MEMORANDUM

RM-4852-PR
JANUARY 1966

LOGISTICS SYSTEMS CAPACITY

David S. Stoller

PREPARED FOR:
UNITED STATES AIR FORCE PROJECT RAND

2t LA D g

SANTA MONICA « CALIFORNIA






MEMORANDUM

RM-4852-PR
JANUARY 1966

LOGISTICS SYSTEMS CAPACITY
David S. Stoller

This research is sponsored by the United States Air Force under Project RAND—Con-
tract No. AF 49(638)-1700—monitored by the Directorate of Operational Requirements
and Development Plans, Deputy Chief of Staff, Research and Development, Hq USAF.
Views or conclusions contained in this Memorandum should not be interpreted as
representing the official opinion or policy of the United States Air Force.

DISTRIBUTION STATEMENT

Distribution of this document is unlimited.

1700 MAIN ST + SANTA MONICA * CALIFORNIA + 90404




-ii-

Published by The Ranp Corporation



-iii-

PREFACE

Capacity is a fundamental concept in the measurement of logistics
system performance. This study presents an unambiguous definition of
logistics system capacity that is related to a number of standard
measurements of industrial capacity. The concept of logistics system
capacity provides managers and management analysts with direct and un-
complicated methods of assessing logistics system performance.

Selected arbitrarily, management norms can produce effects opposite
to those desired; but traditional measures of system efficiency, such as
volume of production and utilization rate, when placed within the frame-
work of logistics system capacity, can be viewed in the proper perspective.
In this way, management norms for logistics system performance can be
selected to achieve economically desirable goals.

The concept of logistics system capacity is useful for such purposes
as evaluation of the effectiveness of a system, plan, or work center;
the rationalization of the planning of production; the support of deci-
sions on the procurement and allocation of production equipment and
personnel; and the provision of inputs to cost/effectiveness analysis.

The intended recipients of the study are Air Force staff planning

and analysis offices.
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SUMMARY

"Managers need tools for assessing performance and effectiveness
and relating these to goals. They want to know how performance models
may be translated into management tools. They need measures in terms
of common units which may signal the need for managerial corrective

1

actions." The above quotation was taken from the summary presentations

of the Proceedings of the Department of Defense Logistics Research
Conference,ts] recently held under the auspices of the Assistant Secre-
tary of Defense (Installations and Logistics).

The object of this study is to examine some of the fundamental
concepts useful in measuring the performance of logistics systems and
explore some of the implications to management of these concepts. This
is done in terms of the concept of logistics system capacity, which is
related to the concept of industrial capacity. One may distinguish
three general categories of industrial capacity concepts: engineering,
statistical, and economic. This study examines several widely used

concepts of industrial capacity in each category as follows:
Engineering: Rated; Theoretical; Practical.
Statistical: Normal; Maximum Normal; Peak.

Economic: Minimum Average Total Cost; Marginal Cost; Normal

Sales Expectancy.

The relationship between logistics systems capacity, as defined in this
study, and these widely used concepts of industrial capacity is
examined.

Logistics systems capacity as defined in this study depends on four

fundamental parameters:

1. Production Rate -- the average output of the system.

2. Throughput Time -- the average time required per unit output

to process through the system.

3. Utilization Rate -- the average fraction of available pro-

duction time during which productive facilities are actively

processing units through the system.
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4, Waiting Rate -- the average fraction of throughput time
during which units are not actively being processed by the

system.

Taken together these four parameters define the capacity of a
logistics system by means of a capacity diagram. The parameters are
useful as inputs to: evaluating the effectiveness of a system, plant
or work center; planning production, including the procurement and
allocation of production equipment and personnel; and cost/effectiveness
analysis.

To illustrate these concepts and their application, the study uses
a performance model of a simple logistics system; the capacity para-
meters are calculated and applied to typical management problems.

The Memorandum discusses some of the problems involved in des-
cribing capacity in a performance model of more complex logistics
systems--the two-product and multiproduct systems. Finally, the
Memorandum discusses some of the problems of estimating logistics sys-
tem capacity parameters from field data; and the impact of dynamic
changes (such as growth) in capacity.

The study has two major conclusions:

1. logistics system capacity can be defined in a precise way
that is useful for performance models and is consistent

with definitions of industrial capacity.

2. The concept of logistics system capacity provides managers
and management analysts with simple tools for assessing
logistics system performance, and for acquiring unambiguous

inputs with which to determine system effectiveness.
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I. INTRODUCTION

This study deals with the problem of measuring logistics system
performance. Performance is a scaled measurement that quantifies the
status of a logistics system. Measurements of performance are objective
and passive, however, and by themselves imply no value judgments. (An
analogy is the speedometer reading of an automobile. A speed of 65 mph
is acceptable on an uncrowded freeway, but not on a residential street
near a school.) Measures of effectiveness, on the other hand, attach
values to performance to obtain evaluative criteria, but this is a
separate question.

The analogy of the speedometer illustrates the fundamental purpose
of measures of logistics system performance. They quantify states of
the system so that such terms as ''too fast" or '"too slow'" can be des-
cribed more precisely. In this study, logistics systems performance is
treated as a problem in measuring capacity. The process of measuring
logistics system capacity is closely related to, but differs in some
significant aspects from, the measurement of industrial capacity.
Logistics system capacity is defined in Sec. II by four fundamental
parameters that are important for management of both the logistics system
itself and the operational system it supports. The capacity parameters
are useful inputs in such areas as (1) evaluating the effectiveness of
a system, plant, or work center; (2) production planning, including the
procurement and allocation of production equipment and personnel; and
(3) cost/effectiveness analysis.

Capacity has proved to be a difficult concept to define in the area
of industrial production, where it has been treated from at least three
points of view: engineering, statistical, and economic. Its definition
in Sec. II is consistent with most definitions of industrial capacity,
however, and further provides a framework for interrelating these diverse
measures of industrial capacity, which are discussed and compared in
Sec. III.

