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Using Computers in the Development
of Statistically Based Acceptance Plans

James L. Burati, Jr., and Jack H. Willenbrock

This paper presents a number of ways in which a computer can be used
to assist in the development of statistically based acceptance plans.
These techniques include statistical analysis of preliminary data to de-
termine the appropriate parameters to use in the development of the
acceptance plan. Data collected from 13 bituminous airport pavement
construction projects were used to develop a proposed acceptance plan
for asphaltic concrete density. A computer algorithm was used to
calculate the probabilities necessary to determine the operating charac-
teristics (OC) curves for the plan. Another computer program was used
to estimate the integral necessary to determine the expected payment
curve associated with a continuous price adjustment schedule. The
continuous price adjustment schedule eliminates the problem of having
relatively large differences in payment associated with small differences
in quality. This situation is encountered frequently in the discrete price
adjustment schedules typically used in pavement construction. A com-
puter simulation program used to determine the OC curves for the pro-
posed density acceptance plan is presented. The OC curves from the
simulation agree very closely with OC curves that were calculated by
theoretical means. The simulation program provides an advantage

over the theoretical solution in that it provides OC curves in terms of
means and standard deviations that can be related easily to the con-
tractor’s process capabilities. The simulation program presented can be
used to develop OCs for properties that require either one-sided or two-
sided specification limits.

In 1978, for the first time, the Federal Aviation Ad-
ministration (FAA) Eastern Region incorporated sta-
tistically based concepts into its bituminous surface
course specification (Item P-401). This specification
included price adjustment factors for mat density. In
order to expand the scope of its statistical specification
to include additional acceptance characteristics and
price adjustment factors, FAA contracted with
Pennsylvania State University through the Pennsylvania
Transportation Institute to investigate the Eastern
Region's P-401 specification.

Data for the study were collected by FAA on 13
projects from the 1978 construction season. These
projects represented over 180 000 Mg (200 000 tons) of
asphaltic concrete. These data were analyzed by using
standard statistical computer packages (1, 2) to deter-
mine the statistical parameters representative of exist-
ing acceptable construction. These parameters were
then used in the development of proposed acceptance
plans for asphaltic concrete.

The objective of this paper is to present the original
mat-density acceptance plan and the modifications
recommended for it as a result of the research study.
The acceptance plan originally developed by FAA will
first be presented and discussed. Recommended
modifications to this plan will then be presented. The
role of the computer, which made possible in seconds
tedious and laborious calculations that would have re-
quired many hours if done by hand, will be discussed in
detail.

ORIGINAL ACCEPTANCE PLAN

The original acceptance plan based acceptance for mat
density on a lot-by-lot basis, with a lot defined as one
day's production. The method of acceptance was based
on the percentage of the material in the lot that was
above the lower specification limit of 96.7 percent, as
estimated from the test results for the lot. The per-
centage of material within limits (PWL) was estimated

by the range method discussed below. The acceptance
plan allowed material to be accepted at full payment, to
be accepted at an adjusted price, or to be rejected and
replaced.

The price adjustment schedule from the FAA plan is
presented in the following table:

Percentage Above Lower
Tolerance Limit

90-100 100

Percentage of Contract
Price to Be Paid

85-89 98
80-84 95
75-79 90
70-74 80
65-69 70

It can be seen that 90 percent of the material must be
within the specification limits (referred to as 90 PWL)
for the material to be accepted at full payment. For
material that is less than 90 PWL, the material is
accepted but at a reduced payment. The incremental
payment reductions increase as the level of quality, as
measured by PWL, decreases. Because the price
reductions become more severe as the quality of the
material decreases, the contractor is encouraged to
produce acceptable material rather than to produce
inferior material at a reduced price.

The operating characteristics (OC) curves for the
FAA plan are shown in Figure 1. The OC curves
graphically represent the relation between the actual
quality of a lot and its probability of acceptance. For
the FAA plan, a set of OC curves is required in order
to show the probability of a lot's being accepted at any
of the possible payment levels. The curves shown in
Figure 1 are for a sample size of four.

Another useful relation for examining the reason-
ableness of an acceptance plan is quality of the material,
as measured by PWL, versus expected payment. This
relation is plotted in Figure 2 for the FAA plan, Ex-
pected payment can be thought of as the average pay-
ment over the long run. To arrive at the curve shown
in Figure 2, it is necessary to make certain assump-
tions concerning the probability of receiving 50 percent
payment when the material has an estimated PWL less
than 65. When the material has less than 65 PWL, it
can either be removed and replaced or it can be ac-
cepted as it is at a payment level of 50 percent. In
arriving at the expected payment curve, the following
assumptions were made in the case when the estimated
PWL is below 65:

1. When the actual PWL is between 50 and 80, the
material is accepted at 50 percent payment 75 percent
of the time.

2. When the actual PWL is equal to 80, the ma-
terial is accepted at 50 percent payment 90 percent of
the time.

3. When the actual PWL is above 80, the material
is accepted at 50 percent payment 100 percent of the
time.

These assumptions were made by the FAA Eastern
Region (3) and have been used by the researchers be-



Figure 1. Set of operating characteristics curves for FAA density
acceptance.
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Figure 2. Expected payment curve for FAA density acceptance
plan.
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cause they appeared to be reasonable. It seems likely
that in many cases the option of acceptance at 50 per-
cent payment will be chosen because it is the easiest
course of action.

DEVELOPMENT OF PROPOSED
ACCEPTANCE PLAN

It was decided to base the development of the ac-
ceptance plan and price adjustments on the reasonable-
ness of its OC and expected payment curves., This ap-
proach is one of four described by Willenbrock and
Kopac (4). Because this approach requires some sub-
jective decisions concerning the reasonableness of the
acceptance plan and price adjustments, the starting
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point used in the development of the proposed accep-
tance plan was the FAA Eastern Region's density plan.

Range Method Versus Standard
Deviation Method

The FAA acceptance plan for density, as outlined in the
Eastern Region P-401 specification, is based on the
range method for estimating PWL. In this method a
quality index Q is calculated for each set of samples.
For the case of density, which has only a lower specifi-
cation limit L, the value of Q_ is calculated from

Q. = (X, - L)/R, (1
where

Q. = quality index for lower specification limit,

X, mean value of n samples in the lot,

=]
nouonou

number of samples in each lot,
R, = range (difference between largest and smallest)
of n sample in the lot, and

L = lower specification limit.

Once the value of Q, has been calculated, the estimate
of PWL can be determined from tables that relate Q
values to estimated PWL.

It has been pointed out (5) that the range method,
which is used in the FAA plan, provides a biased esti-
mate of PWL., Willenbrock and Kopac (5) recommend
the use of the standard deviation methoed for estimating
the percentage within limits because "it provides unbi-
ased estimates of the percentage within limits....The
standard deviation method also requires smaller sample
sizes than the range method in order to provide a given
degree of protection."” In light of the better estimate
afforded by the standard-deviation method, it was rec-
ommended that the standard-deviation method be adopted
in lieu of the range method. The advantage attributed
to the range method is that range is a more easily
understood concept. With the advent of inexpensive
pocket calculators that provide the capability of quickly
determining mean and standard deviation, we consider
the use of the range method to be no longer warranted.

The method for estimating PWL in the proposed new
acceptance plan is based on the calculation of a quality
index for the lot by using the standard-deviation method.
The quality index Q, for density can be calculated from

QL =X, - L)/s, (2)
in which Q,, X,, n, and L are defined as noted earlier
and S, refers to standard deviation of n samples in the

lot. S, can be calculated from

8o = _ g O - X - 1) 3)

=l

where X, i=1,2,3,..., n=individual sample results,
and n = number of samples in each lot.

As in the case of the range method, once Q, has
been calculated by the standard-deviation method, the
estimated value of PWL can be determined from tabled
values of Q. Appropriate tables for the standard-
deviation method have been developed by Willenbrock
and Kopac (5).
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Continuous Versus Discrete Price
Adjusiments

The price adjustment schedule from the FAA acceptance
plan was noted earlier in this paper. This discrete
schedule works quite well in the long run, as shown

by the expected payment curve in Figure 2. However,
this type of schedule can present some problems in

the short run and, in particular, on smaller projects.
There are two potential problems with discrete price
adjustment schedules,

The first problem deals with the uncertain areas
between different pay levels. Material that is 90-100
percent within limits is to receive 100 percent payment
and material that is 85-89 percent within limits is to
be paid for at 98 percent of the contract price. This
could present problems of interpretation when the esti-
mated PWL is between 89 and 90. These potential
areas of uncertainty occur at the boundary of each
price adjustment level,

Another area of concern is the large incremental
differences in the price adjustment levels. A situation
in which, for example, 75.1 PWL is worth 90 percent
payment but 74.9 PWL is worth only 80 percent pay-
ment is an undesirable one, particularly in light of
the uncertain areas between price adjustment levels,

It can be argued that in the long run these situations
(i.e., 74.9 versus 75.1 PWL) will balance out, as shown
by the expected payment curve in Figure 2. However,
on a small project or in the case of a contractor who
works infrequently under the acceptance plan, there
is no long run in which this balancing effect can take
place. It is suggested that a continuous rather than
discrete price adjustment schedule would eliminate
potential problems when the estimated PWL is near
the boundary between price adjustment levels. Wil-
lenbrock and Kopac (5) have recommended that a
specifying agency ''seriously consider the use of a
continuous price adjustment schedule which can be
presented in a graphical fashion or as a series of
straight~line equations between the various price ad-
justment levels. This approach would eliminate a lot

Table 1. Continuous price adjustment schedules considered
for mat density.

Estimated Percentage
of Material Above the
Specification Limit

Schedule (PWL)

Percentage of Contract
Price to Be Paid

1 90-100 100
80-90 ‘s PWL + 55
65-80 % PWL - 38%
Below 65 -*
2 90-100 100
80-90 % PWL + 55
65-80 2 PWL - 65
Below 65 -*
3 90-100 100
85-90 2L PWL + 64
80-85 % PWL + 47
75-80 PWL + 15
65-175 2 PWL + 60
Below 65 -t
4 90-100 100
65-90 -606.45 - 6.56 (PWL)
+ 13.7 (PWL)%
Below 65 ="
5 90-100 100
65-90 -1153.40 - 13.8 (PWL)
+ 263 (PWL)"%
Below 65 =*

Note: PWL = percentage of material within limits,

*The lot shall be removed and replacet to meet specification requirements as
ordered by the engineer, In tieu of this, the contractor and the engineer may
agree in writing that, for practical purposes, the deficient lot shall not be re-
moved and will be paid for at 50 percent of the contracy prige.

of potential field problems of interpretation which
could develop." For these reasons, it was decided to
use a continuous price adjustment schedule in the
proposed new acceptance plan,

Development of Price Adjustments

Because the development of acceptance plans by the OC
curve approach requires some subjective analysis and
engineering judgment, it was decided to base the con~
tinuous price adjustment on the discrete schedule de-
veloped by FAA, This was done for two reasons, First,
FAA considered it to be a reasonable schedule and,
second, the schedule had gone through one construction
season with no major complaints from contractors

about its fairness coming to our attention.

Five different continuous price adjustment schedules,
all based on the FAA schedule, were considered, The
five price adjustment schedules (labeled 1, 2,3, 4, and 5)
are presented in Table 1. The first three schedules
were based on the use of several straight-line equations
to relate payment level and estimated PWL, The last
two schedules attempted to fit one curved line to the
FAA schedule to eliminate the need for more than one
equation. These curves were fitted to the FAA plan
by using multiple regression analysis and Minitab 2 (1),
a general purpose statistical computer system. To
choose among these five schedules, it was decided to
compare their OC curves and expected payment curves
with those of the FAA price adjustment schedule.

It has been shown by Resnikoff and Lieberman (B, 7)
that the noncentral t-distribution is appropriate for the
estimate of the proportion of a normal population that
lies above a given limit, This is the case for the density
acceptance plan in which acceptance is based on an esti-
mate of the proportion (or percentage) of the population
that falls above the specification limit, A detailed dis-
cussion of the use of the noncentral t-distribution to esti-
mate PWL for the case of asphaltic concrete density is
presented by Willenbrock and Kopac (8).

The OC curves for the FAA price adjustment schedule
and the proposed new schedules were determined by use
of a computer program that calculates the area beneath
the noncentral t-distribution. This program was sub-
routine MDTN, obtained from the International Mathe-
matical and Statistical Library (IMSL) of Subprograms
(9). This routine, which is available only in single
precision in IMSL, was modified for double precision
by Terry L. King, a graduate student in the Department
of Statistics at Pennsylvania State University.

The set of OC curves for the FAA acceptance plan is
shown in Figure 1. For the case of the discrete FAA
price adjustment schedule, an OC curve can be de-
veloped for each price adjustment level, For the case
of a continuous price adjustment schedule, there are
an infinite number of OC curves possible because there
are an infinite number of potential payment levels, The
operating characteristics for the case of a continuous
schedule can therefore be indicated by a region that has
as its bound a curve corresponding to the probability of
receiving 100 percent payment and another curve cor-
responding to the probability of receiving the minimum
possible payment. For each of the five proposed
schedules, 100 percent payment occurs at an estimated
PWL value (PWL) of 90 or more, and the minimum pay-
ment level occurs at a PWL of 65. The operating char-
acteristics of the proposed schedules can be represented,
then, by a region bounded by one curve corresponding
to the probability of PWL equal to or greater than 90 for
each actual value of PWL and by another curve cor-
responding to the probability of PWL equal to or greater
than 65 for each actual value of PWL. The region within



Figure 3. Payment region for proposed density price adjustment
schedule.
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these curves corresponds to the probability of receiving
some payment.

The payment region for the five proposed schedules
for a sample size of four is shown in Figure 3. The
upper and lower bounds, which correspond to the prob-
ability of receiving some payment, are the same for all
five plans. Even though the boundaries of the payment
region are the same for all five schedules, a particular
payment level may occur at a different location within
the region. In order to differentiate the five schedules,
it was therefore necessary to determine their expected
payment curves.

For the discrete FAA price adjustment schedule,
the expected payment curve shown in Figure 2 can be
calculated from the relation:

Expected payment = E X, P(X) (4)
alli
where
X; = payment level i and

P(X,) = probability of receiving payment level i.
The values of P(X)) are determined by the probabilities
that PWL will fall within the limits of the various pay-
ment levels (e.g., PWL z 90 is necessary for 100 per-
cent payment). These probabilities were determined
from the noncentral t-distribution by using subroutine
MDTN from IMSL,

For the case of a continuous price adjustment sys-
tem, an integration procedure must be used because the
number of possible price adjustment levels is infinite.
The expected payment in this case can be calculated
from

Expected payment=fm G(X) P(X)dX (5)
where
X = estimated PWL value (PWL),
G(X) = payoff function relating the estimated PWL

value (PWL) to the payment level, and
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P(X) = probability density function (nongentral t)
of the estimated PWL values (PWL).

This integral is not convenient to use for computational
purposes, so a computer program was developed to
approximate the integral for the purposes of estimating
expected payment. As a convenient approximation to
this integral, the potential PWL values were partitioned
into small intervals. The probability of PWL falling
within each interval was calculated by using subroutine
MDTN to determine the appropriate area under the non-~
central t-distribution, The probability of PWL falling
within an interval was then multiplied by the average
payment associated with that interval. These products
were then summed for all of the intervals to achieve

a good estimate of the expected value. This procedure
was performed for six different actual PWL values to
identify the expected payment curve.

The area corresponding to a PWL greater than 65
but less than 90 is the probability of receiving some
reduced payment; the area falling above a PWL of 90
is the probability of receiving 100 percent payment; the
area falling below a PWL of 65 is the probability that
the material will have to be either removed and replaced,
or accepted as it is at a payment of 50 percent. In
determining the expected payment curves for the pro-
posed schedules, the same assumptions concerning
the 50 percent payment level were made as were made
in the calculation of the expected payment curve for the
FAA plan.

To determine the expected payments associated with
the partial payment levels, two cases were considered
for price adjustment schedule 1. The region between
PWL equal to 65 and PWL equal to 90 was partitioned
into 25 and 50 intervals for the two cases. The expected
values were then calculated for both cases and com~-
pared. At all actual PWL values tested for the two
cases, the expected values calculated by using 25 in-
tervals and 50 intervals were identical to four signif-
icant figures. It was therefore decided that the results
obtained by using 25 intervals were sufficiently accurate,
The expected payment curves for the five proposed
schedules for sample sizes of four, five, and seven
were then calculated by using 25 intervals. Schedules
2 and 4 have expected payment curves that are very
similar to those of the FAA plan. These schedules
deviate less from the FAA schedule than do the other
three schedules, with schedule 2 providing the closest
match. All three schedules are very similar, and it
is difficult to discriminate among them.

Because the expected payment curves for these three
schedules are so similar, the choice between schedule
2 and schedule 4 was based on their ease of application
in the field. Schedule 4 has the advantage of having only
one equation, but this equation [Percent pay = -606.45 -
6.56 (PWL) + 136.7 (PWL)"]is somewhat more com~
plicated than the straight-line equations for schedule 2.
For this reason, it was decided to adopt price adjust-
ment schedule 2 for the proposed new density acceptance
plan. This price adjustment schedule along with the
original FAA schedule is illustrated in Figure 4, The
expected payment curves for sample sizes of four, five,
and seven are shown in Figure 5.

