvement curve, it is necessary to un­
derstand the reasoning behind the cost pro­
posal and the methods of using the curve. If 
the contractor has constructed a curve fol­
lowing certain assumptions and the auditor 
interprets the curve from another view­
point, his conclusions may be entirely erro­
neous. This does not mean that one theory 
or method of construction is better than 
another, or that the auditor should insist on 
only one method of construction. The basic 
question is this: Which approach best fits 
the data, especially during the early states 
of production? The data used to construct 
an improvement curve must be homogene­
ous; and the auditor should determine 
whether or not this is true. For example, if 
the relationship of manufacturing to sub­
contract work varies significantly between 
different production lots, an improvement 
curve constructed by plotting data from 
these lots may be inaccurate. Further, the 
projection of a curve assumes that the same 
conditions that existed in the past will be 
perpetuated in the future; and it is the audi-
tor's responsibility, in evaluating a forecast, 
to determine whether this assumption is 
valid. 

F-604 Use of Improvement Curves for
Production Planning and Control
Purposes 

a. When the improvement curve is used 
as a guide for planning and controlling
production, it is possible that the produc­
tion operations may be so planned and con­
trolled as to assure that the decline in costs 
as production continues will follow a pre­
selected improvement curve pattern. This 
can occur when the improvement curve 
technique is used to establish the man-hour, 
space, and similar production requirements 
and to control their utilization for each 
successive production lot. Under proper 
conditions this method of production plan­
ning and control can result in a highly effi­
cient operation but it also lends itself to the 
development and perpetuation of an ineffi­
cient operation. While the determination of 
the efficiency of a particular operation re­
quires the services of a specialist who is 
expert in that particular field of production,
there is much that the auditor can do by 
observing and reporting specific areas of 
inefficiency. These observable inefficien­
cies may be reflected in many ways: poor 
space and equipment utilization, a rate of 
work which is abnormally slow or clearly 
geared to low work requirements, produc­
tion lots that are not of optimum size for 
efficient production, stretched out produc­
tion schedules, the use of rates or norms 
established for discontinued production
methods, workers having to wait for each 
other or getting in each other's way, a ma­
terial flow system or shop organization that 
does not permit workers to work effec­
tively, and use of old initial cost and curve 
slope data for control of new production 
situations without giving adequate consid­
eration to past and expected changes in the
product and the manufacturing methods. 

b. Whether or not improvement curves 
are used by a contractor in controlling pro­
duction, they can be used by the auditor in 
evaluating the efficiency of a production 
process. If the contractor's data shows a 
very low rate of improvement or other 
similar programs have shown higher rates 
of improvement, these conditions may in­
dicate inadequate attention to improving 
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the work methods, production line layout, 
and equipment and tooling used in the pro­
duction process. On the other hand, an 
abnormally high rate of improvement for 
the initial units of production may be in­
dicative of inadequate planning. 

c. In making these evaluations, the 
auditor must be careful not to act as an 
expert in a field in which he does not have 
technical proficiency. However, he or she 
should be, and is expected to be an expert
observer. He or she can and should be 
cognizant of any readily apparent material 

inefficiencies and weaknesses in the plan­
ning and control systems. The auditor 
should report facts as observed and the 
extent to which the improvement curve is 
used in production control. To the extent 
that a cost determination is possible, the 
auditor should evaluate the effect of inef­
ficient practices on the costs. As a mini­
mum, he or she should report his or her 
observations to cognizant procurement 
officials for further investigation and cor­
rective action. 
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