Sections IV and V display the properties of logistics system
capacity for a simple case, and indicate how the parameters are calculated
and how they can be used as inputs for decision making. Sections VI, VII,
and VIII discuss some of the considerations required in the measurement

of logistics systems capacity in more complicated cases.



II. ELEMENTS OF CAPACITY

The primary goal of a logistics system is to provide a stipu-
lated level of support to an operational system. 0f course, it is
desirable that this stipulated level of support be provided at mini-
mum cost. However, for short-run allocation it is mot necessarily
desirable that the logistics system operate at the point of minimum
average total cost. This is so because the short-term incremental
value of the level of service provided by the logistics system may be
(and usually is) many times greater to the operational system than
the (imputed) loss to the logistics system caused by operating above
the output level of (long-term) minimum average total cost. (The
reverse could also be true, in that the short-term value of the out-
put may be so low to the operational system--as would be the case,
e.g., for the repair of a rapidly obsolescing part--that it would be
desirable for the logistics system to operate at a level of output
below that which corresponds to long-term minimum average total
cost.)

One way to overcome this difficulty is to expand the scope of
the analysis to include the cost of both logistics systems and opera-
tional systems in the same model. But the fact remains that again
it is not necessarily desirable to operate the logistics plus opera-
tional system at minimum average total cost, since in the short run
some resources are fixed. Value must be placed on the level of out-
put of the logistics plus operational system, and the desirable level
of operation may be above or below the level corresponding to minimum
average total cost.

Since the problem cannot be circumvented by increasing the scope
of the system studied, it is proposed that logistics systems capacity
be measured in highly aggregated input /output temrms. The output can be
given value in whatever way is necessary for the particular context of
the operational system being supported. For the purposes of the dis~
cussion in this Section, that is considered to be a separate question,
and consideration is restricted to the measurement of logistics systems

performance.



For expository purposes in this Section, consideration now is
focussed on a single-product logistics system. That is, the output is
measurable in such terms as repairs completed (or parts supplied, or
messages delivered, or trips completed) and no differentiation is made
among repairs (or parts, etc.).

The basic measurement of output is volume per unit time. Depending
on the particular logistics system, this may be in terms of servicings,

repairs, processings, etc. The generic term production rate (P.R.) will

be used to designate the output of units per time period from the
logistics system; for example, a repair facility can be said to have the
capability of achieving 100 repairs per week, an information network can
handle 1,000 messages per day, a transportation network can move 10,000
truckloads per month.

It has been demonstrated in many studies that the production rate of
a logistics system is not the only critical quantity in determining the
level of service that should be provided to the operational system being
supported, and that another critical feature of the service provided by

the logistics system is the time required by the system to process a

*
given unit of output. Depending on the particular logistics system, this

may be termed unserviceable time, resupply time, delivery time, etc.

The generic term throughput time (T.T.) will be used to designate the

time spent in the system by each unit of output; for example, a repair
facility can be said to have the capability of achieving a given repair
in one day; an information system can deliver a given message in ten
minutes; a transportation network can deliver a given truckload in two
weeks. It is interesting to note that, just as there is a tendency to
set up a standard for output in terms of a suitably defined maximum

production rate, there is a similar tendency to set up a standard for the

time to produce a unit of output in terms of a suitably defined minimum

throughput time. As will be seen subsequently, the two quantities are

usually antithetical.

0f course, both the production rate and the throughput time vary

-
See Refs. 11, 18, 19, 22, 29,



from unit to unit processed by the logistics system, and these quantities

will be thought of in terms of averages when appropriate. Let

Ai = the time at which the ith item enters the logistics system
for processing, and »
Di = the time at which the ith item completes processing and

leaves the logistics system.

r23]

(Note that it is not always the case--nor indeed is it always desirable
that items leave the system in the same order in which they arrive for

processing.) Then, referring to Fig. 1,

P.R. = Production Rate

average number of items leaving system per unit time

N

max D,
. i
i

and

T.T.

Throughput Time

average time in system per item processed

-Ti_ Z (Dy-45)-

1

In specific cases, it may well be that items leaving the logistics
system may recycle through the system at some future time. While this
contingency is highly relevant to models of logistics systems, it does
not change the definitions of production rate and throughput time,
since an item re-entering the logistics system can be thought of as

a "new'" unit in terms of demand for the processing provided by the

system.
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At first glance it might appear that production rate and throughput
time are dependent system parameters; however, simple examples will suf-
fice to show that they are independent.

Suppose the function of the servicing system is to repair a "black

1

box." There are ten repairmen in the facility, each of whom working alone

can achieve a repair in ten days, on the average.

Situation A: Boxes enter the facility at the rate of one per day,
and all the repairmen work on one box until it is completely repaired,
*
and then all work on the next box in the line. The two operational

parameters are:

P.R.
T.T.

1 black box per day;

1 day per black box.

Situation B: Boxes enter the facility at the rate of one per day,

but each repairman is assigned a separate box to work on alone. Then,

P.R.
T.T.

1 black box per day;

10 days per black box.

The two examples above demonstrate that the throughput time is not
necessarily uniquely determined by the production rate. To show that
the production rate is not necessarily uniquely determined b; the through-
put time, consider the same facility (10 repairmen, each of whom can

repair one-tenth of a black box per day).

Situation C: Boxes enter the facility at the rate of one every

ten days, and all repairmen work on one box until it is completed.

P.R.
T.T.

0.1 black box per day;

]

1 day per black box.

Situations A and C both have the same throughput time but different pro-
duction rates.

The preceding discussion suggests that the two parameters, production

%

It is assumed that this work-scheduling policy is physically re-
alizable. 1Indeed, the greater (or perhaps lower) effic&ency of the
individuals working in teams can be taken into account.



rate and throughput time, are important independent characteristics

of system capacity. For a fixed allocation of resources, scheduling
policies, etc., a given processing system would react to increasing
workload as in Fig. 2.