Computer Simulation

In addition to the theoretical development of the OC
curves shown in Figure 3, additional OC curves were
determined by use of computer simulation. The simula-
tion program uséd was similar to that used by Willen-
brock and Kopac (8) but was modified to usethe standard~
deviation method rather than the range method for esti-
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Figure 4. Proposed density price adjustment, schedule 2.
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Figure 5. Expected payment curves for proposed density price
adjustment, schedule 2.
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mating PWL. The program, which is similar in
principal to those recommended by Weed (10), was
originally written by Charles E. Antle of the Depart~
ment of Statistics of Pennsylvania State University.
The program determines the operating characteris-
tics of the proposed acceptance plan by simulating the
random sampling of 10 000 lots of material. The
specification limits are variables that are entered into
the program. The program is designed for both an
upper and lower specification limit, so it is very con-
venient for properties such as air voids or asphalt
content. In fact, a simulation program such as this

Figure 6. Operating characteristics for proposed density acceptance
plan for a standard deviation of 1.19.
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is the best way for determining the operating char-
acteristics for an acceptance plan that has two specifi-
cation limits because it is possible for material to be
outside both limits simultaneously. This program was
used to investigate acceptance plans for Marshall
stability, flow, and air voids as well as for density
during the course of the research efforts (11). A copy
of the program, together with a discussion of its use,
can be found in Burati and Willenbrock (11).

In order to test the simulation program, it was used
to determine the OC curves for the density acceptance
plan, Because the program is set up for both an upper
and lower specification limit and density has only a
lower specification limit, a very high value that was
certain never to be exceeded was entered as the upper
limit. The operating characteristics derived from the
simulation were compared with those obtained from the
theoretical solution by using the noncentral t-distribution.
The results agreed quite closely, thus verifying the ap-
plicability of the program,

The use of the computer simulation has an advantage
over the theoretical solution. The results of the theo-
retical solution are presented in terms of the actual
PWL. Itis difficult for a contractor to relate what is
meant by 90 PWL to the construction procéss. The
simulation program allows the operating characteristics
to be easily related to the mean density values for a
given value of standard deviation, The contractor can
determine from past tests results what values of mean
and standard deviation can be achieved with the con-
struction process. The simulation program would then
allow the contractor to determine OC curves in terms
of the mean target value and standard deviation that are
being achieved. To do this the contractor must know
the price adjustment schedule. Figure 6 presents OC
curves for a standard deviation value of 1.19. The
value of 1.19 is the pooled standard deviation for all
the projects included in the research study. The figure
shows curves for the probability of receiving payment
greater than or equal to 100 percent, the minimum
payment of 65 percent, and intermediate payments of
95 and 85 percent.



CONCLUSION

This paper has presented many methods in which the
computer can be used in the development of a statis-
tically based acceptance plan. These methods include
the following:

1, Preliminary data analysis to determine parame-
ters necessary for the development of the plan;

2. The determination of areas under probability
distributions by mathematical algorithms, thereby
eliminating the need for tedious hand calculations and
interpolations from tables;

3. A means for obtaining a good estimate of the ex-
pected payment curves for acceptance plans that in-
corporate continuous rather than discrete price adjust-
ment schedules;

4, Computer simulation to develop OC curves in
terms of means and standard deviations that can easily
be related to the contractor's process capabilities; and

5. Computer simulation to develop OC curves for
acceptance properties requiring both upper and lower
specification limits that would not be practical if
theoretical methods were used.
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Conversational Programming: Making
Computer Technology More Accessible

Richard M. Weed

Although the most practical way to handle many of today’s sophisti-
cated engineering and statistical analyses is with high-speed electronic
computers, engineers often lack the programming skills necessary to
take full advantage of this approach. Conversational programming,
which provides explicit instructions to the user at an interactive terminal,
enables even less-skilled subordinates to perform complex tasks on the
computer. Almost any quantitative analysis can be computerized, and
the potential applications are virtually endless and are limited only by
the imagination and inventiveness of the program writer. Benefits of
conversational programming are discussed, and a reference is cited to
aid in the development of programs of this type. An example is pre-
sented that deals with the testing of statistical acceptance procedures
by computer simulation, an extremely powerful technique of great
potential value to quality assurance engineers. By using another con-
versational program, a theoretical analysis is made and compared with
the simulation results.

In a time that historians are beginning to call the com-

puter age, many engineers still have little or no pro-
gramming ability. Although computer terminals are
readily accessible to engineers in most organizations
and computer programming is now strongly emphasized
in engineering colleges, many practicing engineers have
never acquired the ability to take full advantage of these
facilities. In some cases, this means that considerable
time will be wasted in making complex calculations that
could be performed much more efficiently by computer.
In other cases, potentially useful analyses may never be
attempted because of the impracticality of doing them by
any means other than a large computer. Although many
engineering functions have been computerized by software
specialists in recent years, much still remains to be
done.

As more and more engineering graduates enter the
profession, this shortcoming will gradually disappear.
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Eventually, programming ability will be as commonplace
as the ability to use a slide rule was to earlier genera-
tions of engineers. Until that time, however, engineers
will not realize the full potential of the computer unless
a means can be found to make its capabilities more
readily accessible to them. One way to accomplish this
is by using conversational programming.

CONVERSATIONAL PROGRAMMING

Conversational programming refers to a technique in
which a computer appears to converse with a user oper-
ating an interactive terminal. In actuality, the program
writer has anticipated virtually every bit of dialogue that
might reasonably occur and has included the necessary
checks to cause the proper messages to be typed out (or
appear on a video screen) at the appropriate times.
Sophisticated programs of this type are quite involved
and seem to endow the computer with almost human in-
telligence.

For engineering and statistical applications, some-
what less sophistication is required. Basic instructions
must be provided to guide the user, and various checks
and diagnostic messages must be included to guard
against misuse. About all that is required of the user is
an awareness of the purpose of the program and the
ability to follow simple instructions, There is no need
to be familiar with programming techniques nor is an
intimate knowledge of the analytical procedure required.

The examples that follow illustrate the more common
features of typical conversational programs. The first
program is one that might be written to enable quality
assurance engineers to test statistical acceptance pro-
cedures by computer simulation., The second example
illustrates how a particular type of acceptance procedure
can be evaluated analytically and is used to check the re-
sults of the first program. The messages printed out by
the computer are in capital letters and the user's re-
plies are in lower case, just as they would appear with
most interactive terminals. Brief commentaries in
parentheses have been added at appropriate points.,

ACCEPTANCE PROCEDURE SIMULATION
(EXAMPLE 1)

ENTER NAME OF ANALYSIS TO BE PERFORMED
acceptance procedure simulation

(The program "acceptance procedure simulation’ is one
of several contained in this particular package. Very

probably, the computer is required to read only the first
few letters of the user's reply to identify this program.)

DO YOU WISH AN EXPLANATION OF THIS PROGRAM?
yes

THIS PROGRAM PERMITS THE TESTING OF VARIOUS ACCEP-
TANCE PROCEDURES BY COMPUTER SIMULATION. THE USER
SPECIFIES THE ACCEPTANCE CRITERIA, THE SAMPLE SIZE,
THE TYPE OF DISTRIBUTION, THE DISTRIBUTION PARAMETERS,
AND THE NUMBER OF LOTS TO BE SIMULATED. THE USER
SELECTS THE DESIRED OUTPUT FORMAT WHICH MAY INCLUDE
HISTOGRAMS AND ELEMENTARY STATISTICS FOR THE RAN-
DOMLY GENERATED DATA, THE PERCENTAGE OF LOTS FAIL-
ING EACH ACCEPTANCE REQUIREMENT, THE ESTIMATED
PROBABILITY OF ACCEPTANCE, AND CONFIDENCE LIMITS FOR
THIS ESTIMATE.

ENTER NUMBER OF ACCEPTANCE CRITERIA TO BE USED
2

(Many specifications use multiple acceptance criteria.
This program provides the capability of testing various
combinations of these criteria.)

ENTER CODE NUMBERS FOR ACCEPTANCE CRITERIA TO BE
USED
explain

(Conversational programs usually provide a means for
the user to request additional assistance. In this ex-
ample, the word ""explain' is entered in place of the ex-
pected numerical quantities. This cues the computer to
type out an explanation of the various acceptance criteria
that may be selected.)

THE FOLLOWING ACCEPTANCE CRITERIA MAY BE SELECTED
LOWER LIMIT ON SAMPLE MEAN

UPPER LIMIT ON SAMPLE MEAN

LOWER LIMIT ON INDIVIDUAL VALUES

UPPER LIMIT ON INDIVIDUAL VALUES

MAXIMUM PERCENT DEFECTIVE BELOW LOWER LIMIT
MAXIMUM PERCENT DEFECTIVE ABOVE UPPER LIMIT
MAXIMUM TOTAL PERCENT DEFECTIVE OUTSIDE LOWER
AND UPPER LIMITS

8. MAXIMUM VALUE FOR SAMPLE STANDARD DEVIATION
9. MAXIMUM VALUE FOR SAMPLE RANGE

NOOTAWN=

ENTER CODE NUMBERS FOR ACCEPTANCE CRITERIA TO BE
USED
13

[Following the explanation, the input instruction is re-
peated. The user has selected codes 1 and 3, which
specify dual acceptance criteria to be applied to the
mean and lowest value of each sample—a type of speci-
fication frequently recommended by both the American
Society for Testing and Materials (1) and the American
Concrete Institute (2).] B

ENTER LOWER LIMIT FOR SAMPLE MEAN
3000

ENTER LOWER LIMIT FOR INDIVIDUAL VALUES
2500

(The user is testing an acceptance procedure for some
quality characteristic with limits of 3000 and 2500 for
the mean and individual values, respectively. The spe-
cific units are not identified in this example and may be
regarded as either metric or customary quantities.)

ENTER SAMPLE SIZE (MAXIMUM 30)
3

ENTER CODE NUMBER FOR DISTRIBUTION TYPE
explain

THE FOLLOWING DISTRIBUTIONS MAY BE SELECTED
UNIFORM

NORMAL

SKEWED NORMAL

EXPONENTIAL

POISSON

AN

ENTER CODE NUMBER FOR DISTRIBUTION TYPE
2

(Although most construction quality characteristics are
normally distributed, the program provides the capabil-
ity to test the acceptance procedure on other types of
distributions.)

ENTER CODE NUMBER FOR MEASURE OF VARIABILITY TO
BE USED
explain

THE FOLLOWING MEASURES OF VARIABILITY MAY BE
SELECTED
1. STANDARD DEVIATION
2. COEFFICIENT OF VARIATION
3. VARIANCE



ENTER CODE NUMBER FOR MEASURE OF VARIABILITY TO BE
USED
2

ENTER COEFFICIENT OF VARIATION (PERCENT)
15

ENTER MINIMUM, MAXIMUM, AND STEP SIZE FOR POPULATION
MEANS
2500 4400 100

(The user has decided to test the acceptance procedure
over a series of possible mean production values rang-
ing from 2500 to 4400 in increments of 100,)

ENTER NUMBER OF LOTS TO BE SIMULATED FOR EACH RUN
(MAXIMUM 5000)
2000

ENTER RANDOM GENERATOR SEED NUMBER (7-DIGIT ODD
NUMBER)
1234560

***ERROR IN INPUT***
SEED NUMBER MUST BE ODD

ENTER RANDOM GENERATOR SEED NUMBER (7-DIGIT ODD
NUMBER)
1234567

(To guard against their misuse, conversational programs
must have an elaborate system of checks to detect im-
proper input data, The random generators in this pro-
gram require that a single odd number be entered to
initiate their operation. The computer checked the in-
put, found it to be an even number, typed out an error
message, and repeated the input instruction. The user
then entered an appropriate seed number.)
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ENTER CODE NUMBERS FOR OUTPUT INFORMATION DESIRED
explain

THE FOLLOWING OUTPUT INFORMATION MAY BE SELECTED
SUMMARY OF INPUT INFORMATION

HISTOGRAMS FOR RANDOMLY GENERATED DATA
ELEMENTARY STATISTICS FOR RANDOMLY GENERATED
DATA

PERCENTAGE OF SIMULATED LOTS FAILING EACH RE-
QUIREMENT

5. ESTIMATED PROBABILITY OF ACCEPTANCE

6. CONFIDENCE LIMITS FOR PROBABILITY OF ACCEPTANCE

P~ W

ENTER CODE NUMBERS FOR OUTPUT INFORMATION DESIRED
156

ENTER CONFIDENCE LEVEL FOR PROBABILITY OF ACCEP-
TANCE (PERCENT)
95

A novice just becoming acquainted with this program
might wish to print out all the available output informa-
tion in order to become familiar with the simulation
process. The user in this example has selected a more
abbreviated printout (Figure 1). For the particular input
values chosen, the output provides the data necessary to
plot an operating characteristics curve that gives the
probability of acceptance for any mean production value.
This would enable a specification writer to decide if any
modifications of the acceptance procedure should be
made.

Because the development of acceptance criteria is
often a trial-and-error process, it is likely that the user
of this program will wish to make several repeat runs.
Although not shown in this example, a convenient means
would he provided for the user to return to various points
in the input sequence. (The order in which the input in-
formation was entered in this example was chosen to
simplify the presentation. A somewhat different order

Figure 1. Sample of printout for example 1 shows results of
computer simulation.

MEAN

2500.000
2600.000
2700.000
2800.000
2900.000

3000.000
3100.000
3200.000
3300.000
3400.,000

3500.000
3600.000
3700.000
3800.000
3900.000

4000.000
4100.000
4200.000
4300.000
4400.000

ACCEPTANCE CRITERIA
LOWER LIMIT ON SAMPLE MEAN = 3000.000
LOWER LIMIT ON INDIVIDUAL VALUES = 2500.000

SAMPLE SIZE = 3

NORMAL DISTRIBUTION PARAMETERS
MEAN = 2500.000 TO 4400.000 BY 100.000
COEFFICIENT OF VARIATION = 15.0

NUMBER OF SIMULATED LOTS PER RUN = 2000

SEED NUMBER = 1234567

CONFIDENCE LEVEL = 95.0

POPULATION

ESTIMATED PROBABILITY
OF ACCEPTANCE

95.0 PERCENT
CONFIDENCE INTERVAL

0.01 0.00 - 0.01
0.03 0.03 - 0.04
0.09 0.08 - 0.10
0.19 0.17 - 0.2]
0.30 0.28 - 0.32
0.45 0.43 - 0.47
0.57 0.55 - 0.59
0.72 0.70 - 0.74
0.79 0.77 - 0.81
0.84 0.83 - 0.86
0.90 0.89 - 0.92
0.91 0.90 - 0.92
0.95 0.94 - 0.96
0.96 0.96 - 0.97
0.97 0.97 - 0.98
0.98 0.97 - 0.98
0.99 0.98 - 0.99
0.99 0.98 - 0.99
0.99 0.99 - 1,00
0.99 0.99 - 1.00
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would be more efficient for an actual program.)

ANALYTICAL EVALUATION OF ACCEPTANCE
PROCEDURE (EXAMPLE 2)

Depending on the type of acceptance procedure, it is not
always possible to determine the probability of accep-
tance analytically. Inthese cases, computer simulation
is the only practical method of analysis. For a dual ac-
ceptance procedure, such as the mean and lower limit
specification in the first example, an analytical solution
for the exact probability of acceptance is not known.
However, lower and upper bounds for this value can be
calculated from an expression I developed in another
paper that appears in this Record on multiple acceptance
criteria—i.e., P,P; < PIACCEPT] < MINIMUM[P,, P:]
in which P, and P, are the (somewhat correlated) prob-
abilities of passing the individual requirements sepa-
rately. An analysis of this type is less involved than a
simulation, but it does require extensive use of normal
distribution theory and is sufficiently tedious to warrant
computer assistance. The following conversational pro-
gram would greatly simplify this task:

ENTER NAME OF ANALYSIS TO BE PERFORMED
dual criteria evaluation

DO YOU WISH AN EXPLANATION OF THIS PROGRAM?
yes

THIS PROGRAM COMPUTES LOWER AND UPPER BOUNDS FOR
THE PROBABILITY OF ACCEPTANCE RESULTING FROM DUAL
ACCEPTANCE CRITERIA APPLIED TO SAMPLES FROM A NORMAL
POPULATION. THE USER SPECIFIES THE NORMAL DISTRIBU-
TION PARAMETERS, THE SAMPLE SIZE, AND LIMITS FOR BOTH
THE SAMPLE MEAN AND INDIVIDUAL VALUES.

ENTER CODE NUMBER FOR MEASURE OF VARIABILITY TO BE
USED
2

Figure 2. Sample of printout for example 2 shows
results for analytical evaluation.

ACCEPTANCE CRITERIA
LOWER LIMIT ON SAMPLE MEAN = 3000.000
LOWER LIMIT ON INDIVIDUAL VALUES = 2500.000
SAMPLE SIZE = 3
NORMAL DISTRIBUTION PARAMETERS
MEAN = 2500.000 TO 4400.000 BY 100.000
COEFFICIENT OF VARIATION = 15.0
POPULATION ANALYTICAL BOUNDS FOR
MEAN PROBABILITY OF ACCEPTANCE
2500.000 0.00 - 0.01
2600.000 0.01 - 0.04
2700.000 0.03 - 0.10
2800.000 0.09 - 0.20
2900.000 0.19 - 0.35
3000.000 0.33 - 0.50
3100.000 0.47 - 0.65
3200.000 0.61 - 0.76
3300.000 0.72 - 0.85
3400.000 0.81 - 0.89
3500.000 0.87 - 0.92
3600.000 0.91 - 0.94
3700.000 0.94 - 0.95
3800.000 0.96 - 0.97
3900.000 0.97 - 0.98
4000.000 0.98 - 0.98
4100.000 0.99 - 0.99
4200.000 0.99 - 0.99
4300.000 0.99 - 0.99
4400.000 0.99 - 0.99

ENTER COEFFICIENT OF VARIATION (PERCENT)
15

ENTER MINIMUM, MAXIMUM, AND STEP SIZE FOR POPULATION
MEANS
2500 4400 100

ENTER SAMPLE SIZE
3

ENTER CODE NUMBER FOR DUAL CRITERIA COMBINATION
explain

THE FOLLOWING COMBINATIONS MAY BE SELECTED
1. LOWER LIMITS ON MEAN AND INDIVIDUAL VALUES
2. UPPER LIMITS ON MEAN AND INDIVIDUAL VALUES
3. LOWER AND UPPER LIMITS ON MEAN AND INDIVIDUAL
VALUES

ENTER CODE NUMBER FOR DUAL CRITERIA COMBINATION
1

ENTER LOWER LIMIT FOR SAMPLE MEAN
3000

ENTER LOWER LIMIT FOR INDIVIDUAL VALUES
2500

The printout for this example is shown in Figure 2, Like
the output for the first example, this provides the in-
formation necessary for a specification writer to evalu-
ate the effectiveness of the acceptance procedure.

The output presented for both of these examples was
obtained from actual computer runs. It is interesting to
observe that the results obtained by simulation fall within
the theoretically predicted bounds in every case. For
ease of comparison, these results are plotted in Figure 3.

Figure 3. Comparison of simulation results with theoretical
bounds.
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BENEFITS OF CONVERSATIONAL
PROGRAMMING

The major benefit to be derived from conversational
programming is the tremendous computational power it
provides to anyone with access to a computer terminal.
The examples presented in this paper illustrate how a
broad range of acceptance procedures can be tested by
following a few simple instructions. Ordinarily, analy-
ses of this type would require a working knowledge of
quality-control theory, statistical analysis, computer
programming, and simulation techniques. When de-
veloped as conversational programs, these analyses can
be delegated to individuals with very little specialized
training.

Like these examples, many of today's engineering
problems require expertise in a variety of disciplines.
Frequently, when individuals capable of applying the
multidisciplinary approach are not readily available,
these problems are referred to outside consultants. De-
pending on the nature of the analyses required, it may
often be possible to develop general conversational pro-
grams that would permit the in-house solution of similar
problems in the future. In many cases, a well-planned
conversational program might obviate the need for the
repeated use of outside consulting services.

Other obvious benefits are speed and accuracy. Cnce
the program has been tested and validated, it can be
depended on to produce reliable results. Because of the
tremendous speed of the computer, many runs can be
made in a short period of time in order to thoroughly
analyze the problem at hand. In most cases, this capa-
bility would translate directly into economic savings,

Finally, conversational programming can result in
the more efficient use of engineering specialists. If it
appears that there will be repeated requests for a par-
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ticular type of analysis, it will often be advantageous to
develop a general solution and put it in the form of a
conversational program. Future applications will then
require minimal involvement on the part of the spe-
cialist.

CONCLUSION

Although engineers can benefit greatly from the use of
computers, many do not have sufficient programming
ability to take full advantage of this approach. Conver-
sational programming provides a means to make the
benefits of computer technology available to 2a much
broader segment of the engineering profession. The ex-
amples illustrate how complex analyses can be performed
by anyone capable of following simple instructions. The
use of programs of this type ean enable engineers to do
better work, do it with less effort, and save both time
and money. The reader interested in further examples
of conversational programming along with the appropri-
ate FORTRAN IV coding is referred to a publication on
computer simulation by the Federal Highway Adminis-
tration (3).
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Quality Assurance Through Computers

S. C. Shah

A sound quality assurance program is one that must be capable of pro-
viding information to users and not just data. It is information prepared
from analysis of data that is important. Such information should be
provided rapidly, economically, and efficiently. Such information flow
can only be accomplished through the use of computers. However, a
necessary prerequisite to this flow or feedback of information is its avail-
ability at a centralized location, namely, computer files. This residence
requirement further mandates a fast data-entry system on on-going op-
erations. Louisiana’s Material Test (MATT) data-reporting system comes
close to satisfying the requirements of a user-oriented quality assurance
feedback system. The system is an on-line computer-based system
through which data generated on construction projects can be entered,
corrected, updated, deleted, and retrieved through the department'’s
terminal network system. The system, which has been in operation
since the early part of 1978, is capable of providing information not
only to those responsible for monitoring the construction projects but
also to those involved in the planning, design, evaluation, research, and
maintenance of pavement systems. Specific examples of the application
of the computerized system related to quality assurance are presented

in the paper. An overview of the system, with respect to design, develop-
ment, hardware, and software, is also discussed. The paper emphasizes
the need for a computerized quality assurance system as a subsystem of
the overall pavement management system.

In recent years the task of recovering information from

construction and material testing has increased enor-
mously. This has largely been due to the accelerated
quality assurance program within the Louisiana State
Department of Transportation and Development (LDOT)
and an increased awareness of the constant improve-
ment in the acceptance sampling plans and specifica-
tions. Literally thousands of pieces of inspection and
test-related data are generated from various sources
in a year. The sheer volume of data has created two
separate but related problems:

1. The continuing increase in effort required by
various personnel in collecting, recording, and process-
ing the data on a variety of test documents, and

2. The difficult and, at times, frustrating task of
retrieving these data manually for use in on-going
operations, research, problem solving, and planning
for the future.

To resolve these problems, LDOT initiated a project
that would provide an integrated computer-based system
by which the various districts of LDOT can transmit the
construction and material test data through the terminals
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for storage, analysis, and retrieval. The overall thrust
was to provide easy access to the construction and
material test data for final certification of construction
projects and also for evaluation of construction and
materials quality assurance and acceptance procedures.

Specifically, the objectives to develop such a system
can be defined in terms of the following benefits the
system would provide:

1. Standardization of reporting procedures coupled
with savings in time spent manually in typing, auditing,
or spot-checking various test reports;

2. Availability of a continuous log of major con-
struction material tests at a centralized location (i.e.,
computer files);

3. Elimination of the final manual audit of sampling
and testing compliance and an accelerated certification
of construction items;

4. An organized and easily accessible data file for
comparative and statistical analyses with respect to
processes, sampling and testing frequency, producer
profiles, and specification revisions and updates; and

5. Service as an important subsystem of an overall
pavement management system.

DESIGN AND DEVELOPMENT OF
COMPUTERIZED SYSTEM

The system was designed and developed by using a task-
group approach. Three task groups—one each for con-
crete, asphaltic concrete, and soil and aggregate base
course—were formed; each group was represented by a
project engineer, a district laboratory engineer, and
staff from the central laboratory, research and develop-
ment, and data-processing sections. The primary
function of each group was to define user requirements
with respect to input forms, map formats, and output
report formats. Such a task-group approach combines
user needs and knowledge with system and data-

Figure 1. Composition of the MATT system.
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MATERIAL
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TEST DATA
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processing expertise to provide an efficient user-
oriented system.

The primary design philosophy of the project was to

make the system user-oriented. Thus, the system
design was geared toward maximizing the following
criteria: (a) quick access to construction information
via remote computer terminals that provide formatted
input-output capability, (b) low core use, (c) efficient
use of computer system resources, and (d) attractiveness
to nonprogramming statf. To satisfy these criteria, the
following principles served as a base: (a) data-entry
system as opposed to a full on-line system; (b) excep-
tion reporting to minimize printing of unneeded data;
(c) overnight off-line evaluation of test results as op-
posed to immediate on-line evaluation; and (d) elimi-
nation of many current manual, duplicated, and non-
standard reporting procedures.

OVERVIEW OF SYSTEM'S
OPERATION

Louisiana's computerized Material Test (MATT) sys-
tem is composed of a number of small subsystems.
Figure 1 shows the composition of the system. The
three subsystems—project, specification, and name—
provide support to the total system and are basic to the
material subsystem. In other words, no data can be
entered on any of the materials included in the material
subsystem unless the project information, the specifi-
cations governing the material to be used on that project,
and the names of the project engineer, contractor, and
material producers are already on file in the computer.

Each of the subsystems defined in Figure 1 is repre-
sented on the computer video terminal as a map. Thus,
there is a project information map, a name map, an
asphalt cement test map, and so on. Furthermore, each
map is a replica of the input data form. In other words,
a particular map on the display screen looks similar to
the input data form. This similarity provides for easy
and rapid entry of test data.

The input forms for recording data are combination
work-report forms. The header information on most
of the forms is basically the same. In a majority of
cases, these forms accompany samples sent to the lab-
oratory for testing. The field inspectors record data
pertinent to the project and sample identification in the
top portion of the form (header information), and the
laboratory records the test data generated by them in
the respective test-item fields. This has eliminated
transfer of data from one form to the other. Figure 2
is an example of the type of header information that ap-
pears on the forms. Items of information considered
mandatory for data entry are underlined. This manda-

Figure 2. Type of header information on

input forms.
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tory requirement has standardized the reporting pro-
cedures throughout the state.

The MATT system is capable of on-line entry, in-
quiry, correction, update, and deletion of data systems.
The operation of the system is briefly described here.

On-Line Operation

The input forms are filled out with the appropriate in-
formation by field and laboratory personnel and sent to
the terminal operator for data entry. The operator
enters the four-character transaction code and certain
other key items of information appropriate to that sub-
system. This information appears in the upper left
corner of each input form (Figure 2). This transaction-
line entry triggers the computer system to project the
correct map format for that subsystem onto the terminal
display. The information from the input form is then
entered onto the screen and transmitted to the computer
where it is edited for errors. If any errors are found,
they are flagged and these data are returned to the
terminal for correction; the error field becomes doubly
highlighted as a result of this action. Once the data
are error free, the program does the necessary data
manipulations, after which a record is written to the
test-result file for overnight processing in an off-line
mode. Figure 3 depicts the daytime operations of the
MATT system. Figure 4 lists the transaction lines for
each MATT subsystem.

Off-Line Operation

Virtually all of the MATT system off-line processing

Figure 3. On-line operation of the MATT system.

lg——————p| COMPUTER
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D INPUT TESTS AND NAMES O PROJECT
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D UPDATE TESTS AND NAMES 0O SPECIFICATIONS

O DELETE TESTS AND NAMES 0 J0B MIX

0 BROWSE THROUGH NAMES O TEST

OPRINT REPORTS O REPORT

Figure 4. List of transaction lines for on-line data management.
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is done after normal working hours. The test results
entered during the day are processed that night by the
test processor against the appropriate specification
record and are flagged according to whether they pass
or fail. The test processor creates logging and excep-
tion (LOGEX) report files. The data stored in the test
file can be accessed for any of the operations shown in
Figure 3 except report printing. The next day, logging
and exception reports are provided after the LOGEX
files are sorted and processed by the report program.

Another off-line operation is the purging of old pro-
cessed test data from the disk and writing them on tape,
where they will be kept for historical and data analysis.
This purging is done as projects are completed and
certified.

MATT SYSTEM FILES

The MATT system uses these files: name, specifica-
tion, project, mix design, test, logging and exception
report, and tape files of all of the preceding except
logging and exception report. A brief discussion of
each of these files follows.

Name

As was pointed out in Figure 1, the name file is a
prerequisite to the overall operation of the MATT sys-
tem. The file is an on-line file and contains the code
numbers and the corresponding names and addresses

of material producers and suppliers, sample submitters
(project engineers, prestress plant inspectors, and so
forth), and contractors.

Specification

The specification file is also a prerequisite to any
material test data entry. For security reasons the

file is not an on-line file and, therefore, all new
entries, updates, deletions, and so forth have to be
done in an off-line mode through card input. The file
contains both standard and contract (special provisions)
specifications.

Project
The project file is another prerequisite to the MATT

5UBSYSTEM NAME MATT 10 TRANSACTION LINE
NAME siiwe MTN,S2URCE TYPE CODE/ACTION CODE (N,1,U,D,L)/SEQUENCE NO

PROJECT INFORMATION  aeew MTPI/PROJ NO/ACTION CODE (N,1,U) -

ROADWAY KSECTION Y MTRC/PROJ NO/ACTION CODE (U,I)

AGGREGATE 8 MTAG/PROJ NO/MATERIAL CODE/LAB NO/ACTION CODE (N,1,U,D)

ASPHALT CEMENT c MTAC/PROJ NO/MATERIAL CODE/LAB NO/ACTION CODE (N,I,U,D)

LIQUID ASPHALY 0 MTLA/PROJ NO/MATERIAL CODE/LAB NO/ACTION CODE (N,I,u,.0)

CEMENT E MTCT/PROJ NO/MATERIAL CODE/LAB NO/ACTION CODE (N,I,U,D)

STEEL BAR F MTS8,PROJ NO/MATERIAL CODE/LAB NO/ACTION CODE (N,1,U,D)

STEEL WIRE G MTSW/PROJ NO/MATERIAL CODE/LAB NO/ACTION CODE (N,I,U.D)

CONCRETE JOBMIX A MTCJ/PROJ NO/MATERIAL IO/MATERIAL CODE/ACTION CODE (N,I,U,D)

STRUCTURAL CONCRETE A MTSC/PROJ NO/MATERIAL CODE/LOT NO/ACTION (N,I,U,D)

PAVING CONCRETE 1 MTPC/PROJ NO/MATERIAL CODE/LOT NO/ACTION (N,I,U,D)

ASPHALT CONCRETE JOBMIX H MTHJ/PROJ NO/SEQUENCE NO/ACTION CODE (N,I,U,D)

ASPHALT CONCRETE INSPECTION MTHM/PROJ NO/LOT NO/MIX USE/MIX TYPE/PURPOSE CODE/ACTION CODE (N,I,U,D)
SOTL ANALYSIS L MTSA/PROJ NO/LAB NO/ACTION CODE (N,I,U,D)

DENSITY/MOISTURE J MTDM/PROJ NO/MATERIAL CODE/ZONE & TEST NO/ACTION NO (N,1,U,D)

THICKNESS /W IDTH K MTTW/PROJ NO/MATERIAL CODE/ACTION CODE (N,[,u,D)

MISCELLANEOUS OATA ENTRY i MTMS/PROJ NO/MATERIAL CODE/LAB NO/ACTION CODE (N,I,U,D)

MISCELLANEOUS MAINTENANCE coie MTMM/ACTION CODE (N,I,U,D)

REPORT REQUEST - WTRR/DISTRICT NO/PROJ NO/REPORT TYPE CODE/OPTION CODE/ACTION CODE (N,I1,0)
REPOQT RETRIEVAL 5 WTLE/DISTRICT NO/1=L0G, 2sEXCEPTION, 3=2059

MOTE.oovevnvsscsonnnnnnannss csesnsee

SOURCE TYPE CODES ARE: BeCONTRACTORS,C«MATERIAL PRODUCERS,D=SUBMITTERS

REPORY TYPE CODES ARE: ¥uCOMPLETE LOGGING,2=2059,3STAX SUMMARY
OPTICN CODES ARE: 1=0ON-LINE,2=OFF-LINE(MAILED)
ACTIOM CODES ARE: NeNEW, I=INQUIRY, UsUPDATE, D=DELETE & L=QROWSE
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system. It contains data pertinent to the project and
related cross section of the roadway. It includes infor-
mation such as project location, route number, length,
cost, type of surface, and base, shoulder, and related
dimensions.

Mix Design

The mix design file contains information related to the
mix design of both asphaltic concrete and portland ce-
ment concrete. The file is a prerequisite to entering

data on the acceptance criteria o£ these two materials.

Test

Test results of all materials and tests appear in this
file. The file contains processed test data, including
pass-fail flags, of the following materials or tests:
aggregates; asphalt cements; liquid asphalts; cements;
steel bars; steel wires; structural concrete slump, air,
and strength data; paving concrete strength and thick-
ness data; asphaltic concrete stability, compaction,
gradation, and smoothness data; soil analysis test

data; density and moisture test data of embankment and
base course; thickness and width measurements of base
course; and miscellaneous materials (total, 104). Of all
the materials subsystems, the miscellaneous subsystem
is the most comprehensive and flexible one. The user
has complete flexibility in adding new materials to this
file and creating his or her own map for those materials.

Logging and Exception

The logging and exception file is a temporary file of
one-day duration. It contains data in report format that
are entered the previous day and retrieved daily by the
districts.

Tape Files

As specifications change or projects are completed,
records are copied to tapes and a ''date deleted" field
added to the record. These tapes will be made avail-
able for historical review, analysis, and examination
of test data,

USES OF THE MATT SYSTEM—
OUTPUT REPORTS

To function effectively, a quality assurance program
must be able to provide the needed information feedback
not only to those involved in testing and inspection but
also to those in the planning, design, evaluation, and
maintenance phases of the pavement system. A neces-
sary prerequisite to such information flow is the avail-
ability of a computer-based data system such as the one
discussed in the preceding sections of this paper. Soft-
ware programs can be written to generate user-required
reports such as the ones provided by the MATT system
and discussed here.

Daily Construction Monitoring
Reports

Each day two types of reports are routinely provided to
the project engineer responsible for day-to-day monitor-
ing of the construction project. These reports are the
logging reports and the exception reports. The logging
reports are the summary-type reports that consist of
information relative to the sample or test such as project
number, sample identification, purpose, material type,
quantity, item number, and pass-or-fail comment. In
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some cases, critical numerical values of the measured
characteristic are also listed on the printout. Such re-
ports provide a quick means of review for the engineer
of the inspection, material, and test control level as-
sociated with the multiproject activities.