Another characteristic of capacity that is closely related to the
production rate and the throughput time is based on the degree to which
the various nonconsumable resources are utilized in achieving a given
level of production. Depending on the particular logistics system,
this might be maintenance manpower, computer time, checkout equipment
time, etc,

The generic term utilization rate (U.R.) will be used to designate

the degree of utilization of nonconsumable resources; for example, a
repair facility can be said to have an 85-percent utilization of sche-
duled available skilled man-hours on repair tasks, the computer in an
information system might be utilized 65 percent of the scheduled avail-
able computer time, and an assembly and checkout facility might utilize
a critical test bed 90 percent of its scheduled available time. For a
fixed allocation of resources, scheduling policies, and the like, the
utilization rate for a given processing system would react to increasing
workload as in Fig. 3.

In most applications, another factor besides the scheduling of tasks
has an important effect on both throughput times and production rates,
namely the congestion of items in the processing. This depends not only
on the statistical description of the rate at which units can be
processed and the scheduling of tasks within the process, but also upon
the statistical description of the average rate at which the units arrive
for processing. Most logistics systems can be described in terms of
pomplex chains of processing channels with many different possible paths
through the network of channels. In the simplest processing model,*
if the average arrival rate is equal to the average processing rate, the
average production rate is a maximum (and equals the average processing

rate), and the average throughput time increases without bound, due to

Negative exponentially distributed inter-arrival and processing
times, single processing channel, first-come —first-served scheduling.
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the accumulative queueing of units. If the average arrival rate is omne-
half the average processing rate, the production rate is one-half the
average processing rate, and the average throughput time is equal to
twice the average process time (because on the average there is one

unit waiting for processing while one unit is being processed).

The generic term 'waiting rate' (W.R.) will be used to designate
the congestion of units in a logistics system; e.g., in a repair
facility, an average of one-third of the unserviceable aircraft may be
waiting for maintenance; in an information system, 5 percent of the mes-
sages may be delayed in transmission; in a transportation system, a
shipment may spend an average of 40 percent of the throughput time in
warehouses. The behavior of waiting rate as a function of workload is
similar to that of the utilization rate (see Fig. 3).

In sum, four elementary parameters seem appropriate for describing

the capacity of a logistics system:

1. Production Rate (P.R.):-- the average output of the system,

measured in units leaving the system per unit time.

2. Throughput Time (T.T.) -- the average time required, per

unit processed, to process through the system, measured

from time of entry to time of departure.

3. Utilization Rate (U.R.) -- the average fraction of avail-

able production time during which productive facilities
are actively processing units through the system, measured

in percent.

4, Waiting Rate (W.R.) -- the average fraction of throughput

time, per unit processed, during which units are not being
actively processed by the system, measured in percent of

the Throughput Time.

No stipulation is made that any of these quantities should be maxi-
mized or minimized. Indeed, the various definitions of industrial
capacity given in Sec. III indicate that an extremum value of any of
these elementary parameters would generally result in a nonoptimal

operation. From the point of view of analyses of logistics systems,
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the level of output which corresponds to the minimum cost per unit
processed is only one of many different levels of output that are
relevant to the goal of a logistics system--the support of an opera-
tional system. Analysis of logistics systems usually requires that
several different alternatives be considered in terms of the productive
facilities and the efficiency of organization. This suggests that a
useful procedure for measuring capacity in the analysis of logistics
systems would be parametric, so that the impact on the operational sys-
tem of a range of alternatives can be more readily assessed,

A primary question of interest is: What will be the performance of
the logistics system under varying degrees of workload (demand for its
output per time period)? As indicated in the previous section, with all
other factors fixed, a given level of workload results in some value of
P.R. (production rate; output), T.T. (throughput time), and U.R. (pro-
ductive resource utilization rate), and W.R. (nonproductive waiting rate).
This suggests that a fundamental tool in the investigation of logistics
system performance is a '"capacity diagram,' that is, a functional, tabular
or graphical expression of the way in which P.R., T.T., U.R., and W.R.
interact for a given system. Typically, as workload increases from
relatively low to relatively high, P.R. will increase but will be bounded .

*
by a level of output called maximum production rate (Max P.R.). At the

same time, T.T. will increase without bound from some minimum value, and
the U.R. will increase toward 100 percent, as represented in Fig. 4. The
W.R. will typically behave qualitatively like the U.R.

Generally speaking, all other factors equal, low values of through-
put time are associated with low utilization rates, low waiting rates,
and low levels of production (lowest dotted line in Fig. 4), whereas
high values of throughput time are associated with high utilization rates,
high waiting rates, and high levels of production (middle dotted line
in Fig. 4).

*
In some types of logistics systems, it is conceivable that the
P.R. will decrease from the Max P.R. for increases in workload beyond

gome saturation level.[8][9]
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ITI. COMPARISON OF CONCEPTS OF CAPACITY

In a broad sense, "capacity" is a measurement (or an estimate) of

the amount of output per unit time that a stock of plant and equipment

[2]

found among all the various measures of industrial capacity now in

can produce. This is about the only point of agreement that can be
use. However, it should be noted that most of the diversity in measures
of industrial capacity is due to different contexts for which the con-
cept is defined.

One class of industrial capacity concepts is an engineering type
of estimate based on the physical attributes of production equipment. 32]

The class of capacity measurements based on engineering considerations

includes:

RATED CAPACITY -- an output potential, by implication applicable
to only a relatively short time period, with unlimited supply of

labor and raw materials.

THEORETICAL CAPACITY -- a theoretical maximum output figure,
computed for a relatively longer period of time by projecting

the RATED CAPACITY.

PRACTICAL CAPACITY -- an adjustment of THEORETICAL CAPACITY
to compensate for such factors as fluctuations in the supply
of labor and raw material, machine maintenance (scheduled and

unscheduled), etc.

It would appear that capacity measurements based on the physical attri-
butes of production equipment is most appropriate for industrial output
based on a single-phase, single-activity type of process, and less
appropriate for a multi-phase, multiple complementary activities type
of process.

Another class of industrial capacity measurements is based on

statistical observations:

NORMAL CAPACITY -- the average output per unit of time observed
[2]

in the past few time periods.

MAXIMUM NORMAL CAPACITY -- the maximum output observed under
[20]

normal work schedules.
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PEAK CAPACITY -- interpolation and /Jor extrapolation of peak
[17]

outputs observed in the past.

The class of statistical measurement of capacity suffers from all the
usual defects of purely statistical information, but does have the
virtue of dealing with observed outputs of the system.

Finally, another class of capacity concepts is based on economic

and cost analysis considerations:

MINIMUM AVERAGE TOTAL COST CAPACITY -- that output which can be
210121

produced at minimum average total cost."

MARGINAL COST CAPACITY -- that output at which the short-run
marginal cost exceeds the minimum short-run average total cost

by some given percentage.

NORMAL SALES EXPECTANCY CAPACITY -- that output which is equal

to sales expected for the given time period.Elo]

The MINIMUM AVERAGE TOTAL COST CAPACITY is

From an economists's viewpoint, ... & cost concept. It is
usually defined as that output which can be produced at
minimum average total cost, given the existing physical
plant and organization of production and the prevailing
factor prices. Unit costs of production will be higher
than the minimum if actual output either exceeds or falls
short of capacity output, owing to decreases in efficiency
because the input of labor and materials is either too
large or too small to make optimum use of the physical
facilities. That is, the average total cost function is
U-shaped, though not necessarily symmetrically so, and
capacity utilization may exceed or fall short of 100 per-
cent as output varies to either side of the point of
minimum average cost. At any given time, then, capacity--
an output variable--depends on the size of the capital
stock, the level of production technique, and the prices
of productive resources.

The definition of MARGINAL COST CAPACITY is somewhat arbitrary, but
it apparently is an attempt to construct a ''maximum capacity' type of
capacity measurement on an economic basis. The MARGINAL COST CAPACITY
"would be one accompanied by significant slowdowns or lags--for example,

"[2]

slowdowns, inefficiencies, or lags in filling orders.
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The definition of NORMAL SALES EXPECTANCY CAPACITY is a combination
of statistical considerations plus subjective, judgmental factors. It

is related to the definition of practical capacity by the relationship:flo]

"PRACTICAL CAPACITY minus NORMAL SALES EXPECTANCY CAPACITY
equals IDLE CAPACITY."

The primary advantage of the two economic types of capacity measure-
ments is that they are consistent with the basic theory of optimum
economic production.* The primary disadvantage is the difficulty of
determining the total average cost curve, either directly or indirectly.

The primary advantage of the cost-analytical type of capacity mea-
surement is its use as a management tool in planning production quotas
and in allocating production costs. The primary disadvantage is the high
degree of subjectivity involved in the estimate.

Many of the past difficulties with various measurements of capacity
have been attributed to the preoccupation with calculating the maximum
output producible during some period of time under given conditions. 31]
As a consequence, statistical observations of actual output almost
always result in assessing actual operations to lie "below 100 percent

capacity."

This means that the output of actual operations is being
scaled against an output figure, however arrived at, that represents--
for a given physical plant, organization of production, and productive
resource prices--a level of operation at which the marginal cost of pro-
ducing an additional unit of output is already prohibitively high.

Each of the measures of industrial capacity discussed above can be

regarded as a different level of production for a given capacity diagram

as defined in Sec. II. Although it is not possible to place them pre-

cisely in general, Fig. 5 indicates some order-of-magnitude relationships.

*Another definition of capacity in this class is derived from the
concept of the equilibrium rate of growth of investment in productive
resources.[ 4] In Ref. 25, the equilibrium rate of growth is based on
calculating fixed assets at the beginning and end of intervals between
certain peak employment years. This latter procedure is a combined
economic and statistical approach that has some of the characteristics of
the PEAK CAPACITY category of measurement.

In specific instances, the order and relative placement may well
be different from that shown.
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The highest estimate of P.R. would very likely result from THEO-
RETICAL (or RATED) CAPACITY since this figure is based on unlimited
supply of labor and material and uninterrupted operation of the pro-
duction facility (and by implication, an "everything perfect and all-
out" type of operation). In most instances this would be a value of
P.R. well above Max P.R., the highest level of production rate achiev-
able in the long run by the system. The MARGINAL COST CAPACITY, being
characterized by a level of production at which significant slowdowns
and lags occur (i.e., high values of throughput time), would be near
but below the Max P.R. level of production.

PEAK CAPACITY, being an observed level of output for high-production
time periods, should fall below the MARGINAL COST CAPACITY, which is a
theoretical near-saturation point. The MAXIMUM NORMAL CAPACITY should
fall below PEAK CAPACITY, since it is based on normal work schedules
(as opposed, by implication, to overtime work schedules for periods
during which PEAK CAPACITY was observed). The MINIMUM AVERAGE TOTAL
COST CAPACITY should fall below the MAXIMUM NORMAL, since the latter is
based on observations of maximum outputs. The PRACTICAL CAPACITY would
tend to be below the MAXIMUM NORMAL CAPACITY (and almost certainly
below the PEAK CAPACITY) since it is a presumably realistic assessment
of production rates achievable in the long run. The NORMAL CAPACITY,
by definition, lies below MAXIMUM NORMAL CAPACITY.