The distribution of these reports is based on the
sample submitter, the terminal through which data are
entered, and the laboratory performing the test (labora-
tory number). With these three criteria, it is possible
to retrieve reports on a given test at three places.

Thus, if a sample is submitted by the engineer in dis-
trict A, tested by district B, and entered by district

C, the report on this sample will be transmitted to all
three districts. This has greatly minimized delays as-
sociated with mailing of reports by the central laboratory
to the nine districts and other submitters for which it
does voluminous testing.

Figure 5 is an example of logging reports on three
material types. Samples indicated as failing on the
logging reports are supplemented with exception reports
of the type indicated in Figure 6. This particular sample
is listed as a failing sample under miscellaneous ma-
terial tests in Figure 5. Such exception reports provide
guidelines to making equitable decisions between accep-
tance or rejection of the sample on the basis of how
critical the point of failure is. (The MATT system uses
customary units only. Therefore, values in Figures
5-9 are not given in SI units.)

Certification Reports

During the life of a construction project, constant
monitoring is required to ensure that sampling and
testing frequencies and specification conformance are
satisfied, according to stated requirements, on the
multitude of materials incorporated into the project.
At the end of the project, this quality assurance check
is duplicated to prepare a final document identified as
Form 2059. This final effort is geared toward compila-
tion of all documents generated on that project, with
emphasis on cross-referencing of passing and failing
samples and an explanation of the disposition of such
failing materials, tests, locations, and so forth.
Prior to the implementation of the MATT system, Form
2059 was prepared manually. The complexities and
difficulties encountered in this manual effort were
directly associated to the length or size of the project.
The larger the project in terms of materials and tests,
the more complex and time-consuming this final audit.

The MATT system provides this final document at
the user's request in a matter of hours. The basic
format of this 2059 report is similar to that of the
daily logging reports except that it is item-number
oriented. In other words, all materials are reported
under the item number for which they were sampled and
tested. Furthermore, all coded fields appear decoded
in the report.

The 2059 report has three parts. Part 1 consists of
a listing of all materials or tests under their respective
item numbers. Part 2 lists the disposition of the failing
samples as appearing in the remarks field of each fail-
ing test report. Part 3 lists all the job mix releases
issued on the project. This report is reviewed by
headquarters personnel prior to final acceptance of the
project.

Analysis and Evaluation Reports

These reports are the summary-type reports that pro-
vide information relative to the following:

1. Distribution of reduction in pay for asphaltic
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Figure 5. Computerized logging report on
ious materials. STATE OF LOUISIANA 03-29-79
vario| taria DEPARTMENT OF TRANSFORTATION AND DEVELOFMENT
MATERIAL TESTING SYSTEM
LOGGING REFORT FOR
GANG 726
627-03-09 HOT MIX ASFHALTLC CONCRETE TESTS
LOT === MIX -== PURF DATE ADJST  JMF SPEC
NO. USE TYPE AS CODE LAID FER. SE@ ITEMS TONS VALUE  FAY
002 ' e 02 3 03-13-79 1 01 5014F 596  STAB: 1364 100
COMF:  96.8 100
TOL
GRAD: 100
003 101 er 3 03-15-79 1 of 5011 750  STAE: 4514 100
COMF:  96.0 100
oL
GRAD : 100
714-23-10 DENSTIY AND MOISTURE CONTENT TESTS
MAT.  ZONE FURF  SFEC  DATE FASS
CODE  TEST DE TESTED  STATION 1§ NUMBE R COMP.  M.G. FAIL
03 01-001 3 1 §7408 303(1) 97.4
03 03-001 3 1 31165 035 96.0
03 02-001 3 1 25+90 303(1) 9.1
430610 MISCELLANEOUS MATERIAL TESTS
MAT . LAk, 1 I\ B D
CODE N GORE  COX [DINI SHM lIEM NUMch ATY UNIT
3 1 (11001 03-20-7%
05(9)
136 20-301145 3 1 (2)001 03-22-79 70511, FASS
705021,
705(9)
155  22-301148 3 i (31001  ©3-22-79  705(1), FASS
705(2)
705(9)
175  22-301143 3 1 111004 03-22-79 606(1) FASS

Figure 6. Computerized exception report on

failing material. STATE OF LOUISIANA 03-29-79
DEFARTMENT OF TRANSFORTATION AND DEVELOFMENT
MATERIAL TESTING SYSTEM
EXCEFTION REFORT FOR THE TEST OF
EARBED WIRE(106)
DISTRICT 04

FROJECT NUMEER..043-06-16 DATE SAMFLED..03-22-79
LAE NUMHER......22-301 144 DATE TESTED...03-27-79
‘N GUANI ITY. AMF‘LE

U])l v
[DENT CONSTRUCTION I::,N(vINI:FR

l\EMAF\i\\ ~SODURCE  CO-0OF

TTEM NO.L. /()111);/()

2),70509)

TEST F T\Ul L lﬂ Y VALUE REMARKS
I
A FOINTS
DOURLE WRAFFED
i4

13

B \'IF\[ NGTH, LEF 1079
COATING,0Z./80. FT, 0.18

THE ABOVE TES! RESULTS DO NOT (UNH)F\M T0 § FICATIONS

COPIES TO:
JERRY BLACKBURN-RESIDENT CONSTRUCTION ENGINEER
DISTRICT LAF ENGINEER
DISTRICT ENGINEER

HOLLIS B. RUSHING L —!
MATERIALS ENGINEER
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concrete and portland cement concrete construction cations are contemplated. The project information files
according to specific categories (e.g., project, use, provide instant information on projects that have to be
and type); isolated for performance evaluation relative to such

2. Variability with respect to material type, factors as materials, design procedures, and construc-
material producers, project engineer, sampling and tion procedures. The only constraint to the use of the
testing procedures, and time periods (as a result of system as a feedback system is that data be available
a change in the system); and in the computer files.

3. Failure ratio in relation to sampling and testing
frequency. HARDWARE-SOFTWARE USED

Specific examples of some of the above types of The MATT system operates with the following hard-
reports are shown in Figures 7-9. Figure 7 shows the ware and software configurations.
distribution (percentage) of the quantity of asphaltic The hardware configuration includes the IBM 370
concrete that was deficient in each acceptance criterion (Model 3031) computer printout unit; a 6-Mb core;
at each pay scale. The table also provides further six 3350, four 3330 (Mod 1), and eight 3330 (Mod 2)
breakdown of this distribution for each criterion accord- direct-access storage units; five 3420 nine-track mag-
ing to mix types. Figure 8 is a summary of data show- netic tapes and one 3420 seven-track magnetic tape;
ing final adjusted payment for asphaltic concrete. The two 1403 Xerox printers; a 2540 card-read punch with
table shows, for each project, the total number of tons, punch-feed read; a 3705A communication controller;
the total number of lots (N-LOT), the number of lots and 3277 (cluster) communication terminals with 3284
that had reduced payments (N-LOT-P), and the tons printers.
involved in the reduced payment of 50, 80, and 95 per- The MATT system also uses these control softwares:
cent pay (TONS-50, TONS-80, TONS-95) as defined in 0S/VS2, Release 3.8A; CICS/VS, Release 1.4; and
LDOT's specifications. The last column (PPPP) repre- VSAM, Release 2. In addition to these system control
sents the final percent pay for each project. The softwares, other software packages, such as SAS and

variability information on asphaltic concrete is provided Easytrieve, are also used for special-purpose analyses
in the format shown in Figure 9. Such periodic informa-  and reports.
tion indicates the trend in material or process control.

MATT System Programs

Other Uses
The system operates under 29 on-line programs and

The MATT files provide easy access to data for simu- 9 off-line programs. All on-line programs are cIcs/

lation of specifications if any changes in these specifi- VS macro and/or command level COBOL and ASSEMBLER
language. The largest program requires approximately
192 000 positions of memory to execute.

Figure 7. Summary of pay reduction on projects with deficiencies in SUMMARY

asphaltic concrete acceptance criteria.

The MATT system discussed in this paper has provided

DISTRIBUYION, % e < s s -
EASED ON  QUANTITY PAY ACCEF TANCE (:HL%ERIA TOTAL LDOT with an efficient user-oriented material test data
= p— B STARTLITY, ROMY COME SURF IO em entry-and-retrieval system through user knowledge and
TaraL 3693116 50 0.09 6.07 0.17 computer hardware-software expertise. The tedious and
%4

TONS 60 .67 0.99
2% 1) .7 047 T

time-consuming process of manually typing and process-
ing the multitude of reports generated during project
construction has been reduced to a minimum. A con-
tinuous log of tests is maintained in an organized and
efficient manner at a centralized location for use by

Ty DER2PE 0o iadd
PENAL TZED 3¢ ()
o

MIX fWC Y4433 Hed4

:{; LR ";‘” 0“(;“- managerial, operations, and research personnel.
RI% B i A i Logging and exception reports are provided daily to
0.68

m; ;W- aress h" ';j{ the field personnel for project monitoring, while
i B Pl : special reports are made available at user request for
MIX SBC 50937 2.62 0 short- and long-term decision making.
No system can be considered optimum because of the
Figure 8. Distribution of percentage of asphaltic concrete FROJ-NO TONS N LOT N LOT P TONS 50 TONS 80 TONS 95 FFFP
quantity according to pay scale, acceptance criteria, and 166-01-21 6790 i "5, o o o o 100.0
mix type. 179-04-12 9527 17 i [ [ 1142 99.4
243-04-09 19314 26 4 0 1932 1239 97.7
261-04-06 5450 5 0 0 0 0 1060.0
266-02-07 7528 44 0 0 0 0 100.0
266-02-10 8391 i5 3 0 (o) 960 96.5
279-01-05 14127 i6 o 0 0 0 100.0
387-03-02 3563 4 0 4 0 0 100.0
424-05-37 49448 56 0 0 0 0 100.0
454-03-01 61785 42 b 0 3556 2358 98.7
454-03-05 212708 179 “ 47 115 2010 14342 99.2
454-03-06 233258 210 32 2660 9794 21459 96.1
454-04-02 430313 418 59 240 17627 32992 98.6
454-04-06 150134 179 18 196 2163 aRis 99.4
857-22-04 2193 5 0 0 0 0 106.0
207-04-22 2779 @ 0 0 0 o 100.0
657-05-02 4086 @ 0 0 0 0 100.0
170-02-10 6234 & 0 0 0 0 100.0
355-01-05 4337 4 0 0 0 0 100.0
260-05-14 4671 8 0 0 0 0 166.0
263-04-11 9060 16 0 o 0 0 100.0
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Figure 9. Variability of type 1 asphaltic concrete mixture.

VARIAELE N MEAN ST1D MIN MAX C.V.
DEV VAL VAL

STABILITY 7396 1553.26 209.94 345,00 J364.00 18.67
COMPACTION 10031 96.36 i.64 86.306 103.90 1.70
1 TNCH 2763 100.00 0.0 99.00Q 100.00 0.02
3/4 INCH 3820 P9.72 0.69 35 100.00 0.69
1/2 INCH Jaia ?1.90 4.37 100.00 4.75
NO, 4 386 55.98 5414 77. 9.14
NO. 10 3B16 49 .80 AL56 i.00 10.89
NO. 40 3614 24.%586 3.49 4.2
NO. 6o 3816 11.53 2.39 20.72
NO. 200 3315 6.43 1.55 24 .43
A.Co % 3616 5.06 0.39 7:190 7.68

dynamics of the overall system of materials sampling,
testing, and construction quality assurance. However,

Transportation Research Record 745

it is felt that changes can be accommodated as they
occur. Louisiana's MATT system is geared toward
providing an important input to the pavement manage-
ment system currently under development through an
effort funded by the Highway Planning Research (HPR)
Program.
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Computer-Controlled Batch Plants

Edward A. Abdun-Nur

Because of its tremendous capacity for and speed of calculation, the com-
puter is used to produce enormous amounts of data analyses that may not
be justified for the test data produced in construction control. The rela-
tively crude test methods used in construction and the lack of knowledge
about the real meaning of the tests in many instances are the reasons.
Using the computer to produce simpler and fewer calculations to guide
the judgment of the engineer appears to be more realistic, less costly, and,
at the same time, accomplishes the task intended. On the other hand,
using the computer in the control of the batching plants and the process
of batching and mixing appears to have a higher payoff in quality control
and quality assurance. |t permits the reduction of variability and, because
of its feed-forward capability, it can control the process and even abort
batches out of tolerance or stop the plant when it gets out of adjust-
ment. Continuous batching and mixing plants, as developed in Europe,
have the inherent advantages of lower capital cost and lower variability
due to the elimination of the stop-and-start cycle at every batch, permit
more sophisticated and delicate controls, have lower maintenance costs,
and elicit more positive operator reactions. Teamed with a computer

that makes these plants possible, such facilities are the best that current
knowledge and technology have to offer.

When one talks about computers, visions of reams of
paper filled with numbers appear. In construction,
these numbers are often a waste of time because no one
studies them closely. Detailed analyses of test data in
construction are not warranted, inasmuch as the tests
themselves are relatively crude, and rarely does one
know what the test really measures. Therefore, fancy
and sophisticated analyses are not only unwarranted but
wasteful. The computer comes in handy, however, in
process control and can contribute more to quality as-
surance than such analyses. Because the variability in
construction is higher than in most industrial operations,
computerized control of processes to reduce such vari-
ability can result in significant economic payoffs and
improved quality control.

In the last 20 years or so, batch plants have gone
from a crude operation in which the operator pulled
levers and watched weighing-scale balance beams or
gauges to the pushing of buttons to achieve the same
thing and on to automated plants. The automated plants
go through a complete batching cycle simply at the push
of one button. The sequences are controlled by punch
cards, assigned standard batch code numbers, or other

means that provide a succession of signals to a computer
already programmed to operate the various units of the
plant in the proper sequence and to generate the various
weights required by the particular mix being produced.
Also, a record is produced to show what is happening
and, in some cases, to print a delivery ticket.

1t is not the purpose of this paper to get into the de-
tails of the automated plants in current use, whether for
batching concrete, bituminous mixtures, or granular
base-course materials. Rather, this paper describes
automated computer-controlled plants, both of the single-
batch type and continuous type, that have been observed
in England and France and that appear to me to have sub-
stantial merit for use elsewhere,

BRITISH EXPERIENCE
Simon Plants

Some 15 years ago, while on a trip to London, I had an
opportunity to observe a continuous concrete batch plant
that was being operated on a discontinuous basis to fill
ready-mixed concrete trucks. The facility, located in
London's West End and operated by Ready-Mixed Con-
crete (London) Ltd., was known as the Fulham plant.

This type of plant was developed by the Simon Com-
pany, which was in the business of manufacturing cattle-
feed batching plants and decided to extend its operations
into the concrete field. Basically, each bin of aggregate
discharges onto a short feed belt that, in turn, dis-
charges onto a collector conveyor belt running at right
angles to the bin feed belts. Each bin feed belt has a
floating section that weighs the material passing over it.
An electronic device transmits signals to the bin gate to
adjust the opening, as the need is determined by the
weighing device. The modulation results in a continuous
series of adjustments that occur in fractions of seconds,
thus essentially producing a continuous monitoring of the
weight that passes over the belt scale.

The collecting belt discharges into the back end of a
horizontal twin-shaft mixer (very much like a pugmill),
which is set at an angle of about 10° with the horizontal,
Water was also fed into the back of the mixer, and the
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mixed concrete moved forward by gravity and the push
of the angled position of the mixer paddles, which were
set on the two shafts, and was then discharged at the
front of the mixer into the waiting truck, The plant was
operated on a stop-and-start cycle dictated by the ar-
rival and departure of the trucks into which the pre-
mixed concrete was discharged.

More recently, I inspected another of the Simon-type
plants operated by this company on the east side of Lon-
don known as the Stepney plant. The plant was es-
sentially the same as the Fulham plant, but it had a suc-
tion fan connected to the back end of the closed mixer,
which sucked the cement dust out and discharged it above
the plant into the atmosphere (it was not being returned
to the cement bin or collected in any container for re-
use). As a result, the batch room was very clean,

The advantages of the Simon plant include the follow-
ing:

1. The operation adjusts itself to the required weights
automatically and continuously, thus reducing vari-
ability over other types of batching.

2. When operated on a continuous basis, it reduces
variability still further, as the variability due to the
stop-and-start actions is eliminated. There is only one
start at the beginning of a shift.

3. Capital cost is materially reduced over the
standard-type plant by using a heavy rotary-drum
mixer —the twin-shaft mixer cost is about 60 percent
of that for a drum mixer with the same capacity.

4, Because the mixer paddles can be changed by (a)
opening the top door that exposes them, (b) unscrewing
the worn paddles at the ends of the mixing arms, and (c)
replacing them with new ones, less maintenance is re-
quired. Two persons can do the job in about 30 min.

5. The machinery is lighter, and vibration and
shocks due to the stop-and-start cycles are reduced.
Thus, the machinery is subjected to less wear and tear.

6. Only one batch person and one yard person, who
sees that the bins remain filled, are required.

7. Better morale and a less tiresome operation pro-
duce operators who are much happier on the job,

For ready-mixed concrete to be trucked away, this
type of plant can be used only in a discontinuous or
batch operation. But, for base-course material batch-
ing, it is very popular with contractors for use ona
continuous basis. It would appear to me that on dam
construction and on large slipform pavement jobs, such
plants could be used in the continuous mode and thus
gain all the above advantages, particularly in helping to
reduce variability, which means less cement (and thus
less energy) and lower cost.

Tilcon Batching Plants

The Tilcon plants are essentially the same as the Simon
plants but have more sophisticated refinements and port-
ability. The mobility of these plants (a plant can be dis-
mantled into a few pieces in very little time and moved
over the road) makes them ideal for contractors. The
pieces are manufactured with all ancillary services
{(pneumatics, electrical cables, controls, and so forth)
factory installed so that it is a simple matter to erect
and connect the ancillary services. The plant becomes
operational immediately.

Basically, the plants (as in the Simon plants) have
bins that discharge onto cross-feed belts that, in turn,
discharge onto a collecting belt. The belt feeds into the
mixer. Each feed belt under a bin of aggregate of a dif-
ferent size has a section that weighs the volume passing
over that section on a continuous basis. A floating roller
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located in the center of the section moves up and down
depending on the weight of the material on the belt. A
sensitive counterbalanced lever is in contact with this
roller and thus moves up and down with it. The free
end of the lever is in contact with a transducer that con-
trols the switch contacts, which open and close the
radial gate at the bottom of each bin. This provides a
continuous modulation of the weight of the volume of ma-
terial passing over that section and, thus, controls it
very closely within the required weighing tolerances.

In the case of the cement silo, specially designed feed
valves at the end of screw conveyors discharge onto the
feed belt weighing section that controls the speed of the
screw conveyor in the same manner as the aggregate
belt-weighing mechanism controls the feed gate opening.
The Tilcon mixers are of their own design and are still
lower in cost than those at the Simon plant; but basically
they operate on the same principle. It is understood that
these mixers cost about one-fifth of that for a heavy drum
mixer of the same capacity and about one-third of that
for a Simon mixer.

The batch-room controls are very simple. Separate
dials control the weight of each ingredient according to
the mix-design formula. Then, another dial for discon-
tinuous concrete delivery operation can be set in terms
of the number of cubic meters desired—essentially, a
timer runs the plant for just long enough to produce the
required volume. Again, the stop-and-start operation
increases the variability (as in any batch plant), but this
type of plant in contrast to the ordinary batch plants with
scale-weighing mechanisms has a lower variability.
Many of these plants are used by contractors in the field
either for concrete or base-course batching and mixing.
Base-course mixtures include either cement or lime and
are operated on a continuous basis. Thus, the variabil-
ity is reduced further because of the elimination of the
start-and-stop increments of variability. It would have
this same advantage when operated for concrete on a
continuous basis, for example, on a dam or slipform
paving operation.

FRENCH EXPERIENCE

In France, there are plants that aim to do the same
thing as the British plants—that is, provide continuous
modulating batching and mixing—and are operated either
in the continuous mode or in the discontinuous mode de-
pending on the circumstances. In addition, the French
plants have developed various types of computer con-
trols for the mixing cycle in batch mixing.

Laboratoire Central des Ponts et Chaussées

This testing and research government institution has de-
veloped computer analyses and controls for batch and
mixing plants. These have been mounted in a panel
truck. The truck can go from plant to plant, hook up to
the plant, and produce charts and analyses of what is
going on.

The most fascinating part of this work is the analysis
of the mixing cycle through a recording wattmeter. The
wattmeter not only records the power but draws curves
that provide an analysis of what is actually happening in
the mixer. Figure 1 is a theoretical delineation of such
an analysis, The power required to rotate the empty
mixer is Po. When the materials are introduced, the
power rises to P;; then, as the water is mixed in and the
mix becomes plastic, the power drops to Pz. The dif-
ference between P, and P (aggregates and cement being
relatively constant) reflects the amount of water. The
mixing time is shown as the distance t. As it is mixed,
each batch provides a chart in front of the operator to
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Figure 1. Mixing power cycle.
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guide him in adjusting the process if needed. The op-
erator can abort a batch that looks too far out to be ac-
ceptable. This is not computer control of the mixing,
but it provides a sophisticated tool for the operator to
see if there is anything wrong with the process. Neces-
sary and quick adjustments can then be made.

Béton de Paris

In France, only about 30 percent of the concrete used is
in the form of ready-mixed concrete—a situation dia-
metrically opposite to that in the United States, where
about 80 percent is in the form of ready-mixed concrete,
Perhaps the largest company producing ready-mixed
concrete in one city is Béton de Paris {a subsidiary of
Sabliéres de la Seine, which produces aggregates from
the Seine River). This company operates some 25 plants
in the Paris metropolitan area. Because of heavy traffic
and narrow streets, rarely is concrete delivered more
than 5 or 6 km (3.1-3.7 miles) from the plant. Govern-
ment wheel-load limitations do not permit more than

6 m¥truckload (9 yd¥truckload). This company buys

its plants manufactured to its specifications and has a
subsidiary that designs and installs automation. The.
plants operate on a batch-to-batch cycle but are com-
pletely controlled by computers.

Inasmuch as the load limit is 6 m® each load is
batched in two 3-m® (4,5-yd®) steps to afford the com-
puter an opportunity to control and adjust the weights.,
The information for any particular mix is stored on a
punched tape. When the tape is inserted in the Singer
typewriter terminal, the weights for the various com-
ponents of the mix are quickly printed on the top line of
the lower half of the delivery ticket. The upper half of
the ticket contains information about the purchaser, de-
livery address, mix number and type, truck number,
and so forth. Immediately after the calculated weights
are printed on the ticket, the first 3-m® load is batched,
mixed, and discharged into the ready~-mixed concrete
truck. Then, it is recorded on the second line imme-
diately below the first line. The computer next calcu-
lates what the second 3-m® weights should be to com-
pensate for the difference between what the computer
ordered and what the machinery delivered in the first
batch. This information is printed several spaces be-
low on a third line. The computer orders the machinery
to batch and mix the second 3-m® batch and discharge it
into the truck. At the same time, the second batch's
actual weights are recorded immediately below the third
line (as the fourth line). This gives a visual comparison
between the weights ordered or calculated and the
weights batched for each half of the total batch (the first
line of each pair represents the calculated weights and
the second line, the actual weights batched). By adding
the second and fourth lines, one obtains the weights of
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the total batch of the 6-m® load. The computer also
calculates and prints out the weight per cubic meter of
the finished total batch. All this information is printed
on the delivery ticket and goes to the purchaser, who
then knows exactly what is being delivered.

Every two plants have a quality-control engineer as-
signed to them., The engineer shuttles between them in
a panel truck with the portable testing equipment, and
each plant has a small laboratory for heavy testing equip-
ment and for storing the concrete cylinder specimens.
In addition, the company maintains a three-story re-
search laboratory in which research and development
are carried out and where the quality-control operation
for the whole company is centered.

French Continuous Batch Plants

The continuous mixing plants in France have about the
same general pattern as those in England but differ in
details. There were two of them in operation at the
time of my visit, and a much bigger and sophisticated
one was due to come on-line shortly after.

Cergy-Pontoise

The Cergy-Pontoise plant is operated for batching con-
crete into ready-mixed concrete trucks and, therefore,
operates on the continuous-discontinuous principle or
cycle. It has short conveyor feed belts under the vari-
ous bins of ingredients. These discharge onto a col-
lector belt that, in turn, discharges into the mixer, It
was built by using the Rousseau patent system. Basically,
the bins have a patented design that maintains a constant
pressure at the discharge gate, regardless of the level
of material in the bin. This means that the same amount
of material is continuously discharged through the gate.
The whole short-feed belt is floating and is weighed with
the material on it. The weight of the material on the
belt is controlled by varying the speed of the belt and
seeing that the amount of material discharged from the
gate is always constant. Here again, electronic controls
modulate the speed of the belt to maintain constant
weight,

Electric moisture meters measure and correct the
weight for the water in the aggregates. The mixer is
of the twin-shaft type so popular in Europe, and many
of the mixers in France are imported from Germany.
The claim is that they are better than the French
equivalents. This is a recording plant, and the com-
puter completely controls the plant and even issues the
bills, as well as the delivery tickets with all the details.
It takes about 1.5 min for a 6-m? batch to go through the
plant operating on this discontinuous batching cycle. The
plant capacity is limited by the number of trucks being
loaded, how frequently they are available, and the time
required to maneuver to receive the load., The capacity
would increase significantly if the operation were on the
continuous basis and would result in a lower-variability
product.

Conflans

The Conflans plant is operated by a syndicate of con-
tractors that has enough demand to permit the plant to
operate on a continuous basis—and this is where the

advantages of the continuous plants appear. This plant
produces stabilized base mixes with either cement or
lime as the stabilizing agent. It has a holding hopper to
even out the truck traffic without disturbing the plant op-
eration, It is also built in accordance with the Rousseau
patents and is completely controlled by a computer that
also records and issues delivery tickets that show the
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weight of the loaded truck and its tare weight. It has a
provision for shortcircuiting the holding bin by loading
directly into the trucks. It produces 600 metric tons/h
(660 tons/h).

COMPUTER ADVANTAGES AND
DISADVANTAGES

Computers have become more and more available today—
almost as available to people as the washing machine or
the automobile. Add to this the fact that computer manu-
facturers are lowering the cost and increasing the speed
of producing calculations, and we have a situation where
everyone is tempted to rely on reams of paper filled with
calculations generated by computers. Because of avail-
ability and speed, the computer is asked for much more
than we need or even know what to do with at the current
stage of our knowledge. This is particularly so in the
case of calculations for quality acceptance and quality
control in the construction materials industry. The tests
performed are relatively crude when compared with the
statistical analyses available through computers. Simple
analyses are adequate for the conclusions that can be
realistically drawn from such data.

The computer to control the batching and mixing pro-
cesses is a much more realistic and valuable tool to
achieve the production of quality materials with rela-
tively low variability and to maintain proper records,
that is, process control. If materials are batched or
processed correctly, one needs very little testing and
such testing is for historical record rather than for ac-
ceptance. Batch or process it right, and it cannot be
anything but right (1). The plants described in this paper
do just that and, itis felt, are more useful than the com-
puters that crank out reams of paper filled with numbers
that leave one aghast and that are really, in many cases,
not justified by the physical facts of the work (2).

The mixers in all the plants described in this paper
are more realistic in their design than the heavy drum
mixers that consume more energy and metal to manu-
facture, use more energy to run, and cost more to main-
tain. Moreover, they do not produce mixtures that are
any better than the twin-shaft type of mixers that are
lighter, have lower operating costs, and require less
maintenance. It is time to take this twin-shaft type of
mixer more seriously in order to lower capital invest-
ment costs, lower energy used in running the mixers,
and lower maintenance cost.

Computer-Controlled Plants

The computer is capable of feed-forward that permits it
to correct errors before the mixture is discharged or to
even abort it, if it cannot be corrected within the ac-
ceptable tolerances. It relieves the strain on the op-
erators. It also increases the accuracy and lowers the
variability of the production, whether on a batch-to-
batch cycle or on a continuous cycle operation, The
operators are happier and develop better attitudes
toward their work.

Continuous Proportioning and Mixing

By eliminating the stop-and-start operation of the plant,
continuous batching and mixing reduce all the vibrations
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and surges due to the stop-and-start operation that in-
troduce variability in each cycle. It is less hard on
mechanisms to operate continuously than to take the
shocks and efforts induced by the stop-and-start cycle;
therefore, the wear and tear and the maintenance drop
appreciably. In addition, the first cost is reduced due
to the possibility of a lighter plant that does not have to
withstand the shocks, of the starting and stopping of heavy
mixers. As a result, more sophisticated control is pos-
sible because delicate controls do not get as easily out

of adjustment due to reduced vibration and shocks in the
stop-and-start cycle. In essence, then, one gets better
control, more sophisticated proportioning, and reduced
variability (which is the real payoff)—all at lower overall
capital and operating costs. Finally, side benefits are
less strained, happier, and more satisfied operators and
better productivity.

CONCLUSIONS

The following conclusions may be drawn regarding
computer-controlled batch plants.

1. Because of their huge capacity and speed in pro-
ducing calculations, computers tend to be used to pro-
vide sophisticated analyses of test data that have little
significance and need in construction. This is due to the
fact that we know very little of the real meaning of such
tests and their relative crudeness compared with the re-
fined and sophisticated data developed in this fashion,

A much smaller number of calculations to give direction
to the decision-making process appears adequate for
construction-engineering purposes.

2. On the other hand, computer-controlled batching-
and-mixing process operations have a higher payoff in
reducing variability, correcting the prccess as need
arises, and recording what transpired. The computer's
feed-forward capability permits it not only to correct
itself but also to abort batches that are way out of toler-
ance.

3. The continuous batching-mixing plants have a
lower capital cost, lower maintenance, more sensitive
control mechanisms, lower inherent variability, and
more positive operator reactions. These advantages are
all enhanced by the computer control that lowers varia-
bility still further and operates the plants more effi-
ciently—thus resulting in increased productivity. Ac-
tually, without the computer, such continuous plants
would not have been possible.

4, When such computer control is used in conjunc-
tion with the continuous batching-mixing plants in use in
Europe, it enhances and controls their operation to pro-
duce the best that current technology has to offer in this
field.
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Analysis of Multiple Acceptance Criteria

Richard M. Weed

A relatively simple type of acceptance procedure currently in use has the
dual acceptance requirements that the average value of all items of a sam-
ple must equal or exceed a limit and that each individual value must
equal or exceed some lower limiting value. Provided the sampling is from
a normal population, the probability of passing either of these criteria
separately can be calculated quite readily. However, determining the
compound probability of passing both requirements of the acceptance
procedure is complicated by the fact that the individual probabilities are
correlated. A solution is presented that involves the calculation of upper
and lower bounds for the desired probability. This solution is then gen-
eralized to apply to any number of multiple acceptance criteria. An ex-
ample is presented to demonstrate that the bounds are usually sufficiently
close together to make this a practical approach. Because the calculations
are quite tedious, a computer program has been written to simplify this
part of the procedure. The speed and convenience of the computerized
approach will permit specification writers to experiment with different
acceptance limits to determine those that produce suitable producer’s and
consumer’s risks. For the producer, it will provide a means to determine
the target value necessary to ensure that the probability of acceptance
will be at least the amount desired.

A statistical acceptance procedure in frequent use
today requires that the mean of a random sample must
equal or exceed a limiting value, and, in addition, all
individual sample values must equal or exceed a lower
limit. When the sampling is from a normal population,
the probability of passing either of these requirements
can easily be calculated. However, because both re-
quirements are applied to the same set of sample values,
the individual probabilities are correlated to some un-
known degree. As a result, the compound probability
of passing both requirements cannot readily be deter-
mined. To my knowledge, a direct analytical solution
of this problem is not known.

To circumvent the correlation problem, a different
approach has been taken. Although it may not be pos-
sible to determine the exact probability of acceptance,
it is possible to calculate upper and lower bounds for
this probability. As long as these bounds are not too
far apart, this provides a reasonably precise interval
estimate of the true probability of acceptance.

Depending on the exact nature of the dual require-
ments, there are several factors that must be taken
into consideration. Before deriving the bounds for the
joint probability of passing both requirements, it will
be useful to develop the sampling distributions neces-
sary to determine the probabilities of passing each
requirement separately.

SAMPLING DISTRIBUTIONS

The first requirement of the acceptance procedure is
that the mean of all the test values (X) must equal or
exceed a limiting value (X.). Defining o} and of as the
product and testing variances and provided that the
population is approximately normal, the sampling dis-
tribution for the mean of N samples of size n is normal
with a mean (1) equal to the true product mean (i) and
a standard deviation (o1) given by Equation 1. (This
assumes that the samples are taken from N different
portions of product and that, within each portion, the

n individual tests are subject only to testing error.
Note that when n = 1, 01 represents the standard error
of the mean of N single samples that can be calculated
from the overall standard deviation of individual values
without requiring a knowledge of the specific values of
op and or.) This distribution is shown in Figure 1.

0, =V/(03/N) + (63/Nn) )

Defining &, as the probability of the sample mean
falling below X., Equation 2 gives the probability P; of
passing the first requirement. The value of a; is ob-
tained from a table of the standard normal distribution.

P=PIX=>X,1=1-¢q )

One way in which the second requirement of the ac-
ceptance procedure might be stated is that all of the
N x n test values must equal or exceed a limiting value
Xi. The requirement that all n values of a sample must
equal or exceed X, is the same as requiring the lowest
value (the first-order statistic) to equal or exceed this
value. Assuming that the variability of the product and
the testing error are approximately normally distributed,
the sampling distribution of the first-order statistic will
also be approximately normal, as shown in Figure 2,
with a mean g, and standard deviation 0. given by Equa-
tions 3 and 4:

My =up+Cior @)

0, =Vo} + C,0% @)
The constants C: and C: are the mean and variance,
respectively, of the first-order statistic for a sample
from a standard normal distribution and are obtained
from appropriate tables (l). The following table lists
values of C; and C: for sample sizes up to n = 10:

Sample

Size (n) Mean (C; ) Variance (C,)
1 0 1
2 -0.564 19 0.681 690 113 9
3 -0.846 28 0.559 467 203 8
4 -1.029 38 0.491 715236 9
5 -1.162 96 0.447 534 069 1
6 -1.267 21 0.415927 109 0
7 -1.352 18 0.391917776 1
8 -1.423 60 0.372897 143 4
9 -1.485 01 0.357 353 326 4

10 -1.638 75 0.344 343823 3

Defining a2 as the probability of the lowest of the n
values in each sample falling below X. and recognizing
that the N sample results are independent of each other,
Equation 5 gives the probability P that all N samples
will pass the second requirement. The value of oo,
like au, is obtained from the standard normal table.