However, the last four measures, MINIMUM AVERAGE TOTAL COST,
PRACTICAL, NORMAL, AND NORMAL SALES EXPECTANCY are somewhat difficult
to rank in the abstract, and in different specific instances indeed they
would rank differently, so that in Fig. 5 the order of the bottom four
production levels is somewhat arbitrary. In general, expert assessments
would tend to be biased on the high side of actual achievements. As a
consequence, PRACTICAL, the estimate of capacity based on expert assess-
ment, is shown above NORMAL, which is based on statistical observation
of actual output. MINIMUM AVERAGE TOTAL COST is arbitrarily placed above
both NORMAL and PRACTICAL on the premise that, in practice, minimum total

average cost considerations often do not take account of the value of
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throughput time.* NORMAL SALES EXPECTANCY is placed below PRACTICAL
because of the definition on p. 15. NORMAL SALES EXPECTANCY is placed
below NORMAL on the premise that an estimate based on sales personnel
judgment would tend to reflect the value of throughput time (i.e.,

meeting delivery dates).

*
An example of the analysis of minimum average total cost in which
the cost of '"delay" is considered, at least implicitly, is given in
Ref. 13.



-18-

IV. USES OF THE CAPACITY DIAGRAM

From the point of view of logistics systems analyses it is desir-
able to be able to specifically characterize the performance of the
system. Thus, the elements of capacity described in Sec. II serve the
fundamental purpose of describing logistics system performance for a
given level of workload; and the four parameters P.R., T.T., U.R., and
W.R. reveal a great deal about the system's response to the workload.

Each of these parameters has important consequences for both the
logistics system and the operational system it supports. The production
rate~-the number of units processed by the support system per unit time--
determines the long-term level of operational activity that can be sup-
ported. For example, if a system requires 208 replacements of a guidance
package per year to maintain a fixed level of operational capability,
then the guidance repair system will obviously have to have an average
production rate of at least 208 repaired packages per year; otherwise,
depletion of inventory and/or slipped operational schedules will occur.
(This may be considered a bare minimum requirement, since it ignores such
requirements as meeting a predetermined operational schedule with high
confidence.)

The throughput time--the average time required to process an indi-
vidual item--in combination with the production rate, P.R., and the
policies used in scheduling items through the system, determine the long-
term level of inventory tied up by the support system. 1In the above
example, consequently, if the average throughput time per package
repaired is four weeks, and a first-in-first-out scheduling policy is

used, then the average inventory in the support facility is equal to:

i)
)

(P.R.) X (T.T.)

[an!
"

2 packages per week X 4 weeks = 8 packages.

This figure is only an average, however; more packages may actually
be required. For example, if five packages are needed to fill other

parts of the operational system, such as an operating site, a storage
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site, or the transportation pipeline, then a confidence level or safety
factor consideration will require a total system inventory of more than
5+ 8 =13 packages.*

The utilization rate, U.R., is a widely used parameter in evaluating
logistics system performance, since it is the fraction of timé during
which costly nonconsumable resources, such as test equipment and manpower,
are in use for direct production. It has often been observed that mana-
gers tend to regard a high utilization rate as a desirable state of

r30]

affairs. It would be wiser to regard it as only one of several fac-
tors in the evaluation. A high utilization rate is a good symptom
per se only when the production rate and the throughput time per unit

have little or no consequence to the system. In general, for fixed non-

consumable resources, the higher the production rate, the higher the

utilization rate--but this is also the situation that concomitantly re-
sults in a higher value of throughput time. And, a higher value of
throughput time may be quite undesirable from a system point of view,
since it can outweigh the gain brought about by the increase in produc-
tion rate. This can easily happen if the production rate is already so
high that small increments in production rate result in large increments
in throughput time.

The waiting rate, W.R., measures the degree of ''slack' processing
time in the system, since it is the fraction of throughput time during
which items in the system are not in active process. As in the case of
the utilization rate, intuitive notions about the waiting rate also tend
to be misleading, since a low waiting rate per se may not be a desirable
state of affairs (although it often is). For example, in processing
low-priority items through a depot, a large value of waiting rate is
permissible if the resources used in processing the low-priority items
can also be employed in processing higher-priority items, and if the

priority system truly reflects value.

*The two parameters, P.R. and T.T., suffer from all of the draw-
backs incurred by the use of almost any type of average. For certain
types of models, however, the safety factor consideration of the amount
of inventory tied up in logistics systems is calculable from P.R. and T.T.
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In logistics systems planning, it is frequently of interest to
compare proposed alternative configurations of the system. If the
costs of the alternatives are of the same order of magnitude, or if the
cost is fixed by budget allocation, then capacity diagrams can be used
to determine preferences. The simplest case 1is that of one configura-
tion's pure dominance over the others, as indicated in Fig. 6.

Configuration A of the system has a capacity diagram such that, for
any given level of output,' it has a lower throughput time and a higher
utilization rate than does Configuration B. If this same relationship
holds for the waiting rate, then Configuration A completely dominates
Configuration B; that is, no matter at what level of output the system
operates, Configuration A is preferred to Configuration B.

Typically, however, such clear-cut dominance camnot be demonstrated.
This is not due to the perversity of life in general, but to the in-
escapable fact that a system, including a logistics system, usually has
more than one objective, and that the measures of system performance will
not genmerally tend toward desired values simultaneously as input para-
meters vary.ES]ElA] A hypothetical example is indicated in Fig. 7.

In this case, neither configuration completely dominates the other, but
partial dominances can be ascertained, as follows.

Tor levels of output between 0 and (P.R.)l, Configuration A has a
lower throughput time and a lower utilization rate; therefore, neither
configuration dominates. For levels of output between (P.R.)1 and
(P'R')Z’ Configuration A has a higher throughput time and a lower utili-
zation rate; therefore, in this range of outputs, Configuration B
dominates Configuration A.

For levels of output between (P.R.)2 and (Max P.R.)A, Configura-
tion A has a higher throughput time and a higher utilization rate;
again, therefore, neither configuration dominates. Finally, for levels

of output between (Max P.R.)A and (Max P.R.)B, the production rate of

P

*

For simplicity of exposition, the waiting rate is not explicitly
considered. The extension of the discussion to include W.R. is straight-
forward, however.