P, =P[ALL X > X] = (1 - ;)" (5

If the second acceptance requirement were applied
to the mean of the n individual tests in each sample in-
stead of the lowest value, the use of order statistics
would not be required. In this case, Equations 6 and 7
would apply and the sampling distribution would be as
shown in Figure 3.

My = ptp (6)

0y =V o} + (o/n) €)

oz and P: would still be determined in the manner pre-
viously indicated. (Note that when n = 1, 0, represents
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Figure 1. Sampling
distribution of the mean
of N samples of size n.

Figure 2. Sampling
distribution of the lowest
value in a sample of size n.

0, = VO + G078

XL Mz = Mp + CO7

Figure 3. Sampling
distribution of the mean
of a sample of size n.

2
0 = \fﬂ'p’i- C_;;_

X Mo = Me

the overall standard deviation for individual values and
a knowledge of the specific values of o, and 07 is no
longer necessary.)

DERIVATION OF UPPER AND
LOWER BOUNDS

Once P; and P; have been determined, it is tempting to
assume that the compound probability of passing both
requirements would simply be the product P;P,. This
would be correct if P, and P, were independent but, be-
cause both requirements are applied to the same set of
sample values, this is not the case. For example,
when a group of higher-than-usual individual values pro-
duces an unusually high probability of passing the re-
quirement on individual tests, there will be a corre-
sponding high probability of passing the requirement on
the sample mean. As a result, the two probabilities
are positively correlated to some degree.

The correlation problem can be avoided by calculating
upper and lower bounds for the desired probability of ac-
ceptance. To simplify the derivation that follows, call
the events of passing the two acceptance criteria A and
B. The objective is to determine bounds for the prob-
ability of the joint occurrence of A and B under the con-
dition that they are positively correlated to some un-
known degree. The exact probability for their joint oc-
currence can be expressed as

P[AnB] = P[A|B]-P[B] = P[B|A]-P[A] (&)

in accordance with a law of probability usually referred
to as the general law of multiplication (2). Because
any probability value must be less than or equal to one,
it follows that

P[AnB] < P[B] (&)
and
P[AnB] < P[Al (10)
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and, from this,
P[AnB] < MINIMUM({P[A], P[B}} at

is derived as the upper bound. To obtain the lower

bound, it must be noted that when two events are posi-
tively correlated, the occurrence of one increases the
probability of the occurrence of the other. Therefore,

PLAIB] = P[A] 12)
which, when substituted back into Equation 8, gives
P[AnB] = P[A]-P[B] (13)

as the lower bound. Applying these results to the dual
acceptance criteria problem yields

P, P, < P[ACCEPT] < MINIMUM[P,,P,] (14)
which can be generalized to
P; P, ... Py < P[ACCEPT] < MINIMUM(P,,P,,. .., Pyl (15)

provided that none of the acceptance criteria are nega-
tively correlated.

COMPUTER SIMULATION TESTS

In order to check the theoretically derived bounds given
by Equation 14, several tests were made by using com-
puter simulation. Each simulated result was the average
of a minimum of 1000 replications that used various
combinations of product and testing variance. In every
case, the value obtained by simulation fell within the
theoretically predicted bounds. The results of these
computer simulation tests follow:

Probability of Passing Both
Requirements

Simulation
Result

Theoretical
Test Bounds

1 0.03-0.03 0.03
2 0.04-0.08 0.07
3 0.04-0.11 0.08
4 0.30-0.34 0.31
5 0.61-0.67 0.67
6 0.78-0.81 0.81
7 0.92-0.95 0.95
8 0.95-0.96 0.95
9 0.96-0.97 0.97
10 0.99-0.99 0.99
IMPLEMENTATION

When the sampling is from a normal population, both
bounds can be calculated directly and, for practical
purposes, this is best done by computer. The speed
and convenience of the computerized approach will per-
mit a specification writer to experiment with different
acceptance limits in order to determine those that pro-
duce suitable producer's and consumer's risks. Where-
as the consumer will be interested primarily in the
upper bounds for probability of acceptance, the producer
will be more concerned about the lower bounds. For
the producer, the computer program will provide a
means to determine the target value necessary to en-
sure that the probability of acceptance will be at least
the amount desired.

EXAMPLE

Based on engineering considerations or historical data,



22

Transportation Research Record 745

Figure 4. Typical computer printout for dual

acceptance criteria analysis.
12510

560 200
4000 3200

3500 4900 100

ENTER NUMBER OF SAMPLES (FOUR TRIAL VALUES)
ENTER SIZE OF EACH SAMPLE (MAXIMUM 10)
2

ENTER CODE FOR MANNER IM WHICH REQUIREMENT OH INDIVIDUALS IS APPLIED
(1 = INDIVIDUAL TEST VALUES, 2 =
1

ENTER FRODUCT AND TESTING STAMDARD DEVIATIONS
ENTER LOWER LIMITS FGR MEAN AND INDIVIDUAL VALUES

CNTER MINIMUM, MAXIMUM, AND STEP SIZE FOR POPULATION MEANS

POPULATION LOWER
MEAN N
3500 0.11
3600 0.16
3700 0.22
3800 0.29
3900 0.37
5000 0.45
4100 0.54
4200 0.62
1300 0.70
4400 0.76
4500 0.82
4600 0.87
4700 0.9]
4800 0.94
4900 0.96

IMDIVICUAL SAMPLE MEANS)

AND UPPER BOUNDS FOR PROBABILITY OF ACCEPTANCE
N

= 1 N= 2 = A N = 10

- 0,17 0.04 = 0.09 0.00 - 0,02 0.00 - 0.00
- 0.22 0,07 - 0.14 0.01 - 0.04 0.00 - 0.01
- 0,28 0,12 - 0.21 0.03 - 0,10 0.00 - 0.03
- 0.35 0.20 - 0.29 0.07 - 0,19 0.02 - 0.11
- 0.42 0,30 - 0.39 0.16 - 0.33 0.07 - 0.24
- 0.50 0.,&1 - 0,50 0.30 - 0,50 0,18 = 0.36
- 0.58 0,53 - 0.61 0,47 - 0.67 0.36 - 0.50
- 0.65 0.6 - 0,71 O0.64 - 0.79 0.55 - 0.62
= 0.72 0275 = 0,79 0:77 - 0.86 0.71 = 0.7%
- 0.78 0.83% - 0.86 0.87 - 0.91 @G.%2 - 0.82
- 0,83 0.89 - 0.91 0.93 - 0,94 ©0.88 - 0,89
- 0.88 0,94 - 0.95 0.96 - 0.96 D0.93 = 0.93
- 0,91 0.96 - 0.97 0.98 - 0.98 0.96 - 0.9¢6
- 0.9 0.9 - 0.99 0.99 - 0.99 0.98 - 0.98
- 0,96 0.99 - 0,99 0.99 - 0.99 0.99 =D,99

or a combination of both, a specification writer would
have a reasonably good idea of what constitutes accept-
able and unacceptable product in terms of the population
mean and standard deviation. In order to develop an ef-
fective acceptance procedure, the operating character-
istics must be investigated to confirm that the proba-
bilities of accepting good material and rejecting bad
material are satisfactory. This will usually require a
trial-and-error approach in which the specification
writer will wish to experiment with different acceptance
limits and sample sizes.

To illustrate how this can be done by using an inter-
active computer program prepared specifically for this
purpose, suppose that the specification writer has
decided to define a sample as a pair (n = 2) of tests but
that the number (N) of samples to be required has not
yet been determined. Recalling that the general case
(N samples of size n) requires that the product and
testing variability be dealt with separately, the program
has been written to accommodate this. For this ex-
ample, values of 0, = 500 and o7 = 200 will be used. (In
order to simplify the presentation, the specific units
have not been identified and may be regarded as either
metric or customary quantities.)

The remaining input variables required are the two
acceptance limits and some additional values that deter-
mine the size of the table the computer will print out.
For this example, lower limits of 4000 for the sample
mean and 3200 for individual test values have been
selected. The remaining input values of 3500, 4900,
and 100 instruct the computer to make the calculations
for population means of 3500 to 4900 in steps of 100.
The complete printout for this run is shown in Figure 4.

Several runs of this type would normally be required
to analyze the effects of various combinations of product
and testing variability or to evaluate different pairs of
dual acceptance criteria. For purposes of this example,
however, only the run shown in Figure 4 will be ana-
lyzed.

ANALYSIS OF RESULTS

Several interesting observations may be made from

the values in the computer printout. Each column of
probability values represents the points on an operating
characteristics curve for the number of samples N indi-
cated at the top of the column. The paired values are
the lower and upper bounds for the true probability of
acceptance that correspond to each population mean
listed in the column at the extreme left.

The specification writer will be concerned primarily
with the upper probability value of each pair. For ease
of analysis, a portion of the printout that shows the
maximum probability of acceptance for various numbers
(N) of samples of size n = 2 is reproduced below:

Upper Bounds for Probability of

Population Acceptance

Mean N=1 N=2 N=5 N=10
3500 0.17 0.09 0.02 0.00
3600 0.22 0.14 0.04 0.01
3700 0.28 0.21 0.10 0.03
3800 0.35 0.29 0.19 0.11
3900 0.42 0.39 0.33 0.24

If, for example, it were desirable to have a low proba-
bility of acceptance for product with a population mean
as low as 3500, these data indicate that a total of N = 2
samples (each of size n = 2) produces a maximum prob-
ability of acceptance of 0.09, whereas a total of N =5
samples lowers this probability to 0.02. Based on these
results (and those of other runs), the specification
writer would select the appropriate acceptance limits
and number of samples to achieve the desired result.
The printout will also be of considerable value to
the producer whose product is to be accepted or re-
jected by this procedure. The producer will be con-
cerned with the lower probability value of each pair.
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For convenience, the values of interest are reproduced
in the following table:

Lower Bounds for Probability of
Population ~ Acceptance .

Mean  N=1 N=2 N=5 N=10
4500 082 089 093 088
4600 087 084 096 093
4700 091 096 098 096
4800 094 098 099 098
4900 096 099 099 099

If, for example, the number of samples is specified
to be N = 5 and the producer desires a probability of
acceptance of at least 99 percent, these data indicate
that a population mean of 4800 must be achieved.
Another interesting observation to be made from
the values noted above concerns the effect of increas-~
ing the sample size. Ordinarily, increasing the
number of samples would be expected to reduce both the
producer's and the consumer's risks. However, with
dual acceptance procedures of the type used in this
example, this is not necessarily the case for producer's
risk. For the larger values of the population mean rep-
resenting higher levels of quality, the probability of ac-
ceptance increases up to N = 5 and then begins to de-
crease as N becomes larger. This is the result of the
increased opportunity to fail the requirement on indi-
vidual test values.

CONCLUSION

Because the probabilities of passing the requirements
of a multiple acceptance procedure are correlated, the
compound probability of passing all requirements cannot
readily be determined. As an alternate approach, upper
and lower bounds for the desired probability can be cal-
culated. The theoretical basis for this approach was
developed, and the results were tested by computer
simulation.

An example was presented that demonstrated that

Unbiased Graduated Pay

Richard M. Weed

Conventional graduated pay schedules are biased in the sense that, on the
average, they provide less than 100 percent payment for a product that

is exactly at the acceptable quality level. The quality index on which
they are based is an essentially unbiased indicator of the percent defective
of the population but, because the highest level in the pay table is 100
percent, the average pay factor will usually be somewhat less. This may
create serious problems in certain instances but can be overcome by de-
veloping unbiased pay schedules that are linear functions of the estimate
of the population percent defective. This approach can be applied to
both continuous and stepped pay schedules and, in both cases, pay fac-
tors greater than 100 percent are permitted. These are used to establish
credit that may be applied to offset lower pay factors within specified
time intervals throughout a construction project. This method is
mathematically sound and produces the desired average pay factor at

all quality levels. It is not the same as a bonus provision because the
overall pay factor for each time period is still limited at 100 percent.

The preparation of tables for estimating percent defective is reviewed,
and both continuous and stepped pay schedules based on this measure
are developed. Operating characteristics curves and optimization curves
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these bounds provide a reasonably precise interval
estimate of the true probability of acceptance. The
calculations were performed by an interactive com-
puter program that can be a valuable aid, both to the
specification writer in developing the acceptance pro-
cedure and to the producer in determining the target
value necessary to meet it.

The purpose of this paper is to provide guidance in
the analysis of multiple acceptance criteria, not to
advocate the use of acceptance procedures of this type.
Depending on the measure of quality that is used and
the manner in which it is related to performance, other
acceptance procedures may be preferable. For ex-
ample, the concept of percent defective (i.e., percentage
of a lot falling outside specification limits) is often pre-
ferred by both designers and specification writers. For
this approach, the methods of Military Standard 414
(3) may be applied.

" Looking ahead, the bounds given by Equations 14 and
15 may prove to be useful in other situations in which
correlation exists. Successive moving averages, for
example, are correlated and may be analyzed in this
manner. Also, certain sequential sampling plans, in
which a failure results in the taking of a second sample
and combining it with the first, produce correlated
probabilities that can be analyzed effectively by the
boundary approach. In general, any application that
involves positively correlated probabilities is a poten-
tial candidate for this method.
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Schedules

are presented to compare these approaches and assess their effect on
bidding strategies.

Statistical construction specifications are based on a
desired end result and usually employ graduated pay
schedules to award payment in proportion to the extent
that the end result is achieved. An acceptable quality
level (AQL) is defined as that level of some quality mea-
sure of a product considered necessary for satisfactory
performance. When the acceptance procedure indicates
that the quality level is greater than or equal to the AQL,
the lot is eligible for 100 percent payment. If the tests
indicate that the lot quality level is less than the AQL,

a graduated pay schedule is used to determine the ap-
propriate reduced pay factor. In addition to the AQL,
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it is customary to define a rejectable quality level (RQL)
below which the buyer reserves the option to require
removal and replacement of the defective product. This
approach is described in several recent publications
(1-3) and has gained favor with many specifying agencies
because it provides a practical and equitable way to ac~
cept work that is only slightly deficient.

Although this concept has worked reasonably well in
practice, conventional pay schedules are biased in that
they award less than 100 percent payment, on the aver-
age, when the product is exactly at the AQL. Because
the highest pay factor in a conventional pay schedule is
100 percent and AQL lots will occasionally receive lower
pay factors, the expected average pay factor for AQL
product will always be somewhat less than 100 percent.
Typical AQL pay factors are often about 98 percent.

In many cases, contractors can compensate for this
bias by making small adjustments in their bid prices or
by producing at slightly higher quality levels. In some

cases, however, this bias can have serious consequences.

For example, consider the independent concrete producer
who supplies AQL concrete at $39.24/m® ($30/yd’) to
a general contractor who places it in a structure valued
at $392.39/m® ($300/yd®). In this case, an average pay
factor of 98 percent corresponds to a pay reduction of
0.02 x $392.39 = $7.85/m® (0.02 x $300 = $6/yd") that,
in all likelihood, would be passed back to the producer.
To offset this expected pay reduction, the producer
must either raise the bid price for AQL concrete by
$7.85/m® ($6/yd*) or else plan to produce concrete at a
considerably higher quality level, neither of which is
completely satisfactory. The first approach involves
an uncertain game of numbers in which the bid price
will not realistically reflect the value of the concrete.
The second alternative, discussed in a paper on optimum
strategy (4), can produce an equitable result for all
parties but leads to the extra expense of an average
quality level substantially above that which the specifying
agency has defined as acceptable. However, counter-
measures such as these will not be necessary if unbiased
pay schedules that award an average pay factor of 100
percent for AQL product can be developed.

ESTIMATING PERCENT DEFECTIVE

Before proceeding with the development of unbiased pay
schedules, it is first necessary to define the measure
of quality on which these pay schedules will be based.

Of the various ways that an acceptable or unacceptable
product might be defined, the concept of percent defec-
tive (i.e., percentage of the total population outside spe-
cification limits) seems to have considerable appeal to
specification writers. The overall proportion within
specification limits is felt to be strongly related to a
product’'s performance or service life, or both. This
general philosophy is promulgated in Standard 214-77 (5)
of the American Concrete Institute (ACI), although the
ACI acceptance criteria do not use a pure percent-
defective approach.

In order to develop a specification based on percent
defective, it is necessary to have an accurate method for
estimating the percent defective of a population. Military
Standard 414 (6) provides a method that involves the cal-
culation of a quality index from the mean and standard
deviation (or range) of a random sample. Once the qual-
ity index has been calculated, a table is consulted to
obtain the estimate of the percent defective of the lot
from which the sample was drawn. This method assumes
random sampling from a normal universe, conditions
that can be sufficiently met for most construction quality
characteristics.

For the standard-deviation method, variability as-
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sumed unknown and a lower limit only, the quality in-
dex is calculated as

Q. =X-L)/S 1)
where

Q. = quality index (lower limit),
X = sample mean,

L = lower limit, and

S = sample standard deviation.