-21-

Production Rate

#

becomes
asymptotic

$ 8000000000000 0000t0Ir00000000s0erecBIosrcresnrercrsrrentvracaenertserrIIRIRLY

100%

Utilization Rate 0 Throughput Time

Fig. 6 -- Capacity Dominance

Production Rate

A

/(Max P.R.)B

/(Ml.x P.R.)A

becomes
asymptotic

becomes
asymptotic

(P .R.)z

eeatettteenrentsceresetarrieiterrtserTferrerornseracconntesarostesortasirrosns

(P.R.),

T T TT PR TPRRPNANE L £ 1 S

100%

Utilization Rate 0 Throughput Time

Fig. 7 - Partial Dominances



-22-

Configuration A is less than the production rate of Configuration B.
Neither configuration dominates, but Configuration B can handle a larger
workload than can Configuration A. The relationships are summarized

in the table below. -

Lower Higher
Throughput | Utilization Dominant
Output Levels Time Rate Configuration
0 to (P.R.)1 A B Neither
(P.R.)1 to (P.R.)2 B B B
(P.R.)2 to (Max P.R.)A B A Neither
(Max P.R.), to (Max P.R.), B A 3

a .
In the sense that it can achieve higher production rates and
lower throughput times, at very high levels of utilization rate.

If the output level of the system is determined a fortiori by opera-
tional support requirements, then even though neither configuration is
completely dominant, one configuration may be partially dominant, and
that partial dominance may occur in the range of output levels of
interest.*

Finally, even if complete or partial dominances are lacking, the
four parameters, P.R., T.T., U.R., and W.R. provide measures of per-
formance of the logistics system which can be utilized in whatever value-
framework is devised for further analysis.

In summary, the capacity diagram has the following uses: (1) para-
metric description of logistics system performance; (2) determination of
parameters to assess impact on related operational system and logistics
factors; (3) comparison of alternatives; (4) inputs to value

considerations.

*
There can also be preference without partial dominance, as indicated

in the last comparison of the Table.
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V. CAICULATION OF CAPACITY

A logistics system may be thought of as a network through which
individual units (spares, items to be repaired, data) are processed.

It is possible to study the characteristics of this flow in great detail
in terms of individual units, or in terms of larger and larger aggrega-
tions; depending on the level of detail, the calculation of capacity
may be simple or complicated to the point of requiring simulation and
sampling methods.

For illustrative purposes, the simplest type of logistics network
is considered below. It consists of a single-product, single-activity
facility with a fixed amount of nonconsumable productive resources.*
Units enter the logistics system and are processed one at a time on a
first-in-first-out basis. The time between unit arrivals is a random
variable defined by the distribution Xe~xx, where 1/)\ is equal to the
average time between arrivals. When a unit is being actively processed
by the facility, the time required for processing is a random variable
defined by the distribution ue-uv, where 1/u is equal to the average
active process time. To achieve stability it is necessary that )\ < u.

Under the above assumption, the long-term rate of flow of units

through the system is equal to \. Therefore,

Referring to the definition of MINIMUM AVERAGE TOTAL COST CAPACITY on
p. 13, the output of the system is determined 'given the existing plant
and organization of production ..." So that in this model of a simple
logistics system, A (or P.R.) parametrizes the existing processing
resources and scheduling policies in terms of units of output per unit
time, for a given workload.

The maximum production rate (long-term) that the facility could

achieve is equal to pu. Therefore,
Max P.R. = p.

* .
Readers familiar with the single-channel negative exponential
arrivals and servicings queueing model can skip to the summary on p. 26.
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Referring to the definition of MAXIMUM NORMAL CAPACITY on p. 12,
this quantity is determined by 'the maximum output observed under normal

' If the workload arrival rate is large enough, then u

work schedules.'
(or Max P.R.) parametrizes existing processing resources and scheduling
policies in terms of the maximum achievable number of units of output

r277

per unit time. It can be shown" that the long-term average inventory

in process in the facility is given by

=L
c 1-p

where p = A/u. Since the parameter p is the ratio of the workload

arrival rate and the maximum production rate,

_ Workload Arrival Rate
P Max P.R. ’

then the expression for C can be written as

P.R.

C = ax P.R. - P.R.

The expression for the average throughput time is now obtained by con-
sidering that each new unit which arrives for processing must wait until
all the previous units have been processed and then itself be processed,

so that

(average inventory in process) + 1
maximum production rate

T.T. =

n
y
=
he)
N

*
See Ref. 21, p. 22.

*
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The throughput time (T.T.) in this case is determined by the
specific organization of production (scheduling policy). Different
expressions for T.T. will obtain, if scheduling policies other than

[17[23]

first-come-first-serve are utilized. -

The utilization rate is given by the percent of time the facility

is not empty, which in this case can be shown[27] to be:
U.R. =p X 100%;

that is,
U.R. = Workload Arrival Rate % 100%.

Max P.R.

As was noted on p. 10, the utilization rate will generally be a
figure less than 100 percent because for any one of the number of reasons
given there, the output of the logistics system is determined by a level
of workload that is (and should be) below the maximum P.R.

The expression for throughput time is very readily obtained by first

[27]

considering the average inventory in process. It can be shown that

the waiting rate is given by

W.R. = Average Waiting Time Per Unit Processed % 1007
7" Average Throughput Time Per Unit Processed °

- c/
€+ D/n x 100%
or
W.R. = p x 100%;
*
that is,
_ Workload Arrival Rate
W.R. = Max D.R. x 100%.
*

In more complex models, the expressions for U.R. and W.R. generally
will not be identical.[zaj
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Referring to the definition of MARGINAL COST CAPACITY on p. 13, the
waiting rate is a quantification of the "lags" in the system.

In sum for this system:

P.R. = Workload Arrival Rate,

T = x P.R].. - P.R.’