In addition to the standard-deviation method, Military
Standard 414 provides a similar approach that uses the
sample range as the measure of variability, Although
the two methods are essentially equivalent for small
sample sizes, the standard-deviation method provides a
more precise estimate of the population percent defective
as the sample size increases. Also, Willenbrock and
Kopac (7) have pointed out that, although the range
method is quite accurate, only the standard-deviation
method furnishes a true minimum variance unbiased
estimate,

Willenbrock and Kopac (7) illustrate how Pearson's
Tables of the Incomplete Beta Function (8) can be used
to develop the Military Standard 414 tables that relate
the quality index to the estimate of percent defective.
By using Pearson's tables, it is possible to obtain both
a greater number of significant figures and a greater
selection of sample sizes than are presented in Military
Standard 414. Although it is possible to work directly
from Pearson's tables, it is far more efficient to per-
form this entire operation by computer. A typical table
developed in this manner is shown in Figure 1.

DEVELOPING THE PAY SCHEDULE

Before developing the mechanics of the pay schedule,

it is first necessary to determine the amount of payment
appropriate for various quality levels of work, Several
methods have already been proposed (1,2). When infor-
mation is available that relates a product's quality to
its performance, as is the case with the American As-
sociation of State Highway Officials' nomographs for
pavement design (9), I favor an economic approach (3)
in which the pay reduction is the present value of the
extra future cost anticipated as the result of deficient-
quality construction. Because this method takes into
account the salvage value of pavement that has reached
the terminal serviceability index, it tends to award
higher pay factors than some of the other methods and,
because it relates payment directly to value received,
this approach is believed to be both equitable and legally
defensible.

When applied to concrete pavement, the economic ap-~
proach produces a nearly linear relation between per-
cent defective and the appropriate pay factor as shown
in Figure 2. Although a pay schedule could be developed
that follows the curved relation, a straight-line approxi-
mation is felt to be adequate for practical purposes.
Since the primary points of interest are at the AQL and
RQL, the linear approximation will be made to pass
through these two points. Because the curve is concave
upward, the linear approach will produce slightly in-
flated pay factors between the AQL and RQL.

By means of the economic approach, or one of the
other methods, suppose that the desired pay factors at
the AQL and RQL are determined to be as follows:

Quality Level Percent Defective Pay Factor (%)
AQL 10 100
RQL 40 70
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Figure 1. Typical table used to estimate the percent defective
of a normal population (standard-deviation method).
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Figure 2. Typical relation between percent defective and desired
pay factor.
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This leads to two equations in two unknowns that can be
solved to give the slope and intercept of the linear func-
tion passing through these two points. This yields
PF=110-PD 2)
where PF = pay factor and PD = percent defective.
Equation 2 can be regarded as a continuous pay sched-
ule that awards payment as a linear function of the esti-
mate of the population percent defective. As this esti-
mate approaches zero, the pay factor approaches a maxi-
mum of 110 percent. The possibility of obtaining pay
factors greater than 100 percent could be interpreted as
a bonus provision if the specifying agency wished to treat
it as such, However, for purposes of this paper, it will
not be considered as a bonus because it is proposed that

pay factors above 100 percent be used only to establish

credit to offset pay factors less than 100 percent.

Under

this provision, the total payment for any billing period

cannot exceed 100 percent.

A stepped pay schedule (equivalent to Equation 2) can
be constructed, as shown below, in which discrete pay
levels are associated with specific ranges of percent de-
fective:

Percent Defective Pay Factor (%)

<5 110
5-14.99 100
15-24.99 90
25-34.99 80
35-44.99 70
45-54,99 60
»55 50

Frequently, stepped schedules are based directly on the
quality index (for specific sample sizes) and do not in-
clude an estimate of the population percent defective.
This eliminates the need for special tables to convert
the quality index to percent defective but may be less
meaningful to those who lack an understanding of the
theoretical basis for this approach.

The minimum pay factor in the stepped pay sched-
ule shown is 50 percent. If this same limitation is im-
posed on the continuous pay schedule given by Equation
2, it can be demonstrated by computer simulation that
the two pay schedules have essentially the same operating
characteristics curves as shown in Figure 3. Although
the existence of a minimum pay factor is a biasing in-
fluence, both pay schedules remain unbiased at the AQL
because they both provide expected pay factors of 100
percent at that point. At the RQL, the expected pay fac-
tor is very close to the desired value of 70 percent for
a sample size of N = 7 but, for a sample size of N = 4,
it is biased upward by about 2 percent. This slight
amount of bias at the RQL can probably be tolerated but,
if not, it can be removed by increasing the sample size
or by lowering the minimum pay factor.

If no minimum pay factor is specified, both pay sched-
ules have exactly the same operating characteristics
curve for all sample sizes, which continues in a straight
line down to a pay factor of 10 percent at 100 percent
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Figure 3. Typical operating characteristics curves produced
by unbiased pay schedules.
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defective. This relation results from the fact that the
pay factor serves as a linear function of the percent-
defective estimate that, in turn, is an unbiased estimate
of the population percent defective. When a minimum
pay factor is specified, the operating characteristics
curve becomes asymptotic to that value as the percent
defective increases.

Although either type of pay schedule, continuous or
stepped, will produce the same result in the long run,
the continuous type may produce more satisfactory
short-term results. With the stepped schedule, the dif-
ference in pay between two successive steps may be
fairly substantial. Whenever the true population percent
defective happens to fall close to one of the boundaries
in a stepped schedule, it is largely a matter of chance
whether the higher or lower pay factor will be received.
Although this tends to balance out in the long run, it could
work to the disadvantage of either party on a project
that has a small number of lots. The continuous pay
schedule, on the other hand, avoids this problem and is
limited only by the precision of the estimate of the popu-
lation percent defective.

REFINEMENTS OF THE UNBIASED
APPROACH

One refinement, the setting of a minimum pay factor,
has already been shown to have very little effect on the
operating characteristics curves down to the RQL, pro-
vided that the minimum pay factor is set at a level some-
what below that associated with the RQL. The purpose
for such a provision is to establish a minimum payment
level for rejectable work that, for practical reasons,

the specifying agency has allowed to remain in place.
For example, if either unbiased pay schedule is used
and the acceptance procedure has indicated a lot percent
defective of 65 percent, the lot is considered to be re-
jectable and the specifying agency has the option to re-
quire that it be removed and replaced at the contractor's
expense. However, in certain noncritical situations,
the specifying agency may not wish to exercise this op-
tion. The continuous pay schedule of Equation 2 would
award a pay factor of PF = 110 - 65 = 45 percent that,
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in this case, would be raised to the minimum level of

50 percent. If the acceptance procedure had indicated

a percent defective of 50 percent, this would still be
considered to be of RQL quality but would receive a pay
factor of PF = 110 - 50 = 60 percent if allowed to remain
in place.

Another refinement that may be desirable is a limit
on the length of time or number of lots over which the
contractor is allowed to apply credit obtained from pay
factors in excess of 100 percent. The concern here is
that a large accumulation of credit during the early
stages of a project could diminish the incentive to main-
tain high quality standards later on and, possibly, the
reverse situation might also occur. Because accounting
procedures are frequently based on one-month billing
periods, this may be a practical time interval within
which to permit crediting. An alternate approach would
be to establish a fixed number of lots in lieu of a specific
time interval. In either case, however, it is desirable
that the total number of lots within the credit interval
be reasonably large to permit the averaging process to
operate effectively.

Still another refinement that specification writers
may wish to make is the setting of a lower limit below
which a pay factor would not be eligible to receive credit.
This must be pursued with caution, however, because
it lowers the operating characteristics curve and may af-
fect the pay factor at the AQL. It is recommended that
this limiting pay factor be set no higher than that as-
sociated with the RQL.

A final refinement concerns the situation in which
there are items of different unit value. If lots of sub-
stantially different value are allowed to be averaged to-
gether by the crediting process, the degree of incentive
to produce good quality will be roughly proportional to
the in-place cost of the lot. This may or may not be
desirable from the specifying agency's standpoint and
must be taken into consideration in deciding how the pro-
cedure is to be administered. If this approach were in-
corporated into a concrete specification, for example,
it might be advisable to treat pavement and structural
items separately because of the considerable difference
in unit price.

IMPLEMENTATION

The implementation of this procedure lends itself to a
computerized approach, although a similar format can
be prepared quite readily by hand. Either way, the basic
input information for each lot would include the date, job
and section number, contracting firm, item code, lot
size, unit price, design value, sample size, and the in-
dividual test values. The itemized format would include
all this information plus the calculation of the quality
index, percent defective, pay factor, contract value, and
the credit or reduction in payment for each lot included
within the pay period. The net payment for the period
would then be computed in a brief summary as shown be-
low:

SUMMARY FOR PAY PERIOD 07/01/79 THROUGH 07/31/79

TOTAL NUMBER OF LOTS INCLUDED IN THIS PAY

PERIOD; ..o cwrvmn enionms an oo waommu s o mpis 30
NUMBER OF LOTS ACCEPTED AT FULL PAYMENT
OR EXTRA CREDIT .. ... ... .. i 25
NUMBER OF LOTS ACCEPTED AT REDUCED
PAYMENT s iiimnaa smomome smamsad i3 vi §.0dM 5
NUMBER OF LOTS JUDGED UNACCEPT-
ABLE s vmy smsms v s 93 @oWBOn GG 555098 Sapes 0
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Figure 4. Comparison of three types of pay schedules.
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TYPE OF PAY SCHEDULE

UNBIASED
CONTINUOUS

CONVENTIONAL
STEPPED

UNBIASED
STEPPED

PERCENT PAY PERCENT PAY
DEFECTIVE  FACTOR DEFECTIVE  FACTOR PAY | yq0.| PERCENT
£10.00 100 <5.00 110 FACTOR | OEFECTIVE
10,01-20.00 90 5.00-14.99 100
20.01-30.00 80 15.00-24.99 90
TYPICAL 30.01-40.00 70 25.00-34.99 80 MAXIMUM OVERALL PAY
EXAMPLE 40.01-50.00 60 35.00-44.99 70 FACTOR [S LIMITED
>50.00 50 45.00-54.99 60 AT 100 PERCENT.
255,00 50
MINIMUM PAY FACTOR
MAXIMUM OVERALL PAY FOR INDIVIDUAL LOTS
FACTOR IS LIMITED IS 50 PERCENT.
AT 100 PERCENT.
EXPECTED EXPECTED EXPECTED
PAY PAY PAY
FACTOR FACTOR FACTOR
TYPICAL
OPERATING
CHARACTERISTIC
CURVE
AL RQL AL RQL
PERCENT PERCENT PERCENT
DEFECTIVE DEFECTIVE DEFECTIVE
EXPECTED EXPECTED EXPECTED
PROFIT PROFIT PROFIT
10 10 10
TYPICAL
OPTIMIZATION
CURVE | ! |
: | i
0 0 : 0
0 AQL 0 AQL 0 AQL
PERCENT PERCENT PERCENT
DEFECTIVE DEFECTIVE DEFECTIVE
TOTAL CONTRACT AMOUNT FOR THIS PAY shown in this figure represent the expected outcome for
PERIOD. v v n o v o mim s o i e o s o e s 0 5 4 3580YR $827 300.00 a concrete producer supplying structural grade concrete
Tomt SE‘S‘S’JT‘.&)N ----------------------- g 17983.16 under a statistical specification. With the conventional
L%T REDUCTION e $ 1o Bsg.gg stepped pay schedule, the producer must set the target
’ strength well above the AQL in order to achieve the
TOTAL PAYMENT DUE FOR THIS PAY PERIOD  $827 300.00 maximum profit margin. In contrast to this, the opti-

In this particular example, since the total credits ex-
ceeded the sum of the pay reductions, the contractor
would have been entitled to a small bonus if such a pro-
vision were in effect. Because this is not the case, the
contractor receives the maximum of 100 percent payment
for this period.

EFFECT ON BIDDING STRATEGIES

It has been shown that conventional pay schedules may
create problems for both the contractor and the specify-
ing agency (4). The contractor who bids on and produces
exactly at the AQL will fail to achieve the desired profit
margin and may even suffer a loss. In order to maxi-
mize profits, it is often necessary to bid and produce at
levels substantially above the AQL. As a result, both
the quality and the price will be higher than the specify-
ing agency anticipated and, in fact, may not be economi-
cally justifiable from a cost-benefit standpoint. How-
ever, these problems can be avoided with the use of un-
biased pay schedules that produce an average pay factor
of 100 percent at the AQL.

Typical operating characteristics curves and optimi-
zation curves for three types of pay schedules—conven-
tional stepped, unbiased stepped, and unbiased continu-
ous—are compared in Figure 4. The optimization curves

mum point falls exactly at the AQL for the two unbiased
pay schedules. As a result, unbiased pay schedules will
tend to cause producers to control their production close
to the AQL level,

When making the optimization calculations, the operat-
ing characteristics curves for the unbiased pay sched-
ules are modified slightly to reflect the provision that
the total payment for any pay period cannot exceed 100
percent. The curves in Figure 4 are identical to those
shown in Figure 3 except that they plateau at a pay factor
of 100 percent. It is this discontinuity combined with the
100 percent limit that produces the rather sharp peak in
the optimization curves. Because of the very steep de-
cline of the optimization curves as the percent defective
increases above the AQL, the prudent producer may still
wish to set the target strength above the AQL value by
a small amount.

CONCLUSION

Conventional pay schedules are biased in that they award
less than 100 percent payment, on the average, for prod-
uct that is exactly at the AQL. Besides being basically
undesirable, this bias can create difficulties for both
contractors and specifying agencies in many instances.
Bidding strategies may be adversely affected and the
average quality level produced may be quite different
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from what specification writers expect.

Unbiased pay schedules can be developed by permitting
pay factors in excess of 100 percent to offset lower pay
factors with the provision that total payment for any bill-
ing period cannot exceed 100 percent. Pay schedules
of this type award payment in direct proportion to the
quality of the product up to an expected pay factor of
100 percent at the AQL. This overcomes a basic de-
ficiency of conventional pay schedules and tends to en-
courage contractors to perform at or just above the AQL.
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Information Systems in Highway
Construction: The State of the Art

Errol C. Noel

This paper is the result of an in-depth analysis of automated data-
processing tachnigues used in managing information that is normally
generated during highway construction. Such information includes mate-
rial availability, results of material testing, and quality-control decisions.
Information systems used by New York, Colorado, Pennsylvania, Louisi-
ana, lllinois, West Virginia, Georgia, and Minnesota are briefly reviewed.
Three categories of material and test data information (MATT1) systems
are discussed: batch information systems, on-line interactive information
systems, and on-line interactive laboratory information systems. These
systems represent the state of the art. Research indicates that there is
currently insufficient coordination among the states in sharing experi-
ence in the development and use of MATTI systems. Because MATTI
systems compete with other large users of computer resources, the need
for careful planning is emphasized so that too-sophisticated systems are
not developed where less-sophisticated systems are more than ade-

quate. The need for multidisciplinary involvement throughout systems
development requires greater emphasis.

This paper is the result of an in-depth analysis of auto-
mated data-processing techniques used in managing in-
formation that is normally generated during highway
construction. This information includes material avail-
ability, results of material testing, and quality-control
decisions.

Information systems used in New York, Colorado,
Penngylvania, Louisiana, Illinois, West Virginia,
Georgia, and Minnesota are briefly examined. Detailed
descriptions of systems structure, use, and capabilities
can be found elsewhere (1),

Three categories of material and test data information
(MATTI) systems are analyzed: batch information sys-
tems, on-line interactive information systems, and on-
line interactive laboratory information systems. These
systems represent the state of the art.

BACKGROUND

The increasing need for improved quality of highway
materials has led to a search for new and more effec-
tive quality-control methods (2,3). This search began
in the early 1960s with the application of statistical
analysis techniques to material performance data and
culminated in the implementation of statistically derived
specifications for highway construction materials and
procedures. Applying statistical quality-control methods
to specification writing has now become standard prac-
tice. However, there is a continued need for the periodic
updating of specifications and for more efficient methods
of providing basic data for justifying adjustments to ex-
isting specifications. Manual methods for satisfying
this need have been less than satisfactory (4). Efficient
manual processing and monitoring of material informa-
tion are practically impossible for large highway proj-
ects because of the difficulty in retrieving historical
data and managing the more current accumulation. This
management problem is not only due to tedious data-
gathering procedures but also to inconsistencies in test-
result recording procedures and filing methods used by
various administrative districts within each state.
Recent efforts to improve the materials management
process have focused on the adoption of the systems
engineering concept. With this adoption, it became ap-
parent that high-speed data processing is necessary for
improving the standard written specification and test-
reporting methods (5). Thus, the trend in the 1970s has
been the use of high-speed electronic computers for pro-
viding continuous feedback related to material use, test
performance, availability, specifications, and any
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pertinent recorded construction information. A variety
of materials and test data management systems are in
use in several states. These include systems developed
for specific situations and selections from generalized
data-base retrieval systems marketed today under various
generic names. Such names as data management sys-
tem, generalized information management systems, and
file management systems are popular terms used today.
Basically, computerized information systems belong
in two categories: (a) information analysis and (b) infor-
mation organization and file search. Analysis normally
consists of assigning a name to each stored item and
to each search request. Organization and file search
are concerned with the manner in which the stored in-
formation is organized in the file and with the corre-
sponding search procedures. The more elementary sys-
tems search sequential files, use simple record struc-
tures, and provide only rudimentary report formatting
facilities. The more sophisticated systems manage files
via indexes or links and function in an on-line or quasi-
on-line mode.