U.R. = Worklo;;le;fli{\./al Rate x 100%,
W.R. = Workload Arrival Rate % 100%.

Max P.R.

A numerical example of a hypothetical repair facility is exhibited
to illustrate the above concepts. The facility processes high-value
black boxes at a present production rate of 18 boxes per week, with a
throughput time of one-half week per box. The key productive resource
in the facility is a very expensive test bench which, under current
conditions, has a utilization rate of 90 percent. It is decided that
the utilization rate for the test bench should be set at 95 per cent, so
the workload is increased to produce this result. Assuming that the
formulae above apply in this case, the resulting production rate is 19
boxes per week. 1If no additional nonconsumable productive resources
have been added to the facility, and if the efficiency has remained the
same, the throughput time resulting is 1.0 week per box. The relevant
portion of the capacity diagram is shown in Fig. 8.

Whatever gains are represented by the increases in the utilization
rate and the production rate must be balanced against the consequences
of increased throughput time. One such consequence is an increase in
the amount of inventory of boxes tied up in the facility (from 9 to 19).

The relevant quantities are summarized in the table following.
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Level Production | Throughput Utiliza- | Inventory Held
of Output Rate Time tion Rate in Facility
A 18 boxes 0.5 weeks
per week per box 907 9 boxes
B 19 boxes 1,0 weeks
per week per box 95% 19 boxes

If it has been decided unilaterally to increase the production
rate by increasing the utilization rate of a costly item of produc-
tion equipment, then a perhaps unrecognized cost of significant pro-
portions has been incurred for no good reason. (This assumes that
the operational system gains relatively little from the added support
of one box per week.) This illustrates the potential danger of using
utilization rate as the sole measure of a facility's effectiveness.

It is many times desirable to increase the production rate and/
or decrease the throughput time by adding more processing resources
(manpower, test equipment, etc.) to the system. This usually causes
the utilization rate to go down, but it may be a desirable result
nonetheless. Unlike the previous example, where the level of output
was increased but the capacity (as defined by the capacity diagram)
remained constant, the addition of more processing resources results
in an increase in capacity, as illustrated below in a hypothetical
facility.

Consider the same facility as before in Situation B, with a
workload requirement of 19 boxes per week. If the operational re-
quirements are such that the repair facility must maintain this output
on a long-term average, is it worthwhile to add capacity represented
by an additional test station which would share the workload?

The quantities P.R., T.T., U.R., and Inventory Held in Facility
can be computed precisely for the two-test-station facility by direct
but somewhat lengthy methods. (See, for example, Ref. 27, Chap. 8.)
However, approximate values derived from a graph in Ref. 21, Chap. 8,

will be used, since the precision of the direct methods is not needed
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in this illustration. The comparison between the one- and two-test-

station cases is given in the table below.

No. of Maximum B
Test Production | Produc- | Throughput | Utiliza- | Inventory Held
Stations Rate tion Rate Time tion Rate in Facility
One 19 boxes 20 boxes | 1.0 weeks
per week per week 95.0% 19.0 boxes
Two 19 boxes 40 boxes | 0.06 weeks
per week per week 47 .5% 1.1 boxes

Whether the cost of additional capacity (as represented by the
addition of one test station) is worthwhile depends (among other factors)
on the relative cost of test stations and black boxes. If the total
system cost of five black boxes is considered equivalent to the cost of
one test station, the incremental cost of additional capacity is ob-
viously well worthwhile (even though the utilization rate has dropped
to what might seem intuitively to be an unacceptable figure) because
the throughput time has become negligible, thus reducing cost of the
inventory held in the facility to a value so low that obvious savings
result.

A representation of a logistics system ordinarily possesses much
more complexity than do the above illustrations. These range from exact

r161026]

calculations for relatively simple analytical models, o approxi-

71L19]{28
mate sampling methods for relatively complex simulation models.[ 11930 28]
However, the basic quantities which measure logistics system performance--
production rates; throughput times, utilization rates, and waiting rates--

are not affected conceptually by complexity.
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VI. MEASURING CAPACITY FOR MULTIPRODUCT SYSTEMS

To this point, the measurement of capacity of a logistics system
has been based on the assumption of a homogeneous product--"units" of
which are processed through the system. It is of some interest to
examine the concepts discussed so far, in the framework of a logistics
system for which the product is not homogeneous.

The simplest extension is the two-product system--for example,
an information system that processes two types of data, routine and
urgent. The model for this class of systems is sketched in Fig. 9.

In general, the logistics system will have different processing rates
for each type of unit. Just as in the single-product case, the sche-
duling policy affects the characteristics of the system. In what
follows below, it is understood that the scheduling policy has been
fixed.

In the long term, for a given level of workload (arrival rates)
of units of Types 1 and 2, there will be a resulting output (PR)1 and
(PR)2 of s:ch units, and also average throughput times per unit, (TT)1
and (TT)Z. The system can achieve performance combinations of pro-
duction rates (PR)1 and (PR)2 within a region of feasible production
mixes, as indicated in Fig. 10. For each feasible mix there will be
an associated pair of average throughput times (TT)1 and (TT)2°** The
capacity diagram for this system may be represented as in Fig. 11.
Shown in the region of feasible product mixes are curves of constant
values of (T’I‘)1 and (TT)Z' Values of (TT)1 are in increasing sequence

Ti1> T1g0 Tp3e ete. Similarly for (TT)Z'

*Different scheduling policies will generally result in different
average throughput times. For example, if all routine messages must wait
until every urgent message is processed, (TT); and (TT), will have dif-
ferent values from what they would if urgent messages are fed through the
system at a (presumably high) specified rate which pemmits flow of routine
messages even when some_urgent messages are waiting to be processed. The
assumption often madell] in queueing models, that all routine messages
must wait for priority messages, ignores magnitudes of the value of the
processing time of one type of message relative to the other.