PROBLEMS ENCOUNTERED

As the research was well in progress, it became appar-
ent that data collection would be difficult. One of the
most significant problems observed was a lack of de-
tailed formal documentation of systems that were either
in full operation, being developed, or in the implementa-
tion phase. Thus, informal reports designed for office
use were used in compiling data on MATTI systems. A
comprehensive literature search did not reveal any
meaningful publication on the subject. This fact may
have constrained the scope of the research, in that valu-
able contributions to the state of the art may well be
lodged in MATTI systems other than those presented in
this paper.

Some states, in the development of their system, used
the most advanced technology in on-line interactive in-
formation systems. Others made use of the less-
sophisticated batch information systems. These two ex-
tremes of approaches provide a wide range in the quantity
of information made available but greatly reduced the
possibility of a meaningful item-by-item comparison
among systems. Although computer technology is the
key to efficient storage and retrieval of information, it
became apparent, as the research continued, that this
technology was not being fully used by some states.
Reasons for such practices could sometimes be traced
to the reluctance of some transportation officials to use
the state's centralized computer facilities because of
the alleged inadequate service provided by some centers.
Also related to these two major problems was the lack
of uniform definitions for identicaldata-processing terms.
These problems not only caused difficulty in seeking out
meaningful information for each state but also restricted
the research team from comparing all aspects of MATTI
systems for all states visited.

CLASSIFICATION OF MATTI SYSTEMS

There is a wide range in the capabilities of MATTI sys-
tems used today. Therefore, the classification of these
systems makes it easier to compare those that possess
similar capabilities, Classification also has the advan-
tage of presenting distinct levels of sophistication and
the various approaches for achieving the same objec-
tives. MATTI systems may be classified in various
ways so that specific hardware, operations, and user
characteristics are structured in categories of accom-
plishment. For this research, it is more meaningful
to adopt a classification method that clearly depicts user-
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hardware interaction. With this idea, the functional
classification presented below has been adopted.

1. A batch information system is the least complex
level of computer processing. At this level, stored pro-
grams are executed to process transactions only from
a list of job requests. Advanced batch programs per-
form more complex computation and produce detailed
reports of management operations.

2. In an on-line interactive information system, the
user communicates with the computer facility via ter-
minals, and requests are processed as they arrive. The
user usually gets quick responses that are often used to
further query the system for additional information or
provide some form of input and output. In order to ac-
complish this, it is necessary to provide some method
of time sharing, unless the system is dedicated to a
single user,

3. In an on-line interactive laboratory information
system, laboratory technicians communicate with the
computer facility via terminals. . Information is also
transferred automatically from material-testing equip-
ment to the main storage of the computer. All stored
information is retrievable but can only be changed by
authorized laboratory technicians.

OBSERVED SYSTEMS

The analysis of the data collected in the eight states re-
vealed that the application of a computerized information
management technique to material-testing and construc-
tion data is the general trend. Three approaches have
been identified: (a) batch information system, (b) on-
line interactive information system, and (c¢) on-line
interactive laboratory information system. Al-
though there is adequate merit for using all of these
approaches, there is no single approach that can be de-
scribed as best. Each approach tends to satisfy specific
conditions and has its advantages and disadvantages.
Batch processing was observed in Georgia, West
Virginia, New York, and Minnesota. Although
the actual operations of batch processing are standard-
ized, there is some difference in the quality of service
among these states. This difference appears to have
no correlation with the computer hardware nor the ex-
pertise of the data-processing staff. The degree of
emphasis on computerized highway construction infor-
mation, the selection of highway data to be computerized,
and the efficiency in data communication appears to be
dependent on an undefined priority-determining mecha-
nism adopted by the computer services centers and on
whether the bureau of materials or material information
ranks favorably on the priority list. Of the observed
states using the batch-processing method, only West
Virginia clearly enjoyed a good working relation with
the state's computer service center, This good relation
has fostered broad application of computer technology
to diverse highway construction data and has generated
a satisfaction about batch processing not yet observed
in the other states. The West Virginia system can ade-
quately accommodate the processing of information for
which the turnaround time is not shorter than two days.
Use of remote job entry-and-return peripheral hardware
has potential for further shortening the turnaround time.
Colorado, Louisiana, and Illinois have adopted the
on-line approach for processing materials and material-
testing data. These states have capitalized on the in-
stantaneous reporting and sorting capabilities of on-line
systems and are experiencing relative success in apply-
ing the methodology to data required on a demand basis.
A difference in the choice of computer hardware and in-
formation coverage exists. MATTI systems developed
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by these states possess similar data-interrogation capa-
bilities (the ability to search, analyze, select, and print
reports) but have adopted independent approaches for
accomplishing the same objectives.

Of the eight states visited, only Pennsylvania de-
veloped an on-line interactive laboratory information
system. This type of system is an outgrowth of the need
to reduce laboratory paperwork via automatic transfer
of test results from equipment to computer through which
instantaneous reporting is possible. The system fea-
tures minicomputers at the central laboratories and has
distributive processing capability.

Pennsylvania's automated laboratory testing and re-
porting system is a classical demonstration of the use
of minicomputers to complement batch operations that
are scheduled in accordance with priorities determined
by an external centralized data-processing unit. Of
course, at the time of this reporting, the Pennsylvania
system was still growing. Even then, some data-
interrogating features were identical to those systems
that used only giant equipment.

BATCH VERSUS ON-LINE SYSTEMS

On-line interactive methodology with applications to
material information has been observed in Colorado,
Pennsylvania, Louisiana, and Illinois. The other states
visited —Georgia, West Virginia, New York, and Min-
nesota—have favored batch processing, However, re-
gardless of sophistication, the trend is in the direction
of automatic management of highway construction infor-
mation. The two distinct approaches offer different ca-
pabilities, but the on-line method has a superior capa-
bility. However, the superior capability of the on-line
systems is only valuable if (a) there is need for quick
response, (b) there is an assurance that new information
is filed quickly, and (c) existing files are continuously
updated.

On-line systems are noted for great demands on op-
erating funds and computer time. Although on-line pro-
cessing may provide immediate response to an informa-
tion request and is amenable to nonskilled users, there
is a tendency for developers to apply the technology to
almost all construction information—even information
that is rarely needed on demand, There is a large
volume of construction information for which delivery
within several days is viewed as timely and has no nega-
tive effect on existing quality -control and quality-
assurance programs. For information with high flexi-
bility in delivery time, a well-designed batch operation
can provide a more-than-satisfactory performance.

On-line interactive information systems and on-line
interactive laboratory information systems are inher-
ently more complex than batch information systems. All
interactive systems respond in an almost instantaneous
manner. They often maintain a direct interface with the
intimate originator (the customer) of a transaction,
accept whatever demands are placed on it at the instant
they occur, and maintain secure control over its data
base and processing environment so long as there is a
customer expecting service. A transaction initiated at
one point in a day may interact with several other trans-
actions occurring at other times of the day. All of these
transactions affect a common data base. The system
must maintain control over these interactions until the
day is over. When all customers obtain answers for
the services they requested, the system can be safely
locked up. Any failure in the system that occurs during
this entire stream of interactive processing may have
an immediate and serious effect on the ability of the
various users of the system to continue their daily
activities.
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This characterization of on-line information systems
is in sharp contrast to a similarly structured character-
ization of batch information systems, which, by defini-
tion, aggregate transactions as they arrive into efficient
processing groups. Inherent in the concept of batch
processing is its relative inexpensiveness and the pres-
ence of several protective stages between the originator
of the transactions and the system. Data provided by
the originator are always edited, converted to machine
format, and accumulated into batches of similar data
many hours or days before processing.

Batch processing is almost always sequential, file-
oriented, and multistaged; hence, the interaction be-
tween various transactions is trivial. Because of this
staged handling of data, reliability and security are
easily provided in the passing of data from one file to
another with the maintenance of several generations of
data for backup. The failure of a computer system in
a batch-processing environment is often unobservable
to the outside user because of the expected length of time
between submission of each transaction and the return
of results and the relative simplicity of backing up one
batch-processing computer with another.

In contrasting on-line interactive system operations
with batch processing, one finds the latter to be com-
posed of simple questions and answers with a few inter-
dependencies. Whereas the on-line interactive system
answers more complicated questions, it requires much
more complex answers with many greater interdependen-
cies. For example, if a processing step is omitted in
the initial design of a batch-processing system, the prob-
lem can often be corrected with an additional step. On
the other hand, if a similar kind of error is made in an
on-line interactive system, corrections may require
redesign of the entire data base and have a serious im-
pact on the equipment requirement and the performance
of the system. If a batch-processing application exceeds
its core memory allocations, the problem can be easily
solved by fragmenting the application into several runs—
the only difference being a slight increase in total pro-
cessing time. The on-line interactive system makes
highly integrated use of core memory, and, if the appli-
cation exceeds the core budget, it may be necessary to
get more physical core memory because no practical
way may exist to fragment the application after it has
been designed and programmed.

In summary, it is much more difficult to design an
on-line interactive system than to design a batch-
processing system because the entire on-line interactive
system design must proceed from the outset as a com-
pletely integrated entity that considers all possible types
of transactions, alone and in combination. Interactive
systems generally cannot be handled by fractionalization
into sequential runs and, hence, a failure to achieve
system performance objectives at the outset cannot be
corrected merely by spreading the work over a longer
period of time. Throughout all phases of the system de-
sign (from concept through implementation to test), the
system will be in much more intimate contact with the
user environment than in a batch-processing application.
A correspondingly higher quality of effort at each stage
is required to ensure success. The development or-
ganization will be much more exposed to outside criti-
cism than in the case of batch applications.

INTERDISCIPLINARY TEAM IN
SYSTEM DEVELOPMENT

The quality of the system design and, ultimately, of the
system is highly dependent on the effectiveness of the
dialogue between members of the design team and users.
During the design effort, both parties are going through
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a process of problem solving and learning together. The
design team learns more about the characteristics and
idiosyncracies of the operating environment of the agency
and about which computer~-based functions will be critical,
marginal, or not useful. The user, in turn, learns
about the capabilities and limitations of the design team
and the developing system and also about the cost and
feasibility of various functions. It is critical, therefore,
that the design team foster and nourish a cooperative
learning climate characterized by mutual respect and
confidence. Accomplishing this learning climate is
facilitated by a team equipped with computer expertise
as well as a knowledge of highway construction informa-
tion and the expectation of various users.

At the outset of the design process, there may in-
evitably be considerable ignorance on both sides. Be-
cause people do not like to appear ill-informed, a de-
fensive posture that inhibits the free exchange of infor-
mation and ideas can easily be developed. This problem
has no textbook solution, given the variety of possible
personalities and situations. Suffice it to say that the
interdisciplinary team should be willing to listen and
should be adept at winning and keeping the confidence
of the users.

A more straightforward aspect of coping with the
learning process is for the interdisciplinary team to
identify major areas of ignorance early in the initial de-
sign stage. The team, for example, may need to learn
a lot about the flow of work, document preparation, and
decision-making or management control processes in a
user area. Correspondingly, the user may have con-
siderable difficulty in stating his or her output require-
ments because of the user's unawareness of the capa-
bilities and limitations of hardware and software. Once
the major gaps in knowledge are identified, a variety of
frontal attacks is appropriate—for example, data col-
lections, interviews, seminars, sample program and
output discussion, and work experience. It is important
not to waste the user's time by using ineffective tech-
niques or by rehashing old materials.

For the eight highway agencies covered by this re-
search, two distinct data-processing environments were
observed, The first environment is that in which the
agencies make use of the state's or transportation de-
partment's centralized data-processing center. With
this arrangement, the highway agency performs all tasks
except those related to the mechanical information pro-
cessing performed by computers and their peripheral
equipment. The center provides processing services by
means of terminals and transmission devices. The
second environment is one in which the user-agency
controls its environment. This environment allows the
agency to be independent of other agencies that use a
centralized data-processing center and to be independent
of the needs of the centralized center for keeping its
machine operational and upgrading its capabilities. For
example, in periods when operators of centralized data-
processing services are experiencing heavy demand for
services, a problem of assigning priority develops, and
operators usually take control of the machines and, thus,
hinder first-call-first-served operations. This affects
low-priority users. )

Another disadvantage in using a centralized processing
center can be identified as priority interruptions during
development. A new application implemented by another
agency may require relatively high machine priority in
order to operate effectively in such an environment.

This is most often true for an on-line application. This
high-priority requirement may well interfere with other
users of the center and cause conflicts between the needs
of users. In addition, it may be that the response time
of the new application suffers from contention with other
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applications for system resources, such as the operating
system and direct access storage. Hence, the effect on
the response time of a new application being implemented
in an environment of centralized processing is relatively
uncontrollable, compared with a situation in which the
machine is owned and operated by an agency.

Moreover, the deciding factor in justifying the use
of an in-house machine versus centralized data process-
ing can be traced to cost. In analyzing the hardware and
operating costs for implementing a large in-house ma-
chine, the agency or bureau must decide whether to use
a full-cost or an incremental-cost approach., Full cost-
ing would charge all applications for the resources that
are used directly plus a proportionate share of all other
resources in the system that are shared. For example,
applications would be charged for their use of the com-~
puter printout unit and peripheral equipment plus a por-
tion of operating system memory space, floor space oc-
cupied by the machine, heating and cooling, and opera-
tional staff. It may be desirable in some in-house en-
vironments to consider incremental costing, but it must
be recognized that there are a number of potential prob-
lems raised by this approach.

First, computer personnel expenditures constitute
more than 50 percent of a total automated data-
processing (ADP) budget and are greater than one-and-
a-half times the expenditure for hardware. Thus, ex-
cluding these charges along with charges for floor space
and system resources used by the operating system im-
plies excluding the majority of all real costs. Second,
the incremental-cost approach could be unfair to other
system users. In addition, as the needs of the system
user grow, additional memory and peripheral devices
may have to be purchased. The incremental-cost users
may have to justify this cost, and the costing approach
may be converted from incremental costing to full cost-
ing. Finally, the degree of control of an in-house com-
puter versus centralization could be based on the need to
isolate specific applications from the effects of other
applications in a central environment,

SELECTING A MATTI SYSTEM

The degree of sophistication required for computerized
management of construction information should be based
on the following factors:

1. Wwillingness of employees to abandon old methods
and adopt the proposed method (expressed willingness
can be very deceptive; it is the spontaneous willingness
resulting from high employee morale that should be of
great concern);

2. Level of effort that will be made to inform and
instruct all relevant personnel about the aims, objec-
tives, operations, and procedures of the new system
(a poor effort could result in inadequate use of a highly
sophisticated system, thus nullifying anticipated bene-
fits);

)3. The responsiveness that is required for critical
information needs (it is pointless to have a system that
is capable of instantaneous on-line reporting if the same
information is infrequently required and reports can be
supplied in good time by less costly and sophisticated
systems);

4. The quality of countinued training required to
involve newly recruited personnel and to maintain the
information-processing expertise, regardless of the
job-changing habits of key technical personnel;

5. The quality of service available from a general
computer center compared with that of a special local
computer for providing ADP services to the suborgani-
zational level with the responsibility of managing ma-
terial information;
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6. Whether direct user access to hardware is de-
sirable and justifiable, compared with the creation of
special staff positions for operating the computer ma-
chinery and processing information;

7. Future trends in the need for certain types of
material information and the decreasing need for manage-
ment of same;

8. Factual determination that current information
is too voluminous to be manually or batch processed in
a timely manner;

9. Availability of sufficient development, imple-
mentation, and operating funding (when funds are
scarce, there is a tendency to merely search for inex-
pensive equipment to do the job, and often its compata-
bility with existing equipment and future expansion is
neglected; a staged introduction of equipment with long-
term use should be considered so that both equipment
purchase and data coverage can be phased; an open-ended
system is most amenable to staged implementation); and

10. Experience of other states, which is very
valuable,

CONCLUSIONS

The reasons for developing a computerized materials
and test data information system vary among states and
depend mainly on the expertise of the technical staff and
the availability and willingness of administrators to pro-
vide funds for its development and implementation.
However, there are several essential benefits that are
often quoted as the basic motivators behind computeriza-
tion. It would be fair to say, though, that how well these
benefits are realized depends on system sophistication
and user acceptability. Probable benefits that can be
derived from a computerized MATTI system include the
following:

1. Simplifies data documentation;

2. Improves information accuracy;

3. Frees engineers involved with data manipulation
so that their time can be directed at more creative ex-
ercises;

4, Provides timely access to stored data for veri-
fication of on-going operation, research, problem solv-
ing, and planning;

5. Reduces number of people needed for processing
data;

6. Offers better control of the quality of highway
construction materials;

7. Provides efficient and effective transfer of in-
formation;

8. Provides improved and timely monitoring of con-
struction projects for compliance with specifications;
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9. Maintains a continuous log of basic construction
materials for specification development and adjustment;
10. Considerably reduces time spent in manually

typing, auditing, or spot-checking test reports;

11. Eliminates final manual audit of testing com-
pliance and the accelerated certification of construction
items to the Federal Highway Administration (FHWA);

12. Centralizes storage of all highway construction
information; and

13. Provides a more meaningful continuous record
of the pattern of variation in personnel (contractors),
materials, and machinery for subsequent statistical
quality -control evaluation.

There is no doubt that MATTI systems have tremen-
dous capabilities for managing information. But capa-
bility alone does not guarantee efficient system use.
Hence, there is a need to encourage, when possible,
meaningful participation of all potential users of a pro-
posed system during its planning and development. An
interdisciplinary effort has tremendous potential for re-
ducing misunderstandings and petty favoritism.
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