And associated pairs of utilization rates and waiting rates, which
can be treated similarly.
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As in the examples in Secs. IV and V, the associated pairs of
production rates, throughput times, utilization rates, and waiting
rates can be used for parametric descriptions of logistics system
performance, impact on the related operational-system, comparisons
of alternatives, and inputs to value considerations.

In principle, the same analysis can be performed for a multi-
product system of n types. However, if it becomes unwieldy to assess
the impact on the operational system being supported on the basis of
n different production rates, n different throughput times, etc,,
some type of aggregation of products may be desirable. If the products
can be made commensurable by arbitrary weights (w1 processed units of

Type 1 are worth W,y units of Type 2 are worth w, processed units of

3
Type 3, etc.), then any feasible product mix can be represented by a

single quantity

N
W= Z wi(PR)i.
i=1

The aggregation of average throughput times per unit is a more
difficult concept; however, one approach is to convert throughput times
into inventories in process in the logistics system and then use the
same arbitrary weights as were used for the production rates. Then,
letting Ci represent the average inventory of the ith type of product

in process in the logistics system,

represents a measure of aggregated throughput time, and a capacity

diagram for W and C is in the same form as that for the single-product
case for P.R. and T.T. (see Fig. 4, where P.R. would be replaced by the
aggregated production rate, W, and T.T. would be replaced by the aggre-

gated in-process inventory, C).
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VII. ESTIMATING CAPACITY FROM FIELD DATA

A model of a logistics system was assumed in Sec., V, and capacity
calculations were made on the basis of the values of parameters of the
model. In studying a logistics system in operation, inferences about
capacity must be made from observations of the system operations.
Generally speaking, there are two classes of problems in estimating

capacity from field data: parametric and distribution-free.

Parametric estimation techniques depend on an assumed model of the
system, such as, for purposes of illustration, the model in Sec. V. 1If
the logistics system has been in operation over several time periods
(and if the appropriate data have been recorded), estimates of the
parameters can be made.

Assuming that the workload and capacity are constant over all the
time periods, but that the production rate has varied, there will

-~

typically be a series of observations of the production rate: Xl,

iZ’ N XN' Also, there will typically be observations of the utili-
zation rate: 61, 52, cees BN'

Since workload and capacity were assumed to be unchanged over all
time periods, an estimate of the maximum production rate parameter, i,

can be made by

-~

N .
fL:zWiB_:.L's

i=1 1

where W, is a weight for the ith production period, which depends on
the number of items processed in the ith period and the sampling
variability of ii/ai'

However, it may be that the utilization ratios, Bi, have not been
recorded, but that observations of average throughput time for each
period have been recorded. These can be utilized in conjunction with

data on production rates, as follows.
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Let
- . .th .
Ti = average T.T. in i period;

then an estimate of the maximum production rate

s> W, for the ith period
is

~ A
The quantity Tixi is an estimate of the average number of units

being processed in-facility, which also may be a recorded item. If 50,
let C,

i equal the average number of units being processed in the facility
. ,th .
in the i~ period, and

Then, an over-all estimate of the maximum production rate is

Zw—*—:

where W, is a weight for the ith period that depends on the number of

* -~
units processed and the sampling variability of Ci +1

Several statistical problems have been indicated above. However,

the further investigation of these problems is beyond the intended

Another factor that should in principle be taken into account in
the statistical analysis, is the serial correlation between observations
from time period to time JPeriod. This is most readily comprehended in
the series of estimates Cl, Cz, ooy CN, where the inventory in process

in the system during prior periods has an impact on inventory in process
during a later period.
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scope of this discussion. It is more pertinent to mention the nature

of the distribution-free methods of analyzing capacity from field data.
These methods will not depend on any particular assumption as to the
structure of the processing undergone by units in the logistics system.
Therefore, the fundamental capacity concepts P.R., T.T., U.R., and

W.R. must be observed directly from time period to time period. Depending
on the underlying structure of the processing and the length of the time
period, observations of the parameters will have an unknown degree of
serial and multiple correlation. If a sufficient number of time periods
have been observed, the degree of serial and multiple correlation can be

Le]

necessary to treat the observations as independent from time period to

estimated from the data. For many practical applications, it will be

time period.
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VIII. DYNAMIC CONSIDERATIONS

The level of workload often fluctuates from time period to time
period. This will produce two effects in the production rate_observed
in the corresponding time periods. The obvious effect is that the
observed values of P.R. will fluctuate. As a consequence--in the model

of Sec. V, for example--the observed values

» A

Ry iz, S Y

do not refer to observations that differ from a parametric production
rate, )\, only by statistical variation. Associated with each time period
is a distinct parametric Production Rate, Kl, xz, ooy XN. If the work-
load (and corresponding level of production) do mot vary a great deal
within a given time period, and if the time periods are long enough so
that the dynamic effect of the change in workload occurs in a time span
that is short relative to the length of the time periods, then curve-
fitting techniques can be used to construct the capacity curve.

1f the above contingencies do not hold true, then the second effect
is present in the observed values of P.R.; namely, there will be serial
correlation of observed P.R. from time period to time period. This will
be caused by either significant transient effects from time period to
time period, or by secular changes in workload, or by both effects
working together. In either of the above cases, there are statistical
methods[6] for analyzing economic time series data, either assuming no
secular trend, or otherwise. However, heavy emphasis on these methods
should be tempered by the fact that the capacity of a logistics system
ordinarily does not remain constant with time. As a given system 1is
subjected to changes in level of workload, management will react to these
changes, whether correctly or incorrectly, by changes in the organization
of production and/or changes in the quantities of productive resources.
As a result, the capacity of the system changes over time. This is
analagous to the problem of measuring industrial capacity, wherein

capacity is generally changing with time, and only a few (or only a
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single) observations of output are available for estimating capacity
during any given time period, and the total number of time periods of

observation is small.